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Abstract

This thesis relates similar ideas from enumerative combinatorics, Hopf algebraic quantum field theory
and differential analysis. Hook length formulae, from enumerative combinatorics, are equations that can
lead to bijections between tree classes and other combinatorial classes. Feynman rules are maps used in
quantum field theory to generate integrals from particle interaction diagrams. Here we consider Feynman
rules from the Hopf algebra perspective. B-series are powers series that sum over trees and are used in
differential analysis to analyze Runge-Kutta methods. The aim of this thesis is to bring together the
ideas of the three communities. We show how to use differential equations to obtain new hook length
formulae. Some of these new hook length formulae result in new combinatorial bijections. We use hook
length formulae to express differential equations combinatorially. We also provide a generalization to

hook length. Finally we include a catalogue of known hook length formulae.
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Chapter 1

Introduction

There are many cases in the history of mathematics where multiple communities have stumbled upon the
same problem and proceeded to solve it in their own ways. Here we consider such a problem appearing
in three communities: enumerative combinatorics, quantum field theory and differential analysis. The
notions we will compare, and see how they are related to each other, are hook length formulae, Feynman

rules and B-series.

The tree factorial, ¢!, for a rooted ¢ is the product of the sizes of the subtrees of . The reciprocal of the

% counts the number of ways to

tree factorial is of interest. Knuth [32, § 5.1.4] found, for example, that
label a plane tree, ¢, with increasing labels. % was used as a Feynman rule by Panzer [44, p. 38]. The tree
factorial is also used as a statistic in the analysis of Runge-Kutta methods for computing approximate

solutions of differential equations [25].

A hook length operator is a generalization of the tree factorial. Hook length operators act on trees and
generalize the tree factorial by considering arbitrary functions of the subtrees, instead of just their sizes.

We can use a hook length operator to define a formal power series from a hook length operator, B:

Prp(z)=Y_ B(f)2".
teT
This power series is called a hook length series and in the following, we will consider it indexed by a set
of trees, T, that form what is known as a simple class of trees. Fr p(z) is thus a weighted generating
function as opposed to a counting generating function that enumerates the objects of a combinatorial

class.

One interesting application of hook length series, that we will explore in detail, aims at finding functional
identities between hook length series and counting generating functions, called hook length formulae. One

of the earliest examples of hook length formula was given by Postnikov in 2004 [45]:

Soal I <1 + |t1> =2"(n+1)""L, (1.0.1)

teBn  veV(t)



The left-hand side of this equation is the coefficient of z™ in a hook length series. The simple tree class is
B, the class of binary trees, and the hook length operator is B(t) = HUGV(t) (1 + \Tlv|> The right-hand

size of the equation is the counting sequence for bicolored labelled forests with n nodes.

A recent line of work in the combinatorial enumeration community is to look for bijective proofs of hook
length formulae. When the hook length operator can be used to count specific types of trees — such as
the case for the tree factorial counting increasing trees — the identity of a hook length formula induces a
bijection between the class of trees counted by the hook length series and the combinatorial class counted
by the counting generating function of the hook length formula. For example, Seo [48] found that the
hook length operator in Postnikov’s formula counts labeled bicolored trees where nodes of one color are
labelled increasingly. He developed a bijection from binary trees with this type of labelling to bicolored

labelled forests. In Chapter II, we will give numerous examples, some new, of such bijective proofs.

Recently, Kuba and Panholzer [35] discovered an identity of hook length series that induces a recurrence

relation on the coefficients of the hook length series.

Theorem (Kuba, Panholzer 2013 [35]). Let T be a simple tree class and B be a hook length operator.
Then for all k > 1 the hook length series, Fr g, satisfies:

[ Fr5(2)

P = G T6(Frp(2))

Here ¢ is a power series which specifies the simple tree class, 7. This identity can be used to create
hook length formulae. It also categorizes hook length series as the power series that satisfy Kuba and
Panholzer’s identity. Kuba and Panholzer’s identity is equivalent to a differential equation of B-series
discovered by Mazza in 2004 [42], which leads us to look at the work of a different community, whose

interest is the numerical approximation of differential equations.

B-series, like hook length series, are formal power series indexed by trees. They were developed by
Butcher [7] to analyze Runge-Kutta methods to compute numerical solutions to differential equations of

the form

B-series are power series, denoted Yj (%), that depend on the ¢ of differential equation and a, a map
from trees to reals that is defined from the parameters of a Runge-Kutta method. The B-series Yy 1 (%)
is the solution to the above differential equation. Mazza used hook length operator to produce B-series

that are solutions to other differential equations [42].

For a hook length operator we can define an operator, Lp(1 + 6), which is a polynomial of derivatives.

This operator leads to a differential equation of B-series.

Theorem (Mazza 2004 [42]). Let B be a hook length operator and ¢ : R — R. Then the B-series,
F =Yy pi1(z), satisfies the differential equation:

F'(2) = L(1 + 0)¢(F(2)).



Mazza, without being aware of current development in combinatorics, showed that the B-series, Yy p.1(2)
is equal to what we know as the hook length series F'r p(z). In fact, this differential equation of B-series
is equivalent to Kuba and Panholzer’s recurrence identity. The existence of this differential equation
was unknown so far to the combinatorialists investigating hook length formulae. The novelty of this
equivalence is that it links the two communities of enumerative combinatorics and differential analysis.

It also allows the use of this differential equation to aid in the formation of hook length length formulae.

The last important notion that we study in this thesis comes from a technique called renormalization.
Renormalization is a technique in quantum field theory for fixing infinities in computations. In essence
it is about “extract[ing] sensible results from apparently ill-defined equations.” [30, p. 318] One type of
computation that physicists use renormalization for is in Feynman models. Calculations on Feynman
models involve applying Feynman rules to Feynman diagrams in order to compute values such as particle
trajectories. A Feynman diagram is a graph representing particle interactions and Feynman rules are
operators on Feynman diagrams that give probability amplitudes which sum together to give probabilities

of particle interactions. See [30, Chapters 6-8§].

To aid in the analysis of renormalization, Connes and Kreimer developed a Hopf algebra of rooted trees
[13]. In this framework Feynman diagrams are converted into polynomials of trees and Feynman rules
are viewed as morphisms from the Connes-Kreimer Hopf algebra to parametrized algebras. One can also

work directly with Hopf algebras of Feynman diagrams.

In 2000, [5] Brouder discovered that B-series can be used in the analysis of renormalization. He used
these B-series to examine a toy problem of Kreimer. Recently Panzer [44] continued Brouder’s analysis
and discovered a universal property of the Connes-Kreimer Hopf algebra that relates Feynman rules to

hook length operators.

A class of Feynman rules that are of interest to us are Feynman rules that through Panzer’s universal
property of the Connes-Kreimer Hopf algebra give us hook length operators. We denote each of these

operators by L%, where B is a hook length operator.

Using this L} operator, we developed an equivalent statement to Kuba and Panholzer’s identity and

Mazza’s differential equation in the framework of Feynman rules.

Theorem. Let T be a simple tree class and B be a hook length operator. Then the hook length series,
Fr p(2) satisfies:
Frp(z) = Lp(¢(Fr.5(2))).

The importance of the identity in this theorem for mathematical physicists is that it relates hook length
formulae to interesting toy models. The simple tree classes and hook length operators can be used
to represent Dyson-Schwinger equations and Feynman rules respectively. In this representation hook
length formulae correspond to toy models with exact solutions. The identity is also interesting from a

combinatorial perspective as it gives a specification of hook length series.

Finally in this thesis we introduce the notion of hook length series of decorated trees. Decorated trees

are trees whose nodes have a positive integer size. We extend hook length operators to decorated and



investigate the power series indexed by a simple class of decorated, 7':
Frip(z) =Y B(f)z"".
teT’

We call this power series a hook length series of decorated trees.

Simple ordinary tree classes naturally extend to simple decorated tree classes; simple decorated tree
classes add control over the size of the nodes. The generalization to decorated trees naturally produces

the results from the three communities described above.
Theorem. Let T be a simple tree class and B be a hook length operator. Then

o forallk>1:
[*]Fr,B(2)
[2*= (2, Frop(2))

By, =

o I'r p(z) solves the differential equation:

Frp(z) = Lp(1+0)¢(z, Frp(2))
and

e Fr p(z) satisfies:
FT7B(Z) = L*B(¢(Za FT,B(Z)))'

Here ¢ is a power series which specifies the simple decorated tree class, 7. The ¢ functions for simple

decorated tree classes are a generalization of the ¢ functions for simple ordinary tree classes.

The three results of the above theorem are equivalent statements like in the case of ordinary trees. The
difference with decorated trees is that decorated trees can have nodes with size greater than 1. This

allows us to consider more general tree classes and more kinds of differential equations.

Using decorated tree classes we were able to prove results about more general tree classes and a gener-
alization of the hook length operator. These generalizations enabled us to extend Mazza’s differential
equation to develop new methods to solve hook length formulae. In particular, these methods allow us

to use differential equations with hook length operators that are not rational functions.

We also used our decorated tree classes and Mazza’s differential to extend the work of Leroux and
Viennot [39, 40] of finding combinatorial solutions to differential equations. Here combinatorial solutions
are solutions that arise from weighted generating function of weight combinational classes — in this case

hook length series.

This thesis includes new hook length formulae discovered by the author. Six of these hook length formulae
are proved by Kuba and Panholzer’s recurrence, five are proved using Mazza’s differential equation and
are eight proved using the new methods developed in this thesis. For two of these hook length formulae
we also include bijective proofs. Each of the bijections in the proofs were from the trees classes derived

from the hook length series to the combinatorial classes counted in the hook length formulae.



As the final chapter of this thesis we include a catalogue of known hook length formulae. Han’s 2008
paper [27] contained most of the known hook length formulae for binary trees and Chen, Gao and Guo
[10] had most of the hook length formula for the other tree and forest classes in their 2009 paper. However
this catalogue is the most complete resource of known hook length formulae and the only resource to be

compiled in a useful catalogue form.



Chapter 11

Hook length formulae

In this chapter we begin with an introduction to combinatorial specification. Next we define hook length
operators, hook length series and hook length formulae which are the main topic of this work. We also
provide an important recurrence relation found by Kuba and Panholzer that can be used to find hook
length formulae. We provide some new hook length formulae that were found using the recurrence. We
explain how hook length formulae are used to find surprising bijections between combinatorial classes.
Finally we generalize hook length to the as yet unconsidered decorated trees and use this generalization

to expand Kuba and Panholzer’s recurrence.

2.1 Combinatorial classes

This section is an introduction to combinatorial specification based on Flajolet and Sedgewick’s book

[20]. We will use combinatorial specifiation as a language to define and manipulate combinatorial classes.

A combinatorial class, C, is a multiset, C, and a size function, |- |, such that for all n € N, C,, =
{c€C:|c|] =n} is a finite multiset. The members of a combinatorial class are called combinatorial

objects. Note that a combinatorial class C can be partitioned as {Cp}, oy

An example of a combinatorial class is the class of binary words, W. A binary word is a finite string of
1’s and 0’s. The size of a binary word is the length of the string. Since there are 2" strings of 1’s and

0’s of length n we can see that W is indeed a combinatorial class.

We say that a map v between two combinatorial classes, C and D is an (combinatorial) isomorphism of
combinatorial classes if 7 is a bijection and |c¢| = |y(c)| for all ¢ € C. If such an isomorphism exists we
say C and D are (combinatorially) isomorphic and write C = D. It is important to note that C = D if

and only if ||C,|| = || Dy || for all n € N, where || - || denotes cardinality.

For an arbitrary combinatorial class we want to calculate and encode the values ||C, || for all n € N. To do

this we use a structure called a generating function. The ordinary generating function of a combinatorial



class, C, is the formal power series:
C(z) =Y lICall2"
n>0
By definition two combinatorial classes are isomorphic exactly when they have the same ordinary gener-

ating function.

For example, the ordinary generating function for the class of binary words, W, is W(z) = > =, 2"2".
1

W (z) is the Taylor expansion of =5 about z = 0. Thus we can say that W(z) = .
A combinatorial object, ¢, is labelled if it contains |c| elements called atoms each of which is given a
unique label from {1,...,|c|}. A combinatorial class is labelled is it contains only labelled objects and

unlabelled if it contains no labelled objects.

An example of a labelled combinatorial class is the class of permutations, &. A permutation of size n
is word of length n with unique letters from the alphabet {1,...,n}. Since the number of permutations
of size n is n!, we see that & is indeed a combinatorial class. We can view a permutation as a labelled
combinatorial object by identifying each position of the permutation with an atom and labelling the

atom with the letter at that position.

For labelled classes it is convenient to use an alternative to an ordinary generating function. The

exponential generating function of a labelled combinatorial class, C, is the formal power series:

o) = Yl

n>0

0o n
12_
n=0 """

The exponential generating function of & is S(z) = > i Notice that the ordinary

generating function of & is Zflo:o nlz™ which is not a convergent Taylor expansion.

In general we do not want to have to distinguish between labelled and unlabelled classes, but we still
wish to utilize exponential generating functions. To do this we will define the generating function of a

combinatorial class, C, to be the formal power series:

C(z) =Y lCali¢™ (2.1.1)

n>0

where

n

z if C is an unlabelled classes

C(n) —

=y if C is a labelled class.

An m-variate operator ® taking m combinatorial classes as input and returning a combinatorial class as
output is called a combinatorial operator if for any 2 lists of m combinatorial classes C(V), ..., C(™) and
¢, ...,ct™ such that CV =DM . . (™ =DM we have ®(CW,...,Cc™) = (DM D),

PR

An example of a combinatorial operator is the Cartesian product, x. If we have two unlabelled combi-

natorial classes, C and D, and ¢ € C, d € D then we can define the size of (¢,d) € C x D to be |c| + |d|. If



A = C x D then its (ordinary) generating function is given by A(z) = C(z)D(z). To see this we expand
A(z):

A(2) =) (€ x Dyl ="

n>0
=Y {(e;d) eCxD: e[ +|d| = n}| ="
n>0
=> > lCkllDa-rlz"
n>0 k=0
=X lCall= | | Do IPmll=™
n>0 m>0
= C(2)D(z).

For labelled combinatorial classes we define a slightly different product, x. To define x, we first need to
define an operator ig on labelled combinatorial objects. Let ¢ be a combinatorial object and S C NT
with ||S]| = |¢|, then ig(c) is the combinatorial object that is the same as ¢ except for each i =1,...,n

the atom labelled i in c is labelled with the i*" greatest element of S in ig(c).

If C and D are labelled classes then we define
A=CxD = {(iS(C)7i{l,m,|c\+|d|}\s(d)) :cel,deD,S C N+, HSH = |c|,maXS < ‘C| + |d‘} .

The multiset of atoms of (is(c), i1, |c/+a)\s(d)) € Cx D is the disjoint union of the atoms of ¢ and

the atoms of d and |(is(c),i{1,....|c|+]a)\s(d))| = || + |d|. Like for the unlabelled Cartesian product, the
(exponential) generating function for A is given by A(z) = C(z)D(z). The proof of this is similar to the

proof for unlabelled classes. We include it here to point out the difference. Expanding A(z) we get

Az) =) (C* D)l ="

n>0

— Z H {(z’s(c),i{l’m,|c|+‘d‘\g(d)) :c€C,deD,SCN S| =|c|,max S < |e| + |d| = n} ||%

n>0
= 3 S CIDa (S € N < 81 = el max § < n} | 2
n>0 k=0 '
= 22> ellIPe g =y oy
n>0 k=0
- Z ch”% Z HDm”%
n>0 : m>0 |
= C(2)D(z).

Since the two products have the same effect on the generating functions we shall use x to denote the

product, x, for labelled classes as well.



Type C C(2)

Elementary class cx=1 C(z)=1

Singleton class c=2Z2 Cz)==

Disjoint union C=A+B C(z) = A(z) + B(2)
Cartesian product C=AxB C(z) = A(2)B(z)

T copies C=rA C(z) =rA(2)

r length sequence c= A" C(z)=A(2)"
Sequence C=SEQ(A) C(z) = 17i(z)
Pointing C=20(A C(z) = 2L A(z)
Coefficient extraction C = A, C(z) = 2"[z"]A(z)
Even objects C = Acven C(z) = A(Z)EA('Z)
Odd objects C 2 Aoaa C(z) = AEAC)
Set (labelled only) C=SET(A) C(z)=eAR)

Cycle (labelled only) C = CYC(A) C(z)=log (ﬁm))

Table 2.1.1: Some combinatorial operators and the combinatorial classes 1 and Z.

See Table 2.1.1 for a list of more combinatorial operators.

Two useful combinatorial classes are the elementary class, 1 = {1}, where 1 has size 0 and the singleton
class, Z = {e}, where e has size 1. e in a labelled class is identified as an atom. Combining these
classes with the combinatorial operators of Table 2.1.1 we can build a variety of combinatorial classes.
For example the class of binary words can be expressed as W = SEQ(2Z). We can also express a
combinatorial class as the solution of an equation (or system of equations) involving combinatorial
operators. This will be used later to define simple tree classes. When a combinatorial class is expressed

as a solution of such an equation we call the equation a (combinatorial) specification of the class.

A weighted combinatorial class is a pair D = (C,w) of a combinatorial class, A and a map, w : C — K,
where K is some ring. We define w(S) = ) . qw(S) for all S C D and define the generating function of
D as:

D(z) =Y w(Dy)¢™.

n>0

In this thesis we are primary interested in weighted classes. In particular we are interested in the weighted
classes of trees defined in Section 2.2. Using weighted classes allows us to use combinatorial specifications

for sets of weighted combinatorial objects.

2.1.1 Simple tree classes

Here we give the definitions for trees and forests. We also define simple tree and simple forest classes.



(a) A tree (b) A forest

Figure 2.1.1: A tree and a forest.

A (rooted) tree is a connected acyclic graph with a distinguished vertex called the root. We call the
vertices of tree, nodes. We denote the set of nodes of tree, ¢, by V(¢) and the root by root(t). We define
the size of a tree by [t| = ||V (t)|| and thus we can make combinatorial classes of trees. We can view
a tree as a combinatorial object consisting of a node called the root attached to any finite number of
rooted trees. In this thesis we will primarily want to view trees this way. We visualize trees as a graph

with the root at the top and children drawn below their parents. See Figure 2.1.1a.

A (rooted) forest is a finite multiset of rooted trees. We define nodes and size similarly for forests. The
class of all forests is denoted F. We can identify a rooted tree, ¢, with the rooted forest that only contains
t. The empty forest, denoted 1, is the forest that contains zero trees. We will visualize forests as trees

drawn beside each other. See Figure 2.1.1b.

Given a forest f, we say w € V(f) is a descendant of v € V(f) if there is a path in f from a root to w
that contains v. We say w is a child of v if w is a descendant of v and w is adjacent to v. Nodes with
no children are called leaves. The set of leaves of a forest, f, is denoted £Z(f). Given a forest f, we say
w € V(f) is an ancestor of v € V(f) if there is a path in f from a root to v that contains w. We say
w is a parent of v if w is an ancestor of v and w is adjacent to v. Each node in a forest has exactly one

parent unless it is a root in which case it has zero parents.

For a rooted forest f and a node v € V(f) let f, be the subtree in f whose root is v. f, contains v and

all the descendants of v.

We can label a forest, ¢, by assigning a unique integer from 1 to |¢| to each node. This makes the forest a
labelled combinatorial object by associating nodes with atoms. We visualize a labelled forest by writing
the label inside the node. See Figure 2.1.2. A labelled node is increasing if the label of each descendant of
the node is greater than the label of the node. A labelled forest is increasing is every node is increasing.

See Figure 2.1.2 for an example.

Two forests, f1 and fo, are said to have the same shape if there is a bijection, 7 : V(f1) = V(f2), such
that v1 € V(f1) is a child of vo € V(f1) in Fy if and only if 7(v1) is a child of w(v2) in fo. The property
of having the same shape defines an equivalence class of forests. Let § be this equivalence class and T
be the equivalence of shapes of trees. For a class of forests, T, let [f]7 be the set of forests with shape

f in T. Hook length operators, defined in the next section, are invariant under shape.

10



Figure 2.1.2: An increasing tree.

A A CAAD = LD (1)
N e ey

Figure 2.1.3: The plane trees of size 4 and their decompositions.

Now that we have introduced trees and forests we will look at classes of trees and forests. A class
of rooted trees, 7T, is called simple if there exists a combinatorial operator, ®, and an isomorphism
v: T = Z2x ®(T), called the decomposition, such that if x € ®(7) then x = {t1,...,t;} for some
t1,...,t; € T and y(t) = (e, {t1,...,t;}) if and only if ¢1,...,¢; are the subtrees of ¢t whose roots are the
children of the root of ¢.

Most combinatorial operators are isomorphic to an operator of the form of ® above. Thus we can say
that a class of trees is simple if it satisfies the recurrence 7 = Z x ¥(T) for some operator ¥ = & and

also has a decomposition.

An example of a class of simple trees is the class of plane trees, denoted O. A plane tree is a rooted
tree where the sub trees of each node are ordered in a sequence. O is also the equivalence class of plane
embbeddings of rooted trees. The class of plane trees satisfies the equation O = Z x SEQ(O) showing it
is simple. The generating function of O satisfies O(z) = =605 and hence by solving: O(z) = @.

The plane trees of size 4 are shown in Figure 2.1.3.

Remember that from the definition of the size of a tree, the coefficent of 2™ in O(z) is the number of

plane trees with n nodes.

Another simple tree class is the class of binary trees, B, introduced in the introduction. Each node
in a binary tree has either a left child, a right child, both a left and right child or no children. The

class of binary trees satisfies the specification B = Z x (1 + B)? and has the generating function,
B(z) =142 1
z

Motzkin trees are plane trees where each node has at most two children. They are called Motzkin trees
because they are counted by the Motzkin numbers. See [20, §1.5]. The class of Motzkin trees satisfies
the specification M = Z x (1 + M + M?) and has the generating function, M (z) = 1=2=v1=22-32

2z

11



r-ary trees are like binary trees except that instead of left and right children there are r types of children.

In other words for each node there are r spaces to put children and there are (:;L) ways for a node to have
m children. The class of r-ary trees satisfies the specification 7= Z x (1+7)" and || T, || = (™).
Complete r-ary trees are plane trees where every node has r children or is a leaf. The class of complete

r-ary trees satisfies the specification 7= Z x (1 +77) and || Trmi1] = —= (T'm‘H).

rm—+1 m

Another important class of trees is the class of rooted labelled trees, denoted R. The class of rooted
labelled trees satisfies R & Z x SET(R) and thus is simple. The generating function of R is W(z) =
Dot %z” and satisfies W (z) = 2eW (). We use W instead of R because W is related to the Lambert
W fl_mction, W, which satisfies z = W (z)e" (*). Substituting we can see that W (z) = -W(-z). See [14].

Another class of rooted labelled trees is the class of cyclic trees, C. Cyclic trees are labelled trees where
the children of each node are arranged in a cycle. C satisfies the specification, C = Z x (1 + CYC(C)).

The generating function of C does not have a nice closed form.

We can define a similar notion for forests. A class of rooted forests, 7*, is called simple if there exists a
simple tree class 7 = Z x ®(7) and an isomorphism ~ : 7* — ®(7) such that v(f) = {t1,...,t;} if and

only if ¢1,...,t; are all the trees contained in f.

Note that if 7 is a simple tree class with operator ® and 7* is a simple forest class with operator ® then
T = Z x T*. This leads to the specifications: 7 = Z x T* and T* = ®(Z x T*). We will often identify

a simple forest class as a solution to the later equation.

One simple class of forests is the class of rooted labelled forests, R*. R* satisfies the specifications:
R* = SET(R) and R* = SET(Z x R*). The generating function of R* is €(z), which is Eisenstein’s
function that solves the equation €(z) = e*(*) [24, §5.4]. Since R is the simple tree class associated with
R* it follows that €(z) = W(2)/z.

Another simple forest class is the class of plane forests, O*. Here each tree in a forest is a plane tree and
the trees of a forest are arranged in a linear order. The class of plane forests satisfies the specifications:
O* = SEQ(O) and O* = SEQ(Z x 0*). The generating function of plane forests is O*(z) = +—4=22,

which is the generating function of the Catalan numbers. See [20, p. 6].

One more class of simple forests is the class of cyclic forests, C*. Here each forest is a cycle of cyclic
trees. The class of cyclic forests satisfies the specifications: C* =2 1+CYC(C) and C* = 1+ CYC(Z xC*).

The generating function for cyclic forests does not have a nice closed form.

2.2 Hook length series

In this section we define hook length and hook length series for trees and forests. Then we discuss recent

recurrence equations found by Kuba and Panholzer.

We call an operator, B : F — K, a hook length operator if there exists By, € K for each positive integer,
k, such that for all forests, f, B(f) = HvEV(f) Byy,|. Here (and for the rest of the paper) K is any field,

12



but we can view K as either C or Q.

One property of a hook length operator, B, is that if ¢ is the tree whose root is attached to the trees
t1,...,ty then B(t) = By [[;~, B(t;) and if f is the forest that contains the trees ¢1,..., ¢, then

B(f) = Hm B(t:).

The simplest example of a hook length operator is the tree factorial. The tree factorial is defined as
f!'=1T1l,ev (s |fol; here By = k. The tree factorial is called a factorial because of its recursive expansion.
If ¢t is a tree whose root is attached to the trees ty,...,¢,, then t! = |¢| ], ¢;!. This is similar to the

factorization of the ordinary factorial: n! = n(n — 1)L

Another, more useful, hook length operator is o(f) = % ; here o, = % In his book, Knuth [32,

§ 5.1.4 Excerise 20| gave an exercise to show that the number of increasing labellings of a plane tree, ¢, is

given by t! = |t|!o(t). The proof of this can be given by a simple inductive argument. There is exactly

one increasing labelling of a plane tree with one node. If a tree has more than one node then the root is

attached to trees, t1,...,t,. Any increasing labelling of ¢ must have the root labelled 1 and the labels
[t ]! .

t;!

of t1,...,t, must be increasing. By induction there are

There are (I t1|‘t.|.._|1t |) ways to partition the labels to each subtree and thus there are

( tl—1 )ﬁlti| \f|—1 ﬁ\ﬂ'
[t ltml ) ot [l ! 5

_ T 1

t| —1)! —

=1 1;[154!

1

=t I —

[tw

veV(t)

It]!
o

increasing labellings of ¢. Because the multiplicative nature of o it also follows that the number of

increasing labellings of a plane forest, f, is |;! .

Hook length operators are given that name because of the relationship between o and increasing trees,
which is analogous to hook length for partitions that can be used to count standard Young tableaux

(increasing partitions) [22].

Another interesting hook length operator is the one given by By = 1 + % This hook length operator
is employed in Postnikov’s formula, Equation 1.0.1. Applying this hook length operator to a forest, f,
gives the number of labelled trees with shape f that have nodes coloured white or black where white

coloured nodes must be increasing.
We shall now combine hook length operators with generating functions to create hook length formulae.

Definition 2.2.1. Let 7 be a class of forests and B be a hook length operator. Define Fr g(2) to be

the generating function of the weighted combinatorial class (7, B). In other words:

Frp(z) =Y _B(t)¢!".
teT
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We call Fr p the tree hook length series of T with respect to B.
When B is a general hook length operator we may write F';- instead of Fr p.

It is often easier, such as in proofs, to consider the following more general version of the hook length

series. We will use the following hook length series to derive the recurrence relation for Fir p.

Definition 2.2.2. Given a formal power series ¢(z) = ZiZO ¢z’ define for a forest, f,
we(f) = H Pdeg(v)s
veV(f)
where deg(v) is the number of children of v. We define
Fyp(z) =) B(t)ws(t)z".
teO

We call Fy, g the tree hook length series of ¢ with respect to B.
Fy4 p is a generalization of F'r g when T is simple. The following proposition shows this:

Proposition 2.2.3 (Kuba, Panholzer 2013 [35]). If T = Z x ®(T) is a simple tree class and ¢ is the
power series of ® then
Frp(2) = Fy,p(2).

This follows from the fact that B is invariant under shape and the number of trees in 7 with the shape

of t € O is given by ||[t]7|| = we(t)||[tlo]|-

We are primarily interested in hook length formulae. A hook length formula is an equation

Frp(2) =g(2)

Fs.8(2) = 9(2)

where 7 is a tree class, ¢ and g are power series and B is a hook length operator. One reason these
formulae are of interest is because they lead to new bijections and combinatorial properties. See Sec-
tion 2.3.

While studying hook length formulae of binary trees, Han [27] discovered a recurrence relation of hook

length series. Kuba and Panholzer extended this relation in 2013.

Theorem 2.2.4 (Kuba, Panholzer 2013 [35]). Let B be a hook length operator and ¢(z) = ;5 pixt
be a formal power series then for all k > 1:

(2" Fy.B(2)

B = i 116(Fy 5 (2))

Using the fact that Fiy = Fr when 7 is simple, we get the corollary:

14



Corollary 2.2.5. Let ¢(z) = > .5, ¢z be the formal power series of ®(Z). If T = Z x ®(T) is a
simple tree class then for all k > 1:

(2" Fr.(2)

Br = (P 5 ()

This recurrence gives a simple method to find hook length formulae given a tree class and a target formula,
F(z). Simply apply coefficient extraction to F'(z) and ¢(F(z)) to obtain a hook length operator. This
is not always practical, say if it is difficult to find the coefficient expansion of the composition of ¢ and
F(z). This recurrence is also not very useful if we know the hook length operator and the tree class and
want to find the hook length series. In Section 4.2 we will present another method using a differential
equation for finding hook length formula that is better suited to this situation. The method in Section 4.2

also gives some insight into when nice hook length formulae exist, which the recurrence does not give.
We can also define a similar power series for forests.

Definition 2.2.6. Let ¢(z) = >, @iz’ be a formal power series. Then we define
G¢7B(Z) = Z B(t)w¢(t)z‘t|.
teO*
We call G4 g the forest hook length series of ¢ with respect to B.
As with simple tree classes, if 7* = ®(Z x T*) is a simple forest class then Gy g(z) = Fr« g(z). Also
Gy.8(2) = ¢(Fy,B(2)).
We also call G4 g(2) = g(2) a hook length formula.

This gives the following recurrence.

Theorem 2.2.7 (Kuba, Panholzer 2013 [35]). Let B be a hook length operator and ¢(z) = ;5 pix’
be a formal power series with ¢g # O then for all k > 1:

(2467 (Gop(2)

B = TG, ()

This theorem comes with an analogous corollary for simple forest classes.
Corollary 2.2.8. Let ¢(z) = 3.5 ¢;2" be the formal power series of ®(Z). If T* = ®(Z x T*) is a
simple forest class then for all k > 1:

(2419 (Fr-5(2))

B = T Fr s (o)

These two theorems are related to each other in the same way as Theorem 2.2.4 and Corollary 2.2.5,
where the theorem is a generalization of the corollary. The difference in lettering between G4 p(z) and
Fr+ p(z) is due to notation as the G is needed to distinguish the forest hook length series of a power
series from the tree hook length series of a power series, Fyy g; however both G4 p(z) and Fr- p(z) are

hook length series of forest.

15



2.3 Hook length formulae and isomorphisms

A hook length formula is often an equation involving the generating function, F'r g, of a weighted class,
(T, B) and a generating function, G, of another combinatorial class, G. When the hook length operator
counts a combinatorial object — for example o(t) counts the number increasing labellings of a plane
embedding of ¢ — Fr p is the generating function of the class of those objects, A, with respect to 7.
The equality of Fr g and G implies that there is an isomorphism between .4 and G. The presence of
such isomorphisms is not always obvious — as was the case for Postnikov’s formula (Equation 1.0.1) —
and so the search for such an isomorphism is not started until after the associated hook length formula is
found. Here we will investigate some of these isomorphisms as well as some new ones that can be found

in Examples 2.3.3, 2.3.4 and 2.3.7.

Another goal of the hook length community is to find other kinds of combinatorial proofs of hook length
formulae. Various authors have produced these kinds of proofs [12, 34]. These proofs involve calculating
both sides of the equations in different ways. Sagan [47] also came up with probabilistic proofs for some
hook length formulae. In this thesis, we are only interested in combinatorial proofs involving bijections

as we feel that these are more beautiful.

We will start with four examples using classes of increasing trees. From the discussion in the previous
section we can see that F'r ,(z) is the exponential generating function of increasing trees with shapes from
the tree class 7. When this hook length series equals the generating function of another combinatorial

class, there is an isomorphism between that class and the class of increasing trees.

Example 2.3.1. Here we present an isomorphism between increasing binary trees and permutations.
The generating function for increasing binary tress is the same as the hook length series Fjz (%), where
B is the class of binary trees. We know that F(z)p,(z) =

permutations.

1=, which is the generating function of

Consider the bijection given by Donaghey [16] that, for S C N*, takes words on the finite alphabet S
such that each letter appears exactly once in the word to increasing binary trees of size S| with labels
from S. Taking S = {1,...,n} gives us the isomorphism from permutations to increasing binary trees.
Let w = wiwz - -w) 5 be a word on the finite alphabet S with each letter of S appearing exactly once
inw. Let m =minS and w; =m. Let l = w1 - wpm—1 and 7 = Wy41 -~ w5 Let t be the binary tree
whose root is labelled with m and whose children are given as follows. If [ is not the empty word then
the left child of the root is the image of [ from the bijection, otherwise the root has no left child. If r is
not the empty word then the right child of the root is the image of r from the bijection, otherwise the
root has no right child. Then ¢ is an increasing tree with labels from S. The inverse bijection is obtained

by simply reading off the label of the tree in infix order. See Figure 2.3.1 for an example.

Donaghey also investigated the image of the isomorphism when we restrict the class of binary trees. He
considered the class of complete binary trees, where each node has exactly two children or is a leaf. After
applying the isomorphism to this class we obtain half of the class of odd-sized alternating permutations.

A permutation, 7, is alternating if 7(¢) < w(i+1) if and only if m(i+1) > w(i+2) foralli =1,..., |7|—2.
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7,11,10,12,5 1  6,4,9,2,8,3

7,11,10,12,5,1,6,4,9,2,8,3 (b) Split the permutation into the word before 1

(a) A permutation and the word after 1
7,11,10,5 6,4,9,2,8,7

(c¢) Connect 1 to the left and right words

(d) Apply the the isomorphism recursively

Figure 2.3.1: An example of the isomorphism from permutations to increasing binary trees. Reading off
the labels of the resulting tree in infix order we get back the original permutation.

In fact, the bijection gives us the odd-sized alternating permutations with m(1) > 7(2).

We can extend the class of complete binary trees by also including complete binary trees with the
rightmost leaf removed. We call this tree class, B(®), the class of semicomplete binary trees as it is an
extension of the class of complete binary trees. The class of semicomplete binary trees can be specified
with the formula:
~ c
B =~z x (1+B'Y) x (1+B)).

This means B(©) is a simple tree class. This class extends the image of the isomorphism to include all
alternating permutations (odd and even sized) that have m(1) > 7(2). These permutations are counted

by the Eulerian numbers and their generating function is tan z + sec z — 1. See [55].

One more interesting restriction is to restrict to the class of binary trees where the right subtree of each
node is either a leaf or empty. This class is called the class of Fibonacci trees as it is counted by the

Fibonacci numbers [52]. Though the class of Fibonacci trees is not simple it satisfies the equation:
BY) =z x (1+B)) x (2+1).

By applying the isomorphism to increasing Fibonacci trees we do not get an interesting class of permuta-
tions; however Stanley [52] gave a different isomorphism mapping the class of increasing Fibonacci trees

to the class of involutions.

The isomorphism is as follows. Let ¢ be a Fibonacci tree. For each v € V(t) let m, be the identity

permutation if v has no right child or the transposition that swaps the label of v with the label of its
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(a) A Fibonacci tree (b) Find the right children
(19)(25)(3)(4)(5)(67)(7)(8)(9)
(c) Compose the 7, — here the permutations are (19)(25)(67) = 953427681
written in cyclic notation (d) The resulting transposition

Figure 2.3.2: An example of the isomorphism from increasing Fibonacci trees to involutions. Note that
reading off the labels of the tree in infix order gives the permutation 867432519 that is not an involution.

right child if v has a right child. Then Oyevym, is a involution, where () denotes iterated composition

(O 1¢i =p10¢a0---0¢y). See Figure 2.3.2 for an example of the isomorphism.
|

Example 2.3.2. In this example we do not have an isomorphism, but instead have a bijection as the

bijection does not preserve size.

Consider the class of increasing plane trees. Chen [9] found that there is a bijection between increasing
plane trees with n + 1 nodes and matchings on 2n vertices. A matching is a labelled graph where each

vertex is adjacent to exactly one other vertex.
This bijection is ecapsulated in the hook length formula:
t|!
> |T! = (2n— 1),
t€EOn41

since the left-hand side countas increasing plane trees on n + 1 nodes and the right-hand side counts the

number of matchings on 2n nodes.
The bijection is as follows.

If n = 1 then we only have the matching of 1 to 2 and the increasing plane tree with root 1 and child 2.

So we shall map these to each other.

For n > 1 the bijection is as follows. Let M be a matching on 2n vertices. Color the vertices of M white
if their label is larger than n + 1 and view every connected component of M as a rooted tree whose

root is the minimum element of that component. Find the connected component, Ci, of M with the
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smallest label among components with no white vertices (components with no white nodes exist by the
pigeonhole principle) and find the connected component, Co, of M with that the smallest white label. If
C5’s root is white then connect the children of the root of Cs to the right of the children of the root of C
and remove Cy from M (this process is called horizontal merge). If the root, r, of Cy is not white then
either the label of r is less than the label of the root of C; or the label of r is greater than the label of
the root of Cy. If the label of r is less than label of the root of C; then replace the white node with the
smallest label in Cy with C} and remove Cy from M (this process is called vertical merge). If the label
of r is greater than label of the root of C; then switch the label of the root of C5 and smallest white
label in C5 and horizontally merge C and Cy (this process is called lift and merge). Repeat this until
there are no white vertices and M will be an increasing plane tree with n 4+ 1 nodes. See Figure 2.3.3

for a example of this bijection.

The reverse bijection for n > 1 is as follows. Let ¢ be an increasing plane trees with n 4+ 1 nodes. Set
k:=n+ 2 and set M to be the empty matching. Find the minimum node, v, in t whose left-most child
is a leaf. Set j := k and set k := k+ 1. Add v paired with its left-most node to M. For each other child,
w, of v from left to right add w paired with k to M and set k:=k+ 1. When n =2n+ 1, M will be a

matching with 2n vertices.
[

Example 2.3.3. Consider R*, the class of labelled unordered forests. Again we know that that the
generating function for increasing unordered forests is the same as the hook length series Fr+ (2).
However in this case the nodes of the forests actually get two labels — one from the labelling of the

original forest and the other from the increasing labelling.

Du and Liu [18] found that Fr- ,(2) = 1.

tations. With two labels, the generating function, 5

This exponential generating function also counts permu-

1
—z

— z" .
=50 Gnyapys counts the number of pairs of a

permutation and a growing word, which is a word, w, such that for all 4, w; <4 [10].

The following isomorphism between increasing labelled unordered forest and pairs of a permutation and a
growing word is attributed to Thomas by private communication with Chen, Gao and Guo [10]. Let f be
an unordered forest where each node, v, of the forest gets a label (a,, b,) such that the a, form a labelling
and the b, form an increasing labelling. Find the node, v, with the label (ay, |f|). Set 7(|f]) = a,. If
v has a parent then let p be the parent of v and set w)y| = b,. If v has no parent then set ws = |f|

Repeat the isomorphism on f \ v. See Figure 2.3.4 for an example.

The inverse isomorphism is as follows. Let 7 be a permutation of size n and w a growing word of size
n. Iterating i = 1,...,n if w; = ¢ add the tree with a single node labelled (7(i),4) to f. If w; < i then

connect a node with label (7(¢),¢) to the node in f whose label is (7 (v), w;).

Since the increasing labelling distinguishes each node, the original labelling is unnecessary. In other
words changing the original labelling of a bilabelled forest only changes the permutation in the image of
Thomas’ isomorphism. This implies there is an isomorphism between increasing unordered forests and

permutations.
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oo alil o

(a) A matching ) Color nodes ¢) Horizontally merge 8

PR %5

(d) Lift and merge 9 (e) Lift and merge 10 f) Vertically merge 11

BXXE ) Find the node with the least A

label that has only leaves for chil- (i) Relabel node and add children
g) Vertically merge 12 dren to matching

(j) Find the node with the least III

label that has only leaves for chil
dren ) Add children to matching

Figure 2.3.3: An example of the bijection from matchings to increasing plane trees. (b)—(g) is the
bijection and (h)—(k) is the reverse bijection
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s S i B

) A Dbilabelled forest with the second labelling (b) Remove (4,12) and write 4 paired with its par-
1ncreas1ng ent s right label

((5,6,1,12,3,10,2,7,8,9,11,4),(1,1,3,1,3,4,3,1,1,7,3,4))
(c) Repeat for the remaining forest
((6,1,12,3,10,2,7,8,9,11,4),(1,3,1,3,4,3,1,1,7,3,4)) Q
(d) Make a node with label (1,5)

((1,12,3,10,2,7,8,9,11,4),(3,1,3,4,3,1,1,7,3,4))

) Make a node with label (6,2) and connect it to the node with label (71, 1

e

f) Repeating for each entry gives the original forest

Figure 2.3.4: An example of the isomorphism from bilabelled forest with the second labelling increas-
ing to a permutation/restricted sequence pair. (b)—(c) is the isomorphism and (d)—(f) is the reverse
isomorphism.
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7,11,10,12,5 1 6,4,9,2,8,3

7,11,10,12,5,1,6,4,9,2,8,3 ) Split the permutation into the word before 1

(a) A permutation and the word after 1
? 6,4,9,2,8,3 %
7,11,10,12,5
(c) Make a node with label 1 and connect the left
word to that node d) Apply the algorithm recursively

Figure 2.3.5: An example of the isomorphism from permutations to increasing forests. Reading off the
labels of the resulting forest in depth-first postfix order gives us the original permutation.

We found a different isomorphism between permutations and increasing unordered forest based on the
isomorphism for increasing binary trees. In fact by composing these isomorphisms we get a simple
isomorphism between increasing binary trees and increasing unordered forests. Our isomorphism between
permutations and increasing unordered forests is as follows. Let w be a finite word with unique letters
in NT. Let w; be the least letter in w. Let ¢t be the tree whose root is labelled w; and whose children
of the root are the image of wy - - - w;_1. Output the increasing forest that is the disjoint union of ¢ and

the image of w;y1 -+ - wjy|. See Figure 2.3.5 for an example.

To reverse the isomorphism simply order the roots of the trees and the children of the nodes in increasing
order left to right and then read off the labels in depth-first prefix order.

We will prove that the above map is an isomorphism by showing that the map and the reverse map
are inverses. We can see that m = 1 is mapped to a tree that is a root labelled 1 and vice versa. Let
T =1 TglTgyo -+ - T, be a permutation. Then 7 is mapped to an increasing forest f = {¢1,...,t}
where t; has 1 as the root and a forest fi as its children. Let 7’ be the image of f; under the reverse
map and 7" be the image of {¢s,...,t,} under the reverse map. by induction 7’ = 7y - -7, and
7" = Tpyo - m,. Therefore the image of f under the reverse map is w. Starting with an increasing
forest applying both maps we see that we can also show that we get the original forest back and thus

the maps are inverse and hence isomorphisms.

We can also restrict the above isomorphisms to unordered trees. For Thomas’ isomorphism of bilabelled
forests this would restrict the image to words where w; < ¢ for all¢ > 1. For our isomorphism of increasing
forests the resulting permutations would always end with 1. By linking the front of the permutation to
the end of permutation we get unique labelled cycles, see Figure 2.3.6. Thus our isomorphism is also an

isomorphism from increasing unordered trees to labelled cycles.
[ |

Example 2.3.4. A Schroder tree is a rooted tree where the children of each node are arranged in an

ordered partition. An ordered partition is a sequence of sets (called blocks). The class of labelled Schroder
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Figure 2.3.6: An example of the isomorphism from increasing plane trees to labelled cycles.

trees, S, is simple and satisfies the specification:
The generating function of increasing Schréder tree is equal to the hook length series Fs ,(z). This hook

1 z—1 z—1
W - —_— .

This generating function is also the generating function for the class of complete partitions, which is the
subject of Schréder fourth problem [53, §6.2].

length series is given by:

Chen [9] gave a map that solves Schroder’s fourth problem. Here we will extend his bijection to an
isomorphism between increasing Schriéder trees and phylogenetic trees. Phylogenetic trees are trees
where each internal node has at least two children and the leaves are labelled. The size of a phylogenetic

tree is the number of leaves. The class of phylogenetic trees, P, satisfies the specification:
P = Z 4 SETso(P).

Note that P is not simple because the Z is added to, not multiplied by, the combinatorial operator. P

is isomorphic to the class of complete partitions.

Chen’s map in [9] maps increasing Schroder trees to forests of increasing trees of height 2. Here we will
view these trees as sets of sets instead since it is more intuitive for the completion of the isomorphism.
The isomorphism is a composition of two bijections. The first, ¢, is a variation of Chen’s map that
takes increasing Schroder trees with n nodes and k blocks to sets of k sets that together have n + k — 1
elements. The second, v, is a map that takes these sets of sets to phylogenetic trees with n leaves and

k + 1 internal nodes.

The first bijection, ¢, is as follows. Let ¢ be an increasing Schréder tree with n nodes and k blocks. Set
S:=0and r :=n+ k — 1. First find the maximum labelled node v € V (¢) such that all the children of
v are leaves. Let By,..., By, be the labels of the blocks of v. Add the label of v to B; and then add B,
to S. Fori=2,...,m, add r to B; then add B; to S and set » = r — 1. Remove all the children of v

from ¢ and relabel v with r. Set r := r — 1 and repeat until » = n.

The second bijection, v, is as follows. Let S be a set of k sets such that |||J,.qs]| =n+k—1. Let f

be a forest whose nodes are the elements of the sets of S. Mark all the elements of sets in S that are

seS
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€ 3)
g (b) Find the node with the greater label whose chil-

(a) An increasing Schroder tree dren are leaves

{{10,12,15}}

(X o ©°

(c¢) Extract node and its children

{{10,12,15}; {7,16}; {13,22,23}; {4,6,14}; {2,3, 11}; {1,8,20}; {5, 9,18,21}; {17, 19} }

(d) Repeat to get a set of sets
{{10,12,15}:{7,16}; {13, 22,23}; {4,6,14}; {2,3,11}; {1, 8, 20};{5,9, 15, 21 }; {17, 19} }

(e) Mark elements

{{7,16}:{13,22,23}; {4,6,14}; {2,3,11};:{1,8,20}; {5,9, 15, 21 }; {17, }}0/%\@

(f) Connect 10,12, 15 to

(g) Repeat to get a phylogenetic tree

Figure 2.3.7: An example of the isomorphism from increasing Schréder trees to phylogenetic trees. The
increasing Schroder tree used in this example was taken from [9].

greater than n. Let v be the greatest marked element among sets in S and let s be the set in S with no
marked elements and the greatest label for its minimum element. Connect, in f, each element of s to v
so that the elements of s are the children of v. Unmark v, remove s from S and repeat. When there are

no marked elements left connect the trees of f to a single root to get a phylogenetic tree.
See Figure 2.3.7 for an example of the isomorphism.

The inverse isomorphism is also the composition of two bijections. The first, 1!, is a map from phyloge-
netic trees with n leaves and k + 1 internal nodes to sets of k sets that together have n 4+ k — 1 elements.
The second, ¢!, is a variation of Chen’s map that takes sets of k sets that together have n + k — 1

elements to increasing Schréder trees with n nodes and & blocks.

The first bijection, ¥!, is as follows. Let t be a phylogenetic tree with n leaves and k 4 1 internal nodes.
Set r :=n+ k — 1. Find the unlabelled node, v, whose children are labelled and whose minimum label is
greatest. Label v with r and set r := r — 1. Repeat until every node except the root is labelled. Let ¢,
be the set of labels of the child of a node w € V(t). Then {¢, : w is an internal node of ¢} is the desired

set of sets.

The second bijection, ¢!, is as follows. Let S be a set of k sets such that || |J, g s|| = n+k — 1. Convert

ses
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each set, s € S, into a Schroder tree with the least elements of s as the root and the rest of s as the
children of the root all in one block. Mark every node that is labelled greater than n in each tree. Repeat
the following process until there are no marked nodes. Find the tree, ¢1, with no marked nodes and the
maximum labelled root and find the tree, t5, with the maximum labelled marked node. If {5 has at least
two marked nodes then exchange the label of the root of ¢t with the label of the marked node in ¢ which
has the least label. Next replace the marked node which has the largest label in 5 with ¢; and remove
t; from the set of trees (this process is called vertical merge). If o has exactly one marked node which
is not the root of t; then let ¢ be the label of the root of t5. If i is larger than the label of the root of
t1 then vertically merge t; and t5 and if ¢ is smaller than the label of ¢£; then then exchange the label
of the root of ¢ and the label of the marked node in t5 with the least label. Next connect the children
of the root of t; to the of the children of the root of ¢; preserving blocks and remove t5 from the set of
trees (this process is called horizontal merge). If ¢t has exactly one marked node which is the root of ¢y

then horizontally merge ¢; and to. The resulting tree is an increasing Schroder tree.
See Figure 2.3.8 for an example of the reverse isomorphism.

The Schroder tree of size one and the phylogenetic tree with one leaf cannot be processed by these maps
because they would map to a set of zero sets from 1 and 1~!. Therefore we extend 9 o ¢ and ¢! o ¢!

such that the objects of size one map to each other.

We will prove that 1 o ¢ is an isomorphism by showing that ¢! is the inverse of ¢ and 1! is the inverse
of 1.
We will prove that ¢! is the inverse of ¢ by induction on k.

For k = 1 we only consider Schrioder trees that are a root whose children are in one block. These types

of trees map to sets containing exactly one set and vise versa.

For k£ > 1 suppose ¢ is an increasing Schroder tree with &k blocks. Let v be the vertex with the maximum
label in ¢ such that such that all the children of v are leaves and P be the partition of the children of v.
Let ¢’ be the increasing Schréder that is ¢ with the children of v removed and v labelled with &+ [t| — | P|.
Then by the definition of ¢, ¢(t) = {S1,...,Sp|} U@(t') where S; is the set containing the labels of the
nodes in P; and the label of v and for ¢ > 1, .S; is the set containing the labels of the nodes in P; and the
integer k + [t| — i + 1. Apply the algorithm of ¢! to ¢(¢) until you need to process k + |t| — |P| + 1. At
this point you will have the tree, t,. By the inductive hypothesis ¢™!(¢(#')) = #'. Since when you process
k + |t| — |P| + 1 replace the greatest element in ¢(¢') with t,, ¢"1(¢(t)) is ¢’ with the greatest labelled
node replaced with ¢,. Therefore ¢! (¢(t)) = t.

Let S = {S1,...,5k} be a set of k sets. Assume that S; contains 1 and Ss,...,S; are decreasing
by maximum element. Let S; be the set in S with the greatest minimum element among subsets of
{1,...,n}. Apply the algorithm of ¢! until you need to do an action other than a horizontal merge.
At this point you will have a tree, t. Let r be the label of the root of t. The children of the root of ¢
are leaves who are in blocks S; \ {r} and T7,...,T; for some | and S;, where T; is S; with the largest

element removed. Since t is clear (we have only performed horizontal merges), the next action (after
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(a) A phylogenetic tree (b) Label the unlabelled nodes
{{17,19};{5,9,18,21};{2,3,11};{13722,23};{7,16};{10712715};{1,8720};{4,6,14}}

) Find the set of sets of siblings

é@é@%é@é@

) Convert sets to trees and mark nodes

e) Swap and vertically merge 23

&é@é@é@@%

(f) Horizontally merge 22

Sones

(i) ‘Swap’ and vertically merge 19 (j) Horizontally merge 18

00

(k) Horizontally merge 17

Figure 2.3.8: An example of the inverse isomorphism from phylogenetic trees to increasing Schréder
trees. This example uses the image of the increasing Schréder tree used in Figure 2.3.7.
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getting t) of the algorithm is a vertical merge with the largest element of S\ {S;,S1,...,5;} and ¢.
Let t = ¢71 (S\ {Sj,S1,...,5}) then ¢1(S) is ¢’ where the node with the greatest label is replaced
with ¢. Apply the algorithm of ¢ to ¢™1(S) until you add a set containing k + [t| — . At this point
you will have {Si,...,S5;,5;}. By the induction hypothesis ¢(¢t') = {Si41,...,S%} \ {S;}. Therefore
d¢ 1 (S) = {S1,..., 5,8} U{Si41,..., Sk \ {S;} = S.

We will prove that ¢! is the inverse of ¢ by induction on k.

For k = 1 we only consider S = {s;} and phylogenetic trees whose only internal vertex is the root.
Clearly, ¥ ({s1}) is the phylogenetic tree that is a root whose children are labelled by s; and if ¢ is the
phylogenetic tree that is a root with children that are leaves labelled from s; then 1 (¢) = {s;}.

For k > 1 let S = {s1,...,8;} where s; contains no elements greater than n and whose minimum
element is greatest among all such sets. Mark elements according to the isomorphism. Applying the first
iteration of the isomorphism, the elements of s; are attached as children to a node n; in Uf:z s; and nq
is unmarked. Let t = ¢(S) and t' = 1(S) \ s1. We can see that ¢*(¢') = S\ {s1} by induction and so
() =t (#) U {s1} = S. Therefore ¢! o) =id.

Let ¢ be a phylogenetic tree with k + 1 internal nodes. Let s; be the set of siblings whose minimum is
greatest among all sets of siblings. Label the parent of s; with n + k. Then ¢ (t) = ¢ (¢ \ s1) U {s1}.
By induction ¢(¢1(t\ 51)) =t \ 51 and so (¥ (t)) = w1 (t\ s1) U{s1} = t. Therefore 1) o¢! = id and

! is the inverse of 1.

¢ is actually a generalization of the bijection in Example 2.3.2. We can view a plane tree as a Schréder
tree where each internal vertex is in its own block of size 1. The only difference between ¢ and the
bijection in Example 2.3.2 is that in the bijection Example 2.3.2 you process that smallest marked node
first and in ¢! you process the largest marked node first. The reason we presented the algorithms in

these different ways is because it is how Chen first presented the algorithms in [9]. [
Now we present three more isomorphisms for a variety of other classes derived from hook length formulae.

Example 2.3.5. Here we will look at a bijective interpretation of Postnikov’s hook length formula
(Equation 1.0.1) found by Seo [48].

Consider the class, B, of labelled binary trees where each node is colored white or black, and white
nodes have increasing labels. In other words the label of a white node is less the labels of each of
its descendant The generating function of this class is precisely the hook length series of Postnikov’s
formula [48]. The right-hand side of Equation 1.0.1 counts the number of bicolored unordered forests

with n nodes.

In 2005, Seo [48] found an isomorphism between B(?) and the class of bicolored unordered forests. Let
t € B®. We say a node, v, is right-minimal if v has a right subtree and the minimum label of the right
subtree of v is less than the minimum label of the left subtree of v or the label of the root. For each
right-minimal vertex, v, of ¢t with a nonincreasing label change the color of v to white and switch the left

and right subtrees of v. Then return the forest, f, created the following way: For each node, v, in ¢ if v
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(a) A labelled bicolored binary trees with white (b) Find nonincreasing nodes that are right mini-
nodes increasing mal

(d) Interpret the bicolored binary tree as the child-
(c) Flip nonincreasing nodes that are right minimal sibling tree of a bicolored plane forest

Figure 2.3.9: An example of the isomorphism from labelled bicolored binary trees with one color increas-
ing to labelled bicolored unordered forests.

has a left child, w, then w is a child of v in f and if v has a right child, =, then « is a sibling of v (i.e. if v
is the root of a tree in f then z is the root of another tree and if v is the child of a node y in f then z is

a child of y). t is called the sibling-child tree of f. See Figure 2.3.9 for an example of the isomorphism.

The inverse isomorphism is very similar. Let f be a bicolored unordered forest. Order the children
of each node so that the value of the minimum label of each subtree is increasing from left to right.
Construct the child-sibling binary tree of f. For each nonincreasing white vertex, v, of ¢ change the color
of v to black and switch the left and right subtrees of v. Then ¢ is a labelled bicolored binary tree where

the white nodes are increasing.
[

Example 2.3.6. In a follow up paper to their recurrence for hook length formulae (Theorem 2.2.4),
Kuba and Panholzer gave combinatorial proofs for new hook length formulae they found [34]. For the

hook length formula:
> et [T g = (=] V2w <>
R eeviy dtel 2l = 1) V2

they gave a bijective proof between the class of twice-labelled increasing unordered trees and increasing
complete unordered binary trees. In their paper they used increasing complete binary trees with a
restricted order for children; we use increasing complete unordered binary trees instead since they are

easier to define.

Let R be the class of rooted unordered trees such that each node has two labels and each label is less
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(a) A twice-labelled increasing un- ; z

ordered tree ) Shift the labelling ¢) Split tree

oy

Connect the trees to a root with la-
d) Swap labels e) Apply the bijection to each tree bel 1

Figure 2.3.10: An example of the bijection from bilabelled increasing unordered trees to increasing
unordered complete binary trees. This example was taken from [34].

than all the labels of the descendants of the label’s node. We will show that there is a bijection between

trees of R(®) with 2n labels and increasing complete unordered binary trees with 2n — 1 nodes.

The bijection is as follows. Let t € R(®). Shift the labels of ¢ by subtracting 1 from each label. If t is
just a root output a tree with label ay where (a1, a3) is the label of the root of t and a1 < as. Otherwise,
let ¢; be the subtree of ¢ with the least label and whose root is a child of the root of ¢t. Let to = ¢\ t;.
Let (a1,a2) be the label of t; and (by, bs) be the label of t5 so that a; < as and by < by. Set the label
of t1 to (be, az) and set the label of t3 to (b1,a1). Then apply the isomorphism recursively on t; and ¢y

without shifting labels. Connect the image of ¢; and to as children to a node with label as.
[ |

Example 2.3.7. Let CP be the class of unlabelled cyclic trees where each node has an extra edge that
points from that node to one of its ancestors if the node is not a leaf or itself if the node is a leaf. This class
corresponds to applying the hook length operator given by By = 1 and By = k—1 for all £ > 1 to the class
of unlabelled cyclic trees. We shall see in Example 4.6.3 that the hook length series of labelled cyclic trees
with respect to this hook length operator is the same as the ordinary generating function of connected

permutations, Fr p(z) =1 — A permutation, 7, is connected if 7({1,...,5}) # {1,...,j} for

1
2nzonlz™’

all j =1,...,|7r] — 1. As in Example 2.3.3 the equality of the hook length formula of the labelled class

leads to an isomorphism for the unlabelled class.

The isomorphism is as follows. First reorder the tree by cycling the children so that the extra edge of
each node is pointed to the rightmost subtree of the node. Label the tree with the integers in left-first

depth-first prefix order. Let m be the empty word. Then do (x) for the tree.
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() If the root of the tree is a leaf then concatenate the label of the root to 7. If the root of the tree
is not a leaf then concatenate to 7 the label of the node pointed to by the extra edge of the root.
Relabel the node pointed to by the root with 0. Let L be the set of labels of the tree. Relabel the
tree with L in left-first depth-first prefix order. Do (x) for each subtree in left-first order.

We shall now show that the resulting permutation is connected. Let m be the image of the pointed
cyclic tree, t. If |m| = 1 then it is connected; otherwise order the nodes of ¢ as in the isomorphism.
Let ¢ be the initial label of the root of the rightmost subtree of the root of t. Since the extra edge of
the root of ¢ points to a node in the rightmost subtree, (1) > 4. Suppose w({1,...,5}) = {1,...,4}
for some j. Then ¢ < w(1) < j. By the isomorphism #({1,...,4 —1}) = {1,...,i — 2,7(1)} and thus
m({i,...,5}) ={i—1,...,5} \ {w(1)}. By induction the normalization of the rightmost subtree of ¢ is
mapped to a connected permutation by the isomorphism and so j = |r|. Therefore 7 is connected. See

Figure 2.3.11 for an example of the isomorphism.

The reverse isomorphism is as follows. Let 7w be a connected permutation. Let the positions of 7w be the

nodes of a forest ¢. Then do (xx) for i =1, j = |x|.

(#+) Add an extra edge from node i to node 7(i) — i+ 1. Let ¢1,...cx be the connected components of
the subword of 7 from position i 4 1 to position j. For each a = 1,...,k let s, (respectively e,) be
the starting (respectively ending) position of ¢,. Add an edge from i to the start of e,. Arrange

these edges cyclically. Then normalize ¢, in 7 and do (xx) for i = s4, j = €4.
The result is a cyclic pointed tree.

By the recursive construction of the isomorphism and the reverse isomorphism, it is simple to see that

they are inverses of each other and thus are truly isomorphisms. |

Thus we have seen examples of hook length formulae producing combinatorial bijections. All the bijec-
tions in this section use the recursive decomposition of simple trees. The use of recursion is overt in
the first isomorphism in Example 2.3.1, the second isomorphism in Example 2.3.3 and the isomorphisms
in Examples 2.3.6 and 2.3.7. The other bijections are expressed iteratively, but each can be expressed

recursively. This is most likely due to the recursive nature of the tree classes.

We discussed earlier how specific isomorphisms in Examples 2.3.1 and 2.3.3 are very similar and how
half of the isomorphism in Example 2.3.4 is a generalization of the bijection in Example 2.3.2. However,

most of the bijections are ad hoc and do not generalize.

In all of the new isomorphisms in this section, Examples 2.3.3, 2.3.4 and 2.3.7, the hook length series we
obtain represented a combinatorial classes with objects that have more sets of labels than the represented
classes in the isomorphisms We used these ‘unlabelled’ classes because it would be redundant to use the
labelled versions. Suppose we have two combinatorial classes C and [(C) where [(C) is the class of
labellings of objects of C. Unlabelling can be done when the number of labellings of each objects in C
of size m is n!. In this case the ordinary generating function of C is equal to the exponential generating
of I(C). The main reason that the the forests in our examples can be unlabelled is that each of the

classes we considered has a unique plane embedding and for each plane tree, t, there are |t|! labellings of
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(a) A pointed cyclic tree — we
omit drawing the extra edge on (b) Reorder tree by cycling chil-
the leaves to avoid clutter dren

(d) Write the label of the root and
relabel nodes (e) Split into sub trees

8 2 4 1 3 5 13 9 7 12 10 11

82,4,1,3;513,6,9,7,12,10,11 (g) Add an extra edge pointing position 1 to position
(f) Apply the isomorphism to each subtree (1)

8 2 4 1 3 5 13 9 7 12 10 11 m

(h) Add edges connecting position 1 to start of con-
nected components (i) Normalize connected components

(j) Apply isomorphism to each connected compo- (k) Redraw the tree vertically to
nent get the original pointed cyclic tree

Figure 2.3.11: An example of the isomorphism from pointed cyclic trees to connected permutations.
(b)—(f) is the isomorphism and (g)—(k) is the inverse isomorphism.
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t. There are more bijections and isomorphisms involving hook length formulae in the literature. Yang
[56] found an involution on increasing plane trees that helps to calculate the hook length formula with
k
B, = % Gessel and Seo [23] developed a reverse Priiffer algorithm that acts on a variety of tree
n—1

classes, particularly r-ary trees, and hook length series of the form [2"]F(z) = 5 [\, (ia+ (n—i)b+c)

n =0

for constants a, b, c.

2.4 Some new hook length formulae

Now we will present six new hook length formulae. These hook length formulae were found using the
Kuba-Panholzer recurrence and could not be proved using the new methods in Chapter IV because their

hook length operators involve factorials or they are hook length formulae of forests.

The first two hook length formulae have hook length series that are = and =. These are generating

1
functions of classes with at most one element of each size. Thus the hook length operators that result in
these kinds of hook length series weight the trees of the trees class so that tghe add up to 1. Thus the hook
length operator behaves like a probability over the trees of a fixed size. 1. Despite this possible application
to probability these hook length series have been largely ignored by the hook length community, only
appearing for four tree and forest classes. This lack of intereest is probably due to the the fact that it is

unknown what these probabilities represent.

The reference to a formula at the top of each example, in this section and in the rest of the thesis, is a
reference to the formula number (the No. column) in the catalog of hook length formulae of Chapter VI

for the hook length formulae featured in the example.

Example 2.4.1 (Formula 6.7.8). Consider T 2 Z x (1 + 7)", the class of r-ary trees. Let By, =
o DD and F(z) = —2-. Then for k > 1

(k+r—2)! 1—z°
MFG)
A+ F) [P
1
- DR
(r = 1)k = 1)!
 (k+r-2)
= By.

=1 ] T <|t1|+r_i):1. (2.4.1)
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Example 2.4.2 (Formula 6.8.1). Counsider 7 = Z x (14 T7"), the class of complete r-ary trees. Let

1 ifk=1

(7"71)!7"’"’1 .
Mty A>T

By =

a,nd F(Z) = %’27 FOI' k =1 we haVe [ [zl]F(z)

T WzlzBlandfork:jr+122wehave

[2F]F(2) 1

[25=1](1+ F(2)7) [2h—1] (1 + ﬁ)
1

7] (1 + 257 )
_ 1

2] (14 25
B 1
(D)
o (r=1)!
IS+ o)
(-
R I
B (r— 1)yt
IS0k — 14!
— B,.

If k # jr + 1 for all j € N then [2¥]F(2) = [2*]Fr p(z) = 0. Therefore by Corollary 2.2.5 we have that
F(z)=Frpandsoforalln=jr+1>1

=t ] - ! =1 (2.4.2)

r—2 .
= vevinre Llizo (o] +ir = 1)

Example 2.4.3 (Formula 6.2.17). Consider B = Zx (14+B)?, the class of binary trees. Let By, = ((=1))”

2k—1)!
Note that By, is the Beta function, B(a,b) = Flfélgiél;), with a =b=Fk [15]. Let F(z) =377, Wf)wz”
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Forkzlwehave[zo][zlﬁzlzBl and for £ > 2 we have:

(1+F(2))?
[2*]F(2) _ [2*]F (2)
[P+ F(2)? [A(F(2)? 4+ 2F(2))
)P (iff)m (m%ﬁ(?iq)! + k!(zfim

k—2 1 2
>iml DW= T RO

2
B+ 1)1%!

k—1
> im0 (z‘+1)!i!(k71i)l(k7i71)!

Therefore by Corollary 2.2.5 we have that F'(z) = Fz p and so for all n > 1

(2n)! (|t -1)H* 1 (2n
Z 2n H (2[t,]| — 1)! n+1(n>' (243)

teB, VeV (1)

Note that (2n)![z"]F(z) is the number of walks in the quarter plane using the steps {(-1,-1), (-1,0), (1,1)}
that end on the vertical axis [4]. |

Example 2.4.4 (Formula 6.11.5). Consider R = Z x SET(R), the class of rooted labelled unordered

trees. Let By = W{L,Q) Let F(z) = alog (ﬁ) . For k > 1 we have:

() _ s ()
[2k—1]eF(2) [zk—l]( 1 )a

Therefore by Corollary 2.2.5 we have that F(z) = Fr g and so for all n > 1

anfl 1
Z | H ‘tv|(\tu\+a_2) = (n - 1)' (244)

n:
tERR veV(t) a—1

This formula simultaneously generalizes Mazza’s formula with By = % (Formula 6.11.2) and the classic

o formula (Formula 6.11.1) for rooted labelled unordered trees. We should also note that this follows
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from Chen, Gao and Guo’s formula for unordered labelled forest (Formula 6.19.6) since Ggr~ p(z) =
exp(Fr,5(2)). u

The next two hook length formulae are forest hook length formulae that result in the hook length series
1

11—z
Example 2.4.5 (Formula 6.18.11). Consider O* = SEQ(Z x O*), the class of plane forests. Suppose
we want to find the hook length operator, B, such that Fp- p(z) = 1%2 By Corollary 2.2.8 we have
that:

[Zk] (1- 1/Fo*,B(Z))
[2F=1]Fox p(2)

"
1
1 ifk=1

0 ifk>1.

By =

[27]2

This hook length operator returns 1 if the forest contains only trees that are singletons and 0 otherwise.
The resulting hook length formulae is not surprising or deep since the class of plane forests whose trees
are only singletons is clearly isomorphic to the class of sequences. However it is important to note that
this is the only hook length operator that will give this hook length series for this forest class (as is the

case for any hook length operator and hook length series). |

Example 2.4.6 (Formula 6.20.2). Consider C* = 14+ CYC(Z x C*), the class of cyclic forests. Suppose
we want to find the hook length operator, B, such that F¢« p(z) =
that:

1;. By Corollary 2.2.8 we have

[Zk} (1 _ el_FC*,B(Z)>

[2F =1 Fex B(2)

By =

Therefore we have:

ol vic1
Y1 ('12! (1:11) =1. (2.4.5)

fecxvef \i=1

2.5 Decorated trees

In this section we will discuss decorated trees. This is the first time hook length has been generalized for

decorated trees. We do so here as it seems a natural progression to extend Han’s recurrence for binary



{H(-,(L{I}));/\w-,(l,{-,-}));'f? (oo o], o (o ({0 )
@: — (e, (02.0)

Figure 2.5.1: The decorated plane trees of size 3 and their decompositions. The labels to the right of
each node indicates the size of the node. Nodes with no label have size 1.

trees to the Kuba-Panholzer recurrence for simple tree classes and then to a recurrence for decorated
tree classes. Using decorated tree classes will also allow us to easily extend hook length to even more

general tree classes and to expand the types of differential equations we can study in Chapter IV.

A decorated tree is a rooted tree whose nodes have any positive integer size. The size of a decorated tree
is then the sum of the sizes of its nodes. A decorated forest is a multiset of decorated trees. The class of

all decorated forests is denoted F’.

The name decorated tree comes from quantum field theory where they are defined in more generality (see

[44, §2.5].) We will discuss more about the use of decorated trees in quantum field theory in Section 3.1.

We say a class of decorated trees, 77, is simple if there exists a bivariate combinatorial operator, ®, and
an isomorphism v : 7/ — Z x ®(Z,T") such that if z € ®(Z,7") then z = (o', {t1,...,¢;}) for some
i € Nand t1,...,t; € T', and y(t) = (e, ("1 {t1,...,¢;})) if and only if the root of ¢ has size i and
t1,...,t; are the subtrees of ¢ whose roots are the children of the root of t. Here o’ refers to the sequence

of 7 singletons and has size 1.

Let O’ be the class of decorated plane trees. A decorated plane tree is a plane tree where each node has
any positive integer size. O’ is a simple decorated tree class with operator ®(Z,7) = SEQ(Z) x SEQ(T).

See Figure 2.5.1 for the decorated plane trees of size 3 and their decompositions.

We define f, for v € V(f) of a decorated forest, f, the same as for ordinary forests. This gives us the
definition of a hook length operator, B : 7/ — K such that B(f) = Hvev(f) Byy,|- We also get hook

length series.

Definition 2.5.1. Let ¢(z,z) = Zi,jZO ¢i7jzixj be a bivariate formal power series and B be a hook

length operator then define

Fyp(z) =Y ws(t)B(t)2",

te O’
where wy(f) = HUEV(f) Plv|—1,deg(v)- We call Fy p the decorated hook length series of ¢ with respect to
B.

Like for regular trees we get a recurrence of decorated hook length series. This recurrence is more general
than the KP recurrence (Theorem 2.2.4) since the nodes of the trees can have any size and ¢ is bivariate.
It is the most general form of the recurrence in this thesis and can be thought of as the main theorem of
the thesis.

Theorem 2.5.2. Let ¢(z,x) be a bivariate formal power series and B be a hook length operator then
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Fy p satisfies the recurrence:
[2"Fy,5(2)
(%=1 (z, Fy,5(2))

Proof. This proof is similar to Kuba and Panholzer’s proof of Theorem 2.2.4 (Theorem 1 of [35]).

By, =

,VE > 1.

We proceed by induction on k.
For k =1, [2']Fy 5(2) = ws(e)B(e) = do,0B1 = B1[°]¢(2, Fy,p(2)).

For k > 1,

[ Fs,p(2) = Y wa(t)B(D)

=
k J
=> Y ¢i;Bs > > I (ws(t)B(t))
i=1j5>1 ny4etnj=k—i—1 tle(’);ll,...,tj GO;J_ =1

n1,...,m;>1

k J
=Bp Y > ¢i > II{ Do wetB(®)

i=1j5>1 nitotng=k—i—1l=1 \t;€0],
ni,...,n;>1

k

=BeY Y di; . J[E"Fes2)

i=1j5>1 nitetnj=k—i-11=1

= Bi["o(z, Fo,5(2)).

O

It is worth mentioning that as with regular trees, the above theorem can be applied to simple decorated

tree classes.

Definition 2.5.3. Let 7' = Z x ®(Z,7") and define

Frip(z) =Y B(t):!",
teT’
to be the hook length series of T' with respect to B. Note that F'rr p = Fy p. As a result we get the

following recurrence as a corollary to Theorem 2.5.2.

Corollary 2.5.4. Let T' = Z x ®(Z,T") be a simple decorated tree class and B be a hook length then
Fr: g satisfies the recurrence:

[*]Fr 5(2)
(5= 1o(z, Fr;,5(2))

By = VE > 1.

Now we present an example of a decorated tree formula.

Example 2.5.5. This is a new hook length formula.
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Consider the set of decorated plane trees, O’. Suppose we want to want to find which hook length

operator gives the hook length series ;%-. Since ¢(z,z) = iﬁ for @’ by Theorem 2.5.2 we know
that:
Zk: z
Bk _ [ ]11—2 -
[Zkil] (1_2 1— = )
B 1
(%125
_9gl—k

Therefore we have that

>oor 1 2&1" =1. (2.5.1)

teO!,  weV(t)

2.6 General hook length operators

We do not have to restrict our definition of hook length operator to depend on only the size of the
subtrees. Here we will generalize the hook weight part, B,, of the hook length operator definition to

take subtrees (instead of sizes of subtrees) to the ring, K.

We call an operator, B : F — K, a general hook length operator if there exists B; € K for each tree,
t € F, such that for all forests, f, B(f) = Hvev(f) By,.

However, in order to use a recurrence such as in Theorem 2.2.4, we need B; to depend on the size of the
tree. To alleviate this, we will consider classes of the form: T = Z x ®(Z, T, TO, . ,T(l)) and general
hook length operators that behave as an ordinary hook length operator for trees in 7. In other words
for all s,t € T,,, B, = B,. However B, may be a value different from g(|t|) for ¢t € 7(*). This leads us to

the recurrence in the following corollary.

Corollary 2.6.1. Let T be a class of decorated trees satisfying: T = Z x ®(Z, T, T, ..., TW), where
each T is a class of decorated trees and let B be a general hook length operator where s,t € T, implies
B, = B;. Define
F(z) = Y B,
teT
F® (z) = Z B(t)d't‘)

teT@®

and ¢ to be the formal power series of ®. Then F satisfies

[MF (2)
)

By = CFio F2), FO (2), . FO(2))

Vk > 1,

where ¢ is the formal power series of ®.
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To see that this follows from Theorem 2.5.2, consider ¢(z,z) = ¢(z, 2, FV(z2),..., FV(2)). Then we
merely need to show that F'(z) = Fp ¢(2). Since B is invariant over size of ¢, define B,, = B, for any

t € T,. By computing the power series expansion:

F(z) =Y B

teT

e Y%

Il
(]
©
2
<

6,05J1505Jn by, ot €T 7=1 t(lr),--A,tE-T,)ET(”
i L dr _ D o
, . (M), 1300 s [+ 30, 2 2000 1857
Bivsi sty s, we [T B@) TTTT Bz
s=1 r=1s=1
= D b D >
$JoG1seesdim ty b €T E>0
j ! _
; k () Jr | LI (s 4E
Biiissi_, )+ [I Bt {EED @)Y )2 '
s=1 r=1
l
_ E : . ) E k (r) Jr )
- ¢17J,J1 ,,,,, Ju [Z ] H(F (2)) ! Bl+i+21:1 |t |+k
0,0,01 50+ 50n k>0 r=1 e t;GO

[T (ws(#)B(£,) 2 +h+ S I

In their paper [35] with the recurrence from Theorem 2.2.4, Kuba and Panholzer generalized their
recurrence to more general hook length operators on trees. These included: hook length operators which
depends of the height of the tree and hook length operators that treat the root of a tree differently. All
of these hook length operators are covered by our definition of a general hook length operator and each

of their recurrences follows from Corollary 2.6.1.

For example let B : F — K be a general hook length operator such that B; = Bﬁl(t) where h(t) is the
height of ¢ and let 7 2 Z x ®(T) be a simple tree class. Let 7" be the class of trees in 7 with height

h. Then TM 2 ¢gZ and T = Z x &(T(*»=1). By Corollary 2.6.1

Fro p(2) = ¢oBMz

and
[2*]Fra0 p(2)
[zk—1]¢(F7—<h,1)7B(z)) .

One could also specify a different ® in the specification of each 7).

B;(ch) _

We shall investigate general hook length operators further in Section 4.5.
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Chapter 111

The Connes-Kreimer Hopf algebra and
hook length

In this chapter we introduce the Connes-Kreimer Hopf algebra of rooted trees. We will also investigate

a universal property of the Hopf algebra and its effect on hook length operators.

3.1 Hopf algebra of rooted trees

This section introduces a Hopf algebra of rooted trees developed by Connes and Kreimer in 1998 [13]. A
Hopf algebra in short is a structure that is an algebra and coalgebra and has a special morphism called
the antipode. The algebra part of the Connes-Kreimer Hopf algebra was first developed by Butcher in
1972 [7] to analyze the Runge-Kutta method. Connes and Kreimer used their Hopf algebra to analyze
renormalization in quantum physics. Connes and Kreimer were unaware that Butcher had developed

their algebra previously; however Brouder showed that the two algebras were the same in 2000 [5].

Here we will define a Hopf algebra and also the Connes-Kreimer Hopf algebra in parallel. We will do
so by following Panzer’s Masters thesis [44, Chapter 2]. We will also present a universal property of
the Connes-Kreimer Hopf algebra that has an interesting relationship with hook length operators. This

relationship will be investigated in the next section.

We can identify any vector space, A, with K® A or A ® K via scalar multiplication. This is assumed for
the definitions of unit and counit. Hom(A, B) will always be used as the set of vector space morphisms
between the vector spaces, A and B. We will frequently use map to mean vector space morphism. We
define End(A4) = Hom(A4, A) and id € End(A) as the identity map.

Definition 3.1.1. An algebra is a vector space, A, with a map, m € Hom(A® A, A), called the product
such that

mo (id®@m) =mo (m®1id). (m is a associative)
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An algebra is unital if there exists a map, u € Hom(K; A), called the unit such that

mo (u®id) =id = m o (id Qu).
A morphism of algebras, A and B, is a map, g € Hom(A, B), such that goma =mpo(¢g®g). gis a
morphism of unital algebras as well if A and B are unital and gouas = up.

We want to put an algebra structure on the class of rooted trees. Let Hz be the set of linear combinations

of unordered rooted forests with coefficients in K. Define m € Hom(Hr ® Hr,Hg) such that for all
fla f2 S ]:7
m(f1, f2) = fill fa

and extend linearly. Here L denotes disjoint union. Define u € Hom(K, Hz) to be the map that takes
1€ Ktole€ Hr. This makes Hr a unital algebra.

Definition 3.1.2. A coalgebra is a vector space, A, with a map, A € Hom(A, A®A), called the coproduct
such that
(ild®A)o A = (A®id) o A. (A is coassociative)

An algebra is counital if there exists a map € € Hom(A, K) called the counit such that
(e®id) o A =id = (id ®e) o A.
A morphism of coalgebras, A and B, is a map g € Hom(A, B) such that Agog=(g®g)oA,. gisa
morphism of counital coalgebras as well if A and B are counital and eg o g = u4.
We shall now define a coalgebra structure on Hp.

Given a forest, f, and a subset of its nodes, W C V(f), we say W is independent if no two nodes of W
are descendants of each other. We define I(f) as the set of all independent subsets of f. For W € I(f)
we shall define fyr = {f, : v € W}

Define A € Hom(Hg, Hr ® Hgi) such that for f € F we have

A= > fwe(f\fw)

Wel(f)

and extend linearly. Define ¢ € Hom(Hpz,K) to be the map that takes y € Hr to be the coefficient of 1

in y. This makes Hp a counital coalgebra.

Definition 3.1.3. A vector space, A, that is a algebra under m and a coalgebra under A is called a
bialgebra if
Aom=(m®m)oTo(A®A) (mis a morphism of coalgebras) (3.1.1)

where T(a®@b®c®d) =a®c®b®d. If H is unital and counital then we must also have that

Aou=u®u (uis a morphism of coalgebras) (3.1.2)
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To show that m is a morphism of coalgebras it suffices to show that Equation 3.1.1 holds for every forest.
Let f1, fo € F then:

(Aom)(fi ® f2) = A(f1 U f2)
— Z (it f)w @ ((fitf)\(frlf2)w)

Wel(fiUfz)

Yoo D> (P B Uwy) ® (AN (P U (fo \ (f2)ws,)

Wi €eI(f1) Wa€l(f2)

m( > fw® > (f2)wz)®

Wiel(f1) Wael(f2)

m( o\ (Pw)e > (f2\(f2)W2))

Wiel(f1) Wa€l(f2)
— (m®m)or)
( Yo (fw, @ >, W\ )y, ®
Wi€lI(f1) Wi€I(f1)

Yo P, > (\(f2)w,)

W2€I(f2) Wa€lI(f2)

=((m®@m)oTo(A®A))(fi ® fa).

To show that u is a morphism of coalgebras, we only need to check that Equation 3.1.2 holds for 1 € K:

(Aou)(1)=A1) =101 =u(l)®u(l).

Therefore A is a bialgebra.

Definition 3.1.4. A bialgebra, A, is called a Hopf algebra if there exists S € End(A) such that:
mo (id®S)ocA=uoe=mo(S®id) o A.

We call S the antipode of A.
To easily show that Hpr is a Hopf algebra we need a few more definitions.

Definition 3.1.5. A family of subspaces (A™),en of a bialgebra, A, with product, m, and coproduct,
A is a filtration if:

1. A" C AL vyp e N,
2. A= nA",
3. AMAM CY T AT @ A" Vn e N and

4. m(A" @ A™) C A"t™ Vn e N.
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A bialgebra is said to be connected if there exists a filtration (A"),cy with A = K® 1.
Theorem 3.1.6. Fvery connected bialgebra is a Hopf algebra.

To prove this theorem we merely need to find S. For this classic result we shall follow Panzer [44, §2.1.2].
He computed S = )"\ (uoe—id)*" where u*"*! = mo (u*" ®@u)o A for n > 1, u*' = w and u** = uoe.
The filtration of the connected bialgebra turns the infinite sum in the definition of S into a finite sum,

ensuring the existence of S.

We show that Hg is a Hopf algebra by showing that it is connected. For n € N let F,, be the set of
forests with n nodes and Hp = > (K ® F;. Clearly Hp C HA™ and Hr = 3, .y A" Let f be a

forest with n nodes then

neN

A= fweo(f\fw)ed Hyo Hp

WeI(f) i=0

If fi € F" and f, € F™ then
A fo=filfo€ Fmm c HEP™,

Therefore (HR )pen is a filtration. Since H% = K ® 1, Hg is connected and thus a Hopf algebra. This
Hopf algebra is called the Connes-Kreimer Hopf algebra [13, 44].

An important operator on the Connes-Kreimer Hopf algebra is the grafting operator. We define the
grafting operator, By : Hg — Hpg, as the algebra morphism such that for a forest 1 - - t,, By (t1--t,)

is the tree whose root is attached to tq, ..., t,.

Any forest, f, can be written as compositions and products of By applied to 1 (uniquely up to permuta-
tion). For some examples, see Figure 3.1.1. To prove this simply use induction on the size of the forest.
This decomposition is similar to the decomposition for simple trees discussed in Section 2.1.1. In fact,
B, equations can be interpreted as simple tree specifications by replacing B4 (X) with Z x X. This
provides a link between simple tree classes and combinatorial Dyson-Schwinger equations. For more on

Dyson-Schwinger equations see [57, 44].

Theorem 3.1.7 (Panzer 2011 [44, Theorem 2.4.6]). Let A be a commutative unital algebra and L €
End(A). Then there exists a unique morphism of unital algebras, L, : Hr — A, such that:

L,oBy=LolL, (3.1.3)

If A is a bialgebra and Ago L = (ida®L)o As + L ® 14 then L, is a morphism of coalgebras and
bialgebras. If A is also a Hopf algebra then L, is a morphism of Hopf algebras.

The L, basically replaces By with L and 1 with 14, the multiplicative identity in A, in the decomposition
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B (B+(1)B+(B+(1)B+(B+(1)B+(1))B+(1)))

a) Decomposition of a tree

N /N o ])-

1)B1(B+(1)B4(1)B4(B4(1)))

(b) Decomposmon of a forest

aq /\ A\ +a3]__

a1 By (B (1) By (B (1)By (By(1)Bs (1))By (1)) +
a23+(B+(1)B+(1))B+(1)B+(B+(1)B+(1)B+(B+(1))) +azl

(c) Decomoposition of a polynomial of trees

Figure 3.1.1: Examples of how to decompose elements of Hgr into compositions and products of By
applied to 1.
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of a forest. For example

Ly, =LolL, = L(L(1A)L(L(14) L(L(14)L(14))L(14))).

In the following section we will investigate a map, L% € End(K]z]), which is defined using a hook length

operator, B and the morphism, (L*B)p, resulting from Theorem 3.1.7.

We can also build a Hopf algebra for decorated trees. Panzer mentions this briefly [44, §2.5], though
he considers a more general type of tree. By extending the definitions of product, unit, coproduct and

counit from Hgr we can derive the Hopf algebra, Hg/, of decorated trees.

Instead of having one grafting function, B;, Hgrs has a grafting function for each possible size of the
new root. For a € NT we denote the grafting function, B(f) : Hp: — Hg/, to be such that B(f)(tl ceety)

is the decorated tree with root of size a attached to the trees tq,...,%,.

These grafting functions are used in quantum field theory to express the loop number of the inserted

graph in the associated Feynman diagram [57].

An important property of Hp, is that it also satisfies a universal property similar to the universal

property of Hg (Theorem 3.1.7).

Theorem 3.1.8 (Panzer 2011 [44, §2.5]). Let A be a commutative unital algebra and L, € End(A) for
a € N. Then there exists a unique morphism of unital algebras, L,y : Hrr — A, such that for all a € N:

LyoB" = L,oL,. (3.1.4)

If A is a bialgebra and for a € N, Ay oL, = (ida ®Lg) 0 Aa + Lq ® 14 then L, is a morphism of
coalgebras and bialgebras. If A is also a Hopf algebra then L, is a morphism of Hopf algebras.

The L, and L;, maps of this section play the role of Feynman rules. See [44] for more.

3.2 The L} operator

In this section we study a family of maps we call L} that has not been studied previously though Panzer
studies some particular examples. These maps are useful because each map, L}, leads to a specification
of a weighted combinatorial class (7, B), whose generating function is Fr 5. We will give some examples
of L; maps and explain how they are related to Feynman rules. We will also explore how the maps

behave under the universal property. This generalizes a result by Panzer [44].

For a hook length operator, B, we define L} € End(K[z]) such that L}(z — 2") = 2z + Bj412" ! for
all n € N. With a general hook length operator we shall write L*.
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For the hook length, o, with o}, = , L}, = [, where [ (z = x(2)) = z = [, @(e)de. It turns out that
fo is a cocycle of the Hopf algebra of polynomials, see [44, Lemma 2.6.2|, and (L}) , is a renormalized
Feynman rule [44, §3.5].

Because of the nice property that defines L}, we can use the map in a specification for hook length
series. We show this in the following theorem. This theorem is a rephrasing of Kuba and Panholzer’s

recurrence (Theorem 2.2.4) in the language of renormalization.

Theorem 3.2.1. Let T = Zx ®(T) be a simple tree class and ¢(x) be the formal power series of ® then
Fr = L"¢(F7).
Proof. Since for any formal power series X, [2]L*(X(z)) = 0 and because [z°]Fr(z) = 0, it follows that
[°)Fr = [°]L*¢(Fr).
By Corollary 2.2.5, for n > 1 we have:
["]Pr.B(2) = Bulz"'0(Fr,5(2)) = [2"|Baz¢(Fr,5(2)) = ["1Lp¢(Fr B (2))-

Therefore Fr = L*¢(F7). O

Despite giving a specification of (7, B) this theorem does not result in any new applications.
Using Corollary 2.6.1 we can extend the above theorem to our more general setting of Section 2.6.

Corollary 3.2.2. Let T be a class of decorated trees satisfying: T = Z x ®(Z,T,TW, ..., TH), where
each T is a class of decorated trees and let B be a general hook length operator where s,t € T, implies
B, = B;. Define

F) =Y B,

teT

@ (z) = Z B(t)C(M)
teT @
and ¢ to be the formal power series of ®. Then F satisfies

F(Z) = E¢(ZaF(Z)7F(1)(Z)77F(l)(z))7

where ¢ is the formal power series of ®.

3.2.1 Examples of L}

Here we give some examples of L} for different hook lengths.

Let 0 be the operator z-. It turns out that p(6)(z") = p(n)z" for any polynomial p(¢) € K[¢]. To
show this we just need to compute 6% (z,) for k € N*. We have that #°(z,) = 1 and that 6%(z,) = n¥Fz"
implies

051 (2,) = (0% (2))0(n*2") = znfnzn—1 = pFtizn,

Hence the statement is true by induction.
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Theorem 3.2.3. Let B be a hook length operator with B = k? with q € N then
Ly : [z z(2)] = [z 2(1 +0)z(2)].

Proof. L%} given above is linear because it is the composition of linear equations
Let n € N then
Lz 2" =2z— 2z(1+0)12"
=z z(1+n)i2" since (14 6)(z") = (1 +n)z"

=2+ Bp2"!

as desired. 0

Theorem 3.2.4. Let B be a hook length operator with By, = k™9 with ¢ € NT then

L[z 2(2)] [z o <z'1 /O)qx(z)} .

Proof. L% given above is linear because it is the composition of linear equations

Let n € N then
q
L*B(zl—>z")22|—>z'—>z(z'1/> z"
0

=z z(1+n)2" since 27! /z" =(1+n)t"
0

=2+ By2"!

as desired. O

By taking sums of the above results we can derive L} for any rational Bj = %.

This last example will be used in Section 4.6 for a new method to solve hook length formulae we call the

scaled method.

Theorem 3.2.5. If B and C are hook lengths with By, = r*~'C}, for all k € NT then
Li(z = 2(2)) = LE(z = 2(r2)).

Proof. We must prove that L% given in the theorem satisfies L} (z — 2") = z +— B, 412" 1! and that

L7} is linear.

Let z,y : K[z2] = K|[z], a,b € K then

Lp(z = (az +by)(2)) = L (2 = (ax + by)(rz))
=aLl&(z— x(rz)) + bLE (2 — y(rz)) (because L is linear)

=alp(z— x(2)) + bL5(z — y(2)).
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So L7 is linear.
Let n be an integer, then

+1 +1

Ly(z—2")=LE(z—1"2") = 2= 1r"Cpy12" =2+ Bpp12" .

3.2.2 The universal property and L}
In this subsection we will investigate how the L} acts under the universal property of Theorem 3.1.7.
For convenience we will denote (Ly), by Lj .

The following theorem is a generalization of a result by Panzer [44, Lemma 3.1.1]. Panzer proved it for

the case where B = o and L}, = fo.

Theorem 3.2.6. Let B be a hook length operator. For any forest, f, we have
Ly (f) = B(f)V1.

Proof. Proof by induction on | f].

In the base case f =1 and Lj (1) = 1= B(1)2°.

Suppose that the statement holds for all forests on fewer vertices.

If f is a forest then the statement holds for all ¢ € my(f) so
Ly, (=TI Lo,00= TI (Bw)={ TI B@) | =gzl
temo(f) temo(f) temo(f)

If f is a tree then there exists a forest, f’, such that By (f’) = f. Since |f| = |f’| + 1 we have

Ly (f) = (L, 0 BL)(f) = (L o Ly ) (f) = Ly(B(f")2!'l) = B B(f)M 1+
_ B|f|B(f’)z‘f| — B(f)zlfl_

O

The above theorem implies that for any class of forests, T, Fr g(z) = EfeT L*B’p(f). Ly, can also be
seen as the hook length operator, C, with C, = Byz.

Because the universal property also applies to the Hopf algebra of decorated trees, we get a similar result

as the previous theorem for Hg/. Define L*B’p/ = L, where L, = L} for all a € N.

Theorem 3.2.7. Let B be a hook length operator. For any decorated forest, f, we have

Ly, (f) =B(f)2].
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Proof. Proof by induction on | f].
In the base case f =1 and Ly ,(1) =1= B(1)2°.
Suppose that the statement holds for all decorated forests on fewer vertices.

If f is a decorated forest then the statement holds for all ¢ € my(f) so

s =TI Lo, =TI (Bo) = I B emo! = Bp:.

temo(f) temo(f) te€mo(f)

If f is a decorated tree then there exists a decorated forest, f’, and positive integer, a, such that
Bf)(f/) = f and |f| = |f'| + a. Thus we have

(1) = (L 0 BO)f) = (L 0 L, )(f") = Lig(B(f)2Y') = B B(f)2M 1He
— B‘f‘B(f/)zlfl :B(f)z‘f‘.

O

In Panzer’s thesis [44, Chapter 3|, he was interested in Feynman rules. He defined Feynman rules as
morphisms, ¢ : Hr — A, where A is some commutative algebra. In particular he was interested in
Feynman rules, ¢, that satisfied the universal property for some morphism, L : A — A. In other words
¢poBy =Log¢and ¢ = L, In particular Panzer considered L} , = [.

He also considered the more complicated Feynman rule, ¢, : Hr — A, which satisfies

by 0By = /0 () (56 % spuede

for a given g : A — A. ,¢, is also the hook length operator defined by By = s*G(kz) where G(z) =
J5 g(e)de [44, Proposition 3.2.2].

Because of the universal property (Theorem 3.1.7), Panzer’s Feynman rules behave like hook length
operators. From Theorems 3.2.6 and 3.2.7, it follows that hook length operators are Feynman rules.
Since simple tree specifications can be written in terms of B, these specifications can represent Dyson-
Schwinger equations. See [44, §3.6]. Thus we can find the associated hook length formula for a given
Feynman rule and Dyson-Schwinger equation to give new toy models for quantum physics. Furthermore

if our hook length formulae involve a closed form function then these toy models will have exact solutions.

For combinatorialists the Feynman rule language is useful because of the specification-like form of the

hook length formulae and the ability to add parameters to hook length operators.
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Chapter IV

Differential equations of hook length

series

This chapter explores how hook length series can be expressed as solutions to particular differential
equations. We will begin with Butcher’s work analyzing Runge-Kutta methods, which led him to solu-
tions that were hook length series with the operator o. Then we will explore Mazza’s generalization of
Butcher’s solution that can solve more differential equations and encapsulates more hook length series.
We will use Mazza’s differential equation to come up with new hook length formulae. Next we will
generalize Mazza’s equation for decorated trees and the more general tree classes of Section 2.6. We
use our generalization to develop new methods to find hook length formulae, which we use to find some
new formulae. Finally we shall show how to use our generalization to produce combinatorial solutions

of differential equations.

4.1 B-series and Runge-Kutta methods

Consider the dynamical system:

y'(2) = ¥(29(2),  y(20) = yo, (4.1.1)
where 1 : R x R — R is smooth.

To solve this dynamical system we may use B-series. See [25] for a reference. To define B-series first we
must define the tree diferential. The tree differential of a forest, f, is defined as 65 = HUEV( ) g;%())
For some examples see Table 4.1.1.

Definition 4.1.1. Let a(f) be the number of increasing labellings of the forest, f. Given a functional

50



I AT A

5, | DoD? DiDD, DED,D, DDy

Table 4.1.1: Some examples of tree differentials. Here D,, = ddz—nn.
a:%T — R, we call the formal power series:
(z — zo)M
WAd=m+zﬁ®MMM@m—WT* (4.1.2)

te¥

a B-series.

The term B-series was coined by Hairer and Wanner in 1974 [26]. They are called B-series in honour of

Butcher because of his power series approach to Runge-Kutta method analysis [6, 7].

When ¢(z,y) is independent of z (¢¥(z,y) = ¥ (y)), the B-series, Y (z), with a(t) = 1 for all ¢ solves the
dynamical system in Equation 4.1.1 exactly [25]. In fact this B-series is related to hook length series by
Y (2) =yo+ Fy,0(z — 20) where ¢(z) = ¢(x + yo). See [42] for the details of this result. Mazza proves it
for hook length series in general where the hook length operator B is related to the functional given by
a(t) = B(t)t!.

An interesting property of B-series is how they compose.

Theorem 4.1.2 (Hairer and Wanner [26]). Suppose a,b: % — R then

YV(YI/;,b),a(Z) = Yd),ab(z),
where (ab)(t) = a(t)b(t).
Since hook length series are B-series, this property also holds for hook length series.

Though B-series give an exact solution to the differential equation, it is not always practical as the
B-series solution is an infinite series solution. A related way to solve this system numerically is to use a
Runge-Kutta method [8, 25].

Choose a;_;, b;, c; € R then the following is an s-stage Runge-Kutta method:

k1 =1 (20,0)
ko = (20 + c2h, yo + az,1k1h)

ks = (20 + csh,yo + (as,1k1 + - + as,s—1ks—1)h)
y(h) = yo + (biky + - - + bsks)h.
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Usually the ¢; satisfy ¢; = Zl

j=1ai; [25]. Choosing specific coefficients (a;,;, b;, ¢;) the Runge-Kutta

method gives y(h) as a numerical for differential equations of the form in Equation 4.1.1. Some examples

of Runge-Kutta methods are given in Figure 4.1.1.

When 9 is independent of z, the numerical solution, y(h), of a Runge-Kutta method is in fact a B-series.

Extend a;  such that a;; = 0 whenever j > s or k > s. Set the tree function a to be
S
a(t) => b;®;(t)
j=1

where

Bty otm) = > [ aim®t)

1<k, km <ji=1

and ®;(e) = 1. Then y(h) =Y, 4(h) because from [25, §I1.2] we have:

Rt
[E0

o) = o+ 32 a8 (w0 | Y b0

te¥

4.2 Mazza’s differential equation

In this section we will look at a more general family of differential equations than in the previous section.

We will show that this family of differential equations is equivalent to the Kuba-Panholzer recurrence.

In order to extend the differential equation, first we need a special operator. For a hook length operator,
B, we define the operator, Lg(z) = ano L,z™, such that for all k € N*, Lp(k) = kBj. Recall that
P(1+6)(z") = P(1+n)z" and so

Lg(1+6)(z")=Lg(1+n)z" =(n+1)By112™.
The Lp operator is closely related to the L} operator of Section 3.2. Applying fo to Lp(1l+0) we get

[ 240G = [+ DBz = Bz = L")
0 0

Therefore fo Lp(1+06)=1L%.
Using the Lp operator we can derive the following differential equation.

Theorem 4.2.1 (Mazza 2004 [42|). Let B be a hook length operator and ¢(z) = ;| ¢pnz™ be a formal

power series then the B-series,

I¢]
Y(2) = Yoas(z) = 3 BOHa0A(0) 7,
teT ’
satisfies the differential equation:
Y’ = Lp(1+ 0)¢(F). (4.2.1)
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Co | Q21

Cc3 | as1 as2

Cs | Q5,1 Qg2 -+ As s—1

bl b2 o 65,1 bs

(a) The standard representation of a Runge-Kutta method.

0
s | 1/3
0 2/3|-1/3 1
12| 1/2 111 -1 1
0 1 /g 3/g 3/g 18
(b) Runge-Kutta method due to Runge [46]. (c) Runge-Kutta method due to Kutta [36].
0

1s 15
3/10 3/40 9/40
4/ 44/45 -56/13 32/

8/ | 193726561 -25360/2187 64448/6561  -212/729

1 | 9017/3168 -355/33  46732/5347  49/176  -5103/18656
1 35/384 0 500/1113  125/192  -2187/g784 11/84
5179/57600 0 T571/16695 393/640 -92097/339200 187/2100 /40

(d) Runge-Kutta method due to Dormand and Prince [17].

Figure 4.1.1: Matrices of coefficients for Runge-Kutta methods. The coeflicients are represented as a
matrix in the form of (a). These examples were taken from [25]

. The methods due to Runge and Kutta are among the earliest Runge-Kutta methods and the
Runge-Kutta method due to Dormand and Prince is a more modern method that is more accurate.
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As we saw in the previous section, the B-series, Y, in the above theorem is equal to the hook length
series Fyy g. Thus Equation 4.2.1 is a differential equation of hook length series as exhibited in following

corollary.

Corollary 4.2.2. Let B be a hook length operator and T = Z x ®(T) be a simple tree class. Then
F = Fy p satisfies the differential equation:

F' = Lg(1+0)¢(F).

From the equality of Y and F; g, Theorem 4.2.1 follows directly from Theorem 2.2.4 since [2"]Y"(z) =
(n+ D["HY (2) and [e"]Lp(1 + 0)(Y (2)) = (n + 1) Bpya[2"]o(Y (2)).

When using the diferential equation to derive hook length formulae we use the initial condition F'(0) =0

since tree classes, in this thesis, do not contain the empty tree.

Though the two relations are equivalent, one advantage of Mazza’s differential equation over the Kuba-
Panholzer recurrence (Theorem 2.2.4) is that it gives a criterion for the existence of a hook length

formula: solvability of the differential equation.

Also, if we are able to solve the differential equation, we can obtain a hook length formulae given a tree
class and a hook length operator. The hook length formula obtained will also generally be in a closed
form. We can use and have used the differential equation to find new novel hook length formulae that

may be difficult to find using the Kuba-Panholzer recurrence.

Finally the differential equation is a simpler method to verify hook length formulae than the Kuba-

Panholzer recurrence, since it requires differentiation instead of coefficient extraction.

Example 4.2.3. In this example we shall verify Postnikov’s formula (Equation 1.0.1) using Mazza’s
differential equation. Let B = Z x (1 + B)? be the class of binary trees. Let Bj, = 1+ 1. Postnikov’s

formula implies that
W (2z2)
2z

FB’B(Z)
Since Lp(k) = k+ 1, by Corollary 4.2.2 F (%) satisfies the differential equation:
Fg’B(z) =2(1+ Fp p(2)* +22(1 + FB’B(z))Fé’B(z).
Substituting Fg g(z) = % — 1 and using W'(z) = z(l‘i"i‘g{;zz» we get:

W (2z2)?2 W (2z2)?2 W (2z2)3

2:2(W(2z) — 1) 222 222(1-W(22))

Bringing the right hand side of the equation under the same denominator, we can see that the equation

is satisfied and Postnikov’s equation holds. |

One apparent problem with Equation 4.2.1 is that it only works if kBy, is a polynomial. Otherwise L(k)

is not a well-defined operator. However we can fix this if Lg is rational in k.
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Let Lp(k) = a(k) (B;€ = kghkk))) for polynomials g, h. Then

MR+ 0)Ls (1 + 0)6(F) = [|Ls(1 + 0)6(F)
= hn+ DA gy )

M 1)

— gn+ 1)["6(F)

— (g1 + 0)B(F).

Therefore Y satisfies:
h(1+0)Y' =g(1+60)p(Y)

by Theorem 4.2.1.

This means that for rational hook lengths, L g behaves as a rational operator. We will see how to handle

more complicated hook length operators in Section 4.6 with our new methods.
As with the Kuba-Panholzer recurrence we can derive a differential equation for forest hook length series.

Corollary 4.2.4. Let B be a hook length operator and ¢(z) = Zizo ¢:2* be a formal power series with
¢o #0. Then Gy g = G satisfies the differential equation:

G'(2) = ¢' (¢ (G(2)) - Lp(1 + 0)G(2). (4.2.2)
Proof. Let ¢ and B be as above. Equation 4.2.2 is equivalent to the following differential equation:
(071(G(2))) = Lp(1 +0)G(2).
Taking the coefficient extraction of both sides we get:

[0 (G(2) = " LB(1 + 0)G(2)
(k+ D["1¢™(G(2) = (k + 1) Brra[e"G(2),

which is the recurrence in Theorem 2.2.7. O

4.3 Hypergeometric differential equations

The hypergeometric function, osF1(a,b;c; z) = Zn>0 %TEZ;W ", also called the Gauss function [49,

§1.1], is a classical function in analysis. The hypergeometric function, F(z) = 3F(a,b;c; z) solves the
differential equation [49, §1.2]:
d2

(1= Z)d22

F(z)+(c—(1+a+ b)z)diiF(z) —aby = 0. (4.3.1)

This differential equation is called the hypergeometric differential equation.
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One may notice that Equation 4.3.1 looks similar to the types of equations in Theorem 4.2.1. In fact for

By, = % and ¢(z) = (1 + z) the differential equation of Theorem 4.2.1 is equivalent to

d? d
z(1 - z)@F(p,B(z) +(c—(1+a+ b)z)ans,B(z) —aby = 1.

Furthermore 2F1(a, b; ¢; z2) = Fy p(z) + 1. This shall be confirmed in a more general setting.

Define

T (")
rFs(al,...,ar;bl...,bs;z):Z . F(n1+b-) 2"
nzo iy ( ) )

This function is called the general hypergeometric function.

Theorem 4.3.1. Given the general hypergeometric function, Fs(ay,...,ar;b1...,bs;2), let

r

G(k) =]k +ai—1)

i=1

and
S

H(k) = [J(k+ b — 1).

i=1
Then F(z) = . Fs(ay,...,a:;b1...,bs;2) solves the differential equation

H(1+0)(F')=G(1+06)(F). (4.3.2)
Proof. For this proof we shall denote ,Fg(ay,...,a,;b1...,bs;2) with F(z).
Let £ be the class of rooted lines which satisfies £ 2 Z x (14 L£). Let

B o HZZI(]C_Faz_l)
PRI (kb — 1)

then by the definitions of Fz g and ,Fg(a1,...,ar;b1...,bs;2), Fr g(2) = F(z) — 1. By Corollary 4.2.2,

Fr B solves the differential equation
Frp=Lp(1+60)(1+ F¢B)
and so F solves the differential equation
(F(2) = 1) = Lp(1 +0)(F(2)).
: _ Gk
Since Lp(k) = 7w We get that F' solves

H(1+6)(F')=G1+0)(F)

as desired. 0
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When r = 2,s = 1, Equation 4.3.2 is equivalent to the hypergeometric differential equation (Equa-
tion 4.3.1).

Furthermore, Equation 4.3.2 is equivalent to the general hypergeometric equation,

d, B d d d d
(Zdz(zdz +b1—1)-- (ZE +bs—1) — Z(z£ +ap)--- (zﬁ + ar)> F(z) =0,
which appears in [49, §2.1] as the differential equation of the generalized Gauss function.

The results in this sections are not new. However, the proof of Theorem 4.3.1 views the general hypergeo-
metric function as a series of weighted lines, which gives the general hypergeometric differential equation
a slight combinatorial flavour. In Section 4.7 we will turn this idea around and look at combinatorially

solutions to different differential equations.

4.4 New hook length formulae using Mazza’s differential equa-

tion

In this section we will see how we can use Mazza’s differential equation (Equation 4.2.1) to find new
hook length formulae. This section contains five new hook length formulae proved using the differential

equation.

Differential equations have been used in the hook length formula community to find hook length formulae
[48, 23, 54]. The differential equations they used involve solutions that are power series. Differential
equations were also used with increasing tree classes [39, 1]. However none of the combinatorialists inves-

tigating hook length formulae developed the differential equation to the generalization of Equation 4.2.1.

Example 4.4.1 (Formula 6.10.1). Consider 7 = Z x SEQ(T)?, the class of fat plane trees. A fat plane
tree is a plane tree in which each node is given a color from 0 to the degree of the node. This class of
trees is not widely used. We consider it here to demonstrate that how our methods can be applied to
any simple tree class class with a computable combinatorial operator. The combinatorial operator for

fat plane trees, SEQ(Z)?, has the generating function 1+ 2z + 322 4+ 423 + - ..

By Corollary 4.2.2 we have that F' = Fr , satisfies the differential equation:
1
(1-F(2))*

The solution to this differential equation with F'(0) = 0 is

F'(z) =

F(z)=1—(1-32)""

Therefore we have that:

d>onl ] ti:n]:[ 3i—1). (4.4.1)

teTn  weV(t)
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Example 4.4.2 (Formula 6.11.6). Consider the class, R, of rooted unordered labelled trees. Let By =
14 % By Corollary 4.2.2 we have that F' = Fz p satisfies the differential equation:

d
F'(2) = 22 (P
() = 267 1 52 (e79)
Solving this differential equation using Maple, along with F'(0) = 0, we get that:

F(z) = —2log (; (1+ M)>

1
2
So,

2 5 H( |t|> (271?11)' (442)

tER, vEV (L)

F(z) is also twice the exponential generating function for cycles of labelled Catalan objects and F(z) is
also twice the generating function of planar embedded trees (see [38] or 2, §3.1] for the definition). An
open question is to find a bijection between one of these classes and the the class of bicolored labelled

plane tree with one color increasing that the hook length formula counts. |

Example 4.4.3 (Formula 6.11.7). Consider again R = Z x SET(R), the class of rooted unordered
labelled trees. Let By = % — 1. By Corollary 4.2.2 we have that F' = Fr p satisfies the differential

equation:

A (eF'2)y,

dz

Fl(z)=ef'®) — 4
Solving this differential equation using Maple, along with F'(0) = 0, we get that:
F(z) =log (z +vz22+ 1) .

Therefore

> 11 ( ) (-1)"(2n — 1)L (4.4.3)

tER2n4+1 vEV (1) ‘ v|
|

Example 4.4.4 (Formula 6.14.2). Consider 7 2 Z x SET oyen (T ), the class of rooted unordered labelled
trees with only vertices of even degree. Let B = % — 1. By Corollary 4.2.2 we have that F' = Fr p

satisfies the differential equation:
F'(2) = cosh(F(z)) — zdii(cosh(F(z))).
Solving this differential equation using Maple, along with F'(0) = 0, we get that:
F(z) zlog(z—i— z2—|—1).

Therefore,

>, 11 <|U|—1> (=1)"(2n — . (4.4.4)

t€Tan+1 vEV (L)

58



An interesting fact about this hook length formulae is that it is the same as the formula in Example 4.4.3
except with a different tree class. This because the trees of R that have a node with an odd degree have

weights that cancel each other out. |

Example 4.4.5 (Formula 6.17.1). Consider 7 = Z x SEQ(SET>1(7)), the class of Schroder trees. By
Corollary 4.2.2 we have that F' = F'r , satisfies the differential equation:

1

I\
F'(z) = 5 )

Plugging F'(z) = W (% exp (251)) + 251 into the differential equation we get:

1L Wien(5) 1 1

21-W(Gexp (55) 2 2-2W (jesp (531))

which is satisfied. The hook length series, F', is also the generating function for phylogenetic trees. As

we saw in Example 2.3.4 there is a bijection from increasing Schrioder trees to phylogenetic trees. |

4.5 The differential equation for decorated trees and general

hook length operators

Now we shall return to decorated trees. Using Theorem 2.5.2 we can see that a hook length series of

decorated trees satisfies a similar differential equation.

Corollary 4.5.1. Let ¢(z,z) be a bivariate formal power series and B be a hook length, then Fy p

satisfies the differential equation:
Fjp(2) = Lp(1+0)d(2, Fy,(2))-
Proof. Let n € N. Then [2"|F} p(z) = (n+ 1)[z""!]Fy p(2) and

[2"]Lp(1+0)¢(2, Fy,5(2)) = (n+ 1) Buy1[2"]6(2, Fy,5(2)).

By Theorem 2.5.2, [2" T Fy g(2) = Byy1[2"]¢(z, Fy5(2)) and therefore Fj p satisfies the differential

equation. O

Example 4.5.2. This example, found by Leroux and Viennot [40], shows the simplicity of o when ¢
is the product of two univariate functions of different variables. In this case the differential equation is

separable.
Let ¢(x) be a formal power series and let ¢*(z,2) = f(2)¢(z). Let F = Fy , and F* = Fy« ,.

From Theorem 4.2.1 we have that F satisfies F/ = ¢(F) and from Corollary 4.5.1 we have that F*

satisfies

(F™(2)) = ¢"(2, F"(2)) = f(2)6(F"(2)). (4.5.1)

Since LF([, f(2)) = F'(J, f(2))f(2) = f(2)o(F ([, f(2))), F(J, f(2)) satisfies Equation 4.5.1. Since it
is also the case that F( [, f(0)) = F(0) = 0 = F*(0), we have that F*(z) = F([, f(2)). [ |
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™ =9,8,3,11,10,2,1,5,6,12,7, 14,4

Figure 4.5.1: An example of the isomorphism 7. The integers adjacent to the edges of the tree are the
labels of the adjacent edges.

Next we have a specific example of a hook length formula of a decorated tree class. Note that the hook

length operator in this example does not factor.
Example 4.5.3. This is a new hook length formula.

Let ¢(z,2) = (1 + 2x)%. Then F = F,, satisfies F' = (1 + zF)2. Solving this DE we get F(z) =
tanh(z) m

1—ztanh(z) "

(2n — 1)![z?" "1 F(z) in the above example counts the number of binary trees with n nodes where each
node and each edge have a label with an added restriction. The restriction is that the label of each node
is less than the labels of the nodes and edges below it (i.e. the tree is increasing). Note that [22"]F(z) =0

so F'(z) is the exponential generating function of this tree class.

From the OEIS, F'(z) is also the exponential generating function of sequence A113583 [50]. This sequence
counts the number of odd-sized permutations of length n that no local that have no local minimum at

even positions, i.e. permutations m with mg; > mg;_1 or ma; > o4 for all 4 < Tl [37].

The isomorphism is given by
a
m(t)=m b/\c = 7(t1)bacr(t2)
t1 to

where t is a binary tree with nodes and edges labelled with any S C N such that the label of each node
is less than the labels below it. The isomorphism gives a permutation with no local minimum at even
positions because the labels of the edges are put in even positions and the label of an edge is always less
than the label of its parent which is either directly before or directly after the label of the edge. For an
example see Figure 4.5.1.

The inverse isomorphism is
a

t(m) = t(a'bact”) = b\

t(n’)  t(x")

where a is the least element of 7/bacn’ and 7 is a word with unique characters in N such that mo; > m9;_1

O 75 > T2441-
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This isomorphism is an extension of Donaghey’s isomorphism between binary increasing trees and per-

mutations in Example 2.3.1. The proof that the isomorphism is indeed an isomorphism is similar.
We can also apply Corollary 2.6.1 to get a differential equation for general tree hook length series.

Corollary 4.5.4. Let T be a class of decorated trees satisfying: T = Z x ®(Z,T,TW, ..., TH), where
each T is a class of decorated trees and let B be a general hook length operator where s,t € T, implies
Bs = B;. Define
F(z) =Y B)C",
teT
FO(z) = Z B(t)¢D
teT (@)

and ¢ to be the formal power series of ®. Then F satisfies the differential equation
F'(2) = Lp(1+0)¢(z, F(2), FP(2),..., FO(2)),

where ¢(z) is the formal power series of ®(Z).

This differential equation is the foundation for the methods of Section 4.6. But now we shall look at
three examples of new hook length formulae found using this corollary that do not use the new methods

directly.

The hook length operators in the following examples are all general hook length operators as in Sec-
tion 2.6. If a general hook length operator is an ordinary hook length operator — it depends only on
the size of the subtrees — in subclasses of our tree class then we can break up our tree class into these
subclasses. By applying the hook length operator to each subclass we can stay in the diferential equation
framework and we will obtain a system of differential equations after applying Corollary 4.5.4. This is
the main idea of the systems method of Section 4.6.2, which is used for ordinary hook length operators.
Note that this technique was used in the example at the end of Section 2.6. The following examples are

a preview of this method.
Example 4.5.5. This is a new hook length formula.

Let B~ Z x (1+ B)? and B; = \71| if the root of ¢ has less than two children and B; = i if the root of
t has exactly two children. We can split B into two classes: B 2 Z x (14 2B™M) +2B(2)), trees whose
root has less than two children and B®) 2 Z x (B + B(?)2 trees whose root has exactly two children.

Let F; = FB<1)7B and Fy = FB("’),B'

By Corollary 4.5.4, F{(z) = 1+ 2Fy(2) + 2F(2) and Fj(2) = a(F1(z) + F»(z))?. Using Maple’s dsolve

function and simplifying we can see that Fp g(z) = F1(z) + Fa(z) = %, where o = /1 — a.
In the special case where a = 2 we get: Fp p(z) = 72222, This gives the hook length formula:

Zz‘tl H deg(v)  tanz (4.5.2)

teB  weV(H)\&(t) [t] 1 —tanz
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Figure 4.5.2: An example of a labelled binary tree where the label of each node is greater than the label
of its ancestors of degree 2.

Example 4.5.6. This is a new hook length formula.

Let M= Z x (1 + M + M?) and

a— a‘a?
Bt =

1

[t]

if deg(root(t)) =1

otherwise.

We split M into two classes: M) 22 Z x M, the class of trees where the root has exactly one child and
M®) = Z x (1+ M?), the class of trees where the root has zero or two children. Let Fy = Fy) g,
F2 = FM(Z),B and F = FM,B-

By Corollary 4.5.4, F{(z) = 2F(2) + azF'(2) and F(z) = 1+ F(2)?. Since F(z) = F(2) + F»(2),
therefore

F'(2) =14 2F(2) + F(2)* + azF'(2).

a

TTlos(i—as — 1 into the equation we can see that it is satisfied.
g(l—az)

Plugging F(z) =

Taking a = 2 we can view this hook length as counting the number of labelled binary plane trees where
the label of each node is greater than the label of its ancestors of degree 2. An example of such a tree
is given in Figure 4.5.2. The counting sequence of this class was found by the author and added to the
OEIS [50] as sequence A227917.

Example 4.5.7 (Formula 6.5.9). This is a new hook length formula.

Consider the class of Fibonacci trees, T, which satisfies the combinatorial specification: 7 = Z x (T +
1) x (14 Z). In this specification the last Z term indicates a node and not extra size for a node, therefore
T is not a simple tree class. When dealing with hook length operators where B; # 1 we need to take
special consideration of the last Z term. Let 7; be the class that only contains the tree that is just a
leaf. Then 7 = Z x (T +1) x (1 +71). Let By, be a hook length operator then F'r; p(z) = Byz and so
by Corollary 4.5.4 F' = F'r p satisfies the differential equation:

F'(2) = Lp(1 + 0)((F(2) + 1)(1 + By2)).

62



Let B, =1+ % Then F' = Fr p satisfies the differential equation:

F@):mF@y+nu+2@+z%«F@y+nu+2@y

Solving this we get F(z) = m F(2) counts the number of labelled Fibonacci trees where
each node is colored white or black and white nodes are increasing. |

4.6 New methods of finding hook length formulae

This section discusses new methods, using the differential equation, to find hook length formulae. In
particular we will show how to use the differential equation for hook length operators that are piecewise
using the leafless method (Section 4.6.1) or systems method (Section 4.6.2). By exploiting Theorem 3.2.5
we will also show how to use the differential equation for hook length operators with factors of ¥ using
the scaled method (Section 4.6.3).

4.6.1 Leafless method

The method of this subsection is called the leafless method and can be used when By, is of the following

form:

a itk=1
gk) itk>1
for some a € K and g : Nt — K with g(1) # a if defined. The method is called the leafless method

because we essentially ignore the leaves of the tree when constructing the differential equation.

By, =

For a tree class, T = Z x ®(T), we can split the class into two classes Ty, the trees of size 1 and T®

the trees with size greater than 1.

Let ¥ be the combinatorial operator such that U(C) = {c € ®(C) : |¢| > 0} then (x) = ¢(x) — ¢o. Also
T =z < ¥(T),

T =¢oZ

and

T=T® 4+ 7.
Therefore by Corollary 4.5.4, F'; p satisfies the differential equation:

e p(2) = Lp(1 +0)Y(Frp).
Since ¥(x) = ¢(x) — ¢o, F'r.p = Fre g+ Fry p and Fr; p = Bi1¢oz, we have

Fr p(2) = Bigo = Lp(1 + 0)(¢(Fr ) — ¢0)-
The following three examples illustrate how to use the leafless method.
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Example 4.6.1 (Formula 6.6.4). This is a new hook length formula.

Consider M = Z x (1 4+ M + M?), the class of Motzkin trees. Let

1 ifk=1
By, =
= ifk>1

We need the leafless method in this example because is undefined for £k = 1. Using the leafless

1
k-1
method we get that Lg(k) = % Then Fay p satisfies the differential equation:

d2

d QFM B(z) = FM$B(Z) +FM’B(Z)2 +zi(FM’B(z) +FM,B(Z)2)~

dz

Let F(z) = 1%
Since F(0) =0 = Fq,5(0) and F’( )=1=F) 5(0), F'= Fpm p. Therefore for all n > 1

> 11 4$LT:1. (4.6.1)

teMy, veEV (H)\E(t) Ito] =

Example 4.6.2 (Formula 6.16.2). This is a new hook length formula.

Consider C = Z x (1 + CYC(C)), the class of cyclic trees. Let

1 ifk=1
$—1 ifk>1

By =

Again we need the leafless method in this example because % — 1 equals 0 when & = 1, but By = 1.
Using the leafless method we get that ' = F¢ p satisfies the differential equation:

d

%F(z) —-1= —zi(—log(l — F(2))).

dz
Using Maple, with F/(0) = 0, we get that F(z) =1+ 2z — /1 4 22. Therefore

) ?;4 II (1_1)::G:"<iv. (4.6.2)

|£o]

te€Can ToweV()\E(t)
[
Example 4.6.3 (Formula 6.16.3). This is a new hook length formula.
Again consider the class of cyclic trees, C. Let
B, — 1 ifk=1
Br=k—1 ifk>1.
Then we can show that
Fep(z)=1 Zn>i e (4.6.3)



We need the leafless method in this example because k — 1 equals 0 when k = 1, but B; = 1. Using the

leafless method we get that F¢ p satisfies the differential equation

L Fen(z) ~ 1= 2230 (<log(1 ~ Fe,p(2) + 22 +-(~log(1 — Fe ().

Since ), -, n!2" = 9F(1,1;; z), substituting Equation 4.6.3 into the differential equation we get:

EoFo(L15:2) | 5oFo(L1352) fEaFo(L 1352) — (aFo(1,1532))” |, dEaFo(l,1552)

2Fo(1,1552)? 2Fo(1,15;2)? 2Fo(1,1;52)

From Theorem 4.3.1 we know that 2sF(1, 1;; 2) satisfies the differential equation

d%gFo(l, 1;52) =oFo(1,1;5;2) + 32’6%2]5‘0(1, 1;52) + 2’2%2]5‘0(17 1;;2). We can use this to simplify to:

2Fo(1,1;;2)2

Since

d d
2 .. ces) — 2 n n
-1-=z dzzFo(Lle)'i‘(1—2)2F0(1717,Z)——1—2 o E nlz" + (1 - z) E nlz

Il
|
—
I
w
[ V)
3
=
Q
3
L
_|_
=
|
&
S
Q
3

Yoo
=2
Z%n!z” — ;(n —1)em
==Y (- 1 1)1+ DR DRI
_ g(—(n —1)(n—1)! + n(ni_ 1 - (nf_ 1yzn
o

and oFo(1,1;; 2) is nonzero, we have that the equation is satisfied. This hook length series is also the
ordinary generating function of connected permutations. The hook length, B, counts the number of trees
where each internal node has an extra edge that points to one of its descendants. See Example 2.3.7 for

the isomorphism between these two classes. |

4.6.2 System method

Suppose Bj, is piecewise with PyU---UP,, = N* and B, = B,(j) whenever k£ € P;. Furthermore, suppose
that Lpu # Ly for all ¢ # j. Then we cannot use the differential equation from Corollary 4.2.2 to
find hook length formulae.

However, if the target tree class, 7, can easily be seperated into tree classes 7™, ... 7™ such that
T 2= Z2x®;(TW, ..., 7)) and the sizes of trees in each 7; lie in P; then we can use Corollary 2.6.1 to
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find the hook length formulae. From the theorem we know that Fr) g solves the differential equation

s = LW A+ 0)®(Fra) g, From p).

This leaves us with a system of differential equations. If we solve this system we can get F'r p by adding

the FT< ).B

together. We call this method the system method.
Note that the system method is a generalization of the leafless method where P; = {1}, P, = N* \ {1},

Ti 2 602 and To = Z x (B(T) — o).

We could not find any new hook length formulae that use the system method without using the scaled
method of the next subsection. The example we provide shows how to use the system to reprove an
old hook length formula. Example 4.6.6 shows how to use the system method in combination with the

scaled method.

Example 4.6.4. The following example was found by Han in 2008 by using a precursor to the Kuba-

Panholzer recurrence [27]. Here we shall use the system method instead.

Consider B = Z x (1 + B)?, the class of binary trees and the hook length operator B given by:

1 if kis odd

—% if k is even.

We shall split the class of binary trees into two classes, Boqq and Beven, the classes of odd and even sized

binary trees respectively. It follows that that B,qq satisfies the specification:
Bodd = Zx ((1 + Beven)2 + Bﬁdd)
and Beyen satisfies the specification:

Beven =2 Zx 2Bodd X (1 + Beven)-

From the system method we get that F, = Fi_,, g and F, = Fp___ p satisfy the differential equations:

odd even

Fo(2) = (14 Fo(2)) + Fo(2)* + Z%((l +Fo(2))? + Fo(2)?)
and
Fl(2) = -2F,(2)(1 + F.(2)).

Han showed that Fi p(z) = 1+22
can see that they are satisfied. |

By substituting Fy(2) = 175 and Fe(z) = —lj_% in the equations we

4.6.3 Scaled method

Suppose we have a hook length operator, B, with Bj, = 7*~1C},, where C is also hook length operator.

Then we cannot use Mazza’s differential equation because Lp(k) = r* 'L (k) and

ZZ( > lnr S

=0 j=0
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which does not give an easily solvable differential equation.

However we know from Theorem 3.2.5 that L;(2(2)) = LE(2(rz)). Thus

/LB(1+9)($(2)) = Lp(z(2)) = /OLc (1+0)(x(rz))

0

and so
L(1+6)(z(2)) = La(1 + 0)(x(rz)).

Therefore we know that for a power series, ¢, F g = F' solves the differential equation

F'(z) = Lp(1+0)(8(F(2))) = Lo(1+ 0)(6(F(r2))).
We call this method the scaled method since we scale the hook length series to 7.

The following four examples show how to use the scaled method. They all use either the leafless method

or system method in combination with the scaled method.

Example 4.6.5 (Formula 6.9.4). This is a new hook length formula.

Let
1 fk=1
By, =
22-F if k> 1.
Thenr:%and
1 ifk=1
Cr =
2 ifk>1.

Then by the leafless method Fp ¢ satisfies the differential equation:

Foo)=1=2 (2950 + o ({25505)).

By the scaled method we have that F' = Fp p satisfies the differential equation:

P =2 (i i (v rem))

Plugging in F(z) =

1 -~
1—2/2 z
— —1=2 +
— »)2 Z z
(1 Z) 1- 1,/22/2 2(1 - Z/2)2(1 - 17/22/2)2

Simplifying we see that the differential equation is satisfied and F' = Fp g. Therefore

>oam ] 2‘1“ =1 (4.6.4)

teOy, veV (£)\&(t)
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Example 4.6.6 (Formula 6.9.4). This is a new hook length formula.
Consider the class of plane trees, O = Z x SEQ(O). Let

1 ifk<2

By=4q1 ifk=12 mod4,k>2

—% if k=0,3 mod 4.
We can rewrite this hook length as:
1 ifk=1
1 ifk=2
By =
%Lk_l if k> 21is odd
L k=1 if k> 2 is even

where ¢ = /-1 is the imaginary number. We can split the class of plane trees into three classes Oy,
the class of trees of size 2, O, the class of odd sized trees and O., the class of even sized trees of
size greater than 2. Then Oy = 22, 0, = Z X SEQ,yen (SEQ(O, + 03) x O,) x SEQ(O, + O3) and
Oc = ZxSEQu4(SEQ(Oc+02) x0p) xSEQ(O, +05). We can see that O,(2) = 2 =g mrciea b
and O.(z) = Z(l—Oe(z)—OOog(f;))—Oo(z)z’ where O,, O, and Oy are the generating functions of O,, O, and

Oy respectively. Let Fy = Fo, g, F, = Fo, p and F.(O., B).

Using the system method together together with the scaled method and the leafless method on O,, we
get the following differential equations:
Fy(z) = 22,

| 1—F.(tz) — F5(12) zi 1—F.(12) — F5(12)
Foz)—1= 2 ((1 — Fo.(1z) — F3(12))? — F,(12)? + dz ((1 — F.(1z) — Fa(12))? — FO(LZ)2>>

and
1 F,(z) zi F,(2)
2 ((1 — Fo(12) — F5(12))% — F,(12)? + dz ((1 — F.(1z) — F5(12))? — FO(IZ)2>> '

Substituting F,(z) = 1757 and Fe(z) = —lj% we can see that the equations are satisfied. Since Fy(z) +

4 2 2
F,(2) + F.(2) = 22 + 1-fz2 — 1_7_22 = ii;z, we get that Fo p(z) = fizz

F(2)

In this example it is actually simpler to prove the formula using the Kuba-Panholzer recurrence Now we

shall illustrate this. Let F(z) = fiij then

1 ifk=1,2 mod4

[2¥]F(2) =
-1 if£=0,3 mod4
and
1 1 1 2 1 ifk<2
[zkfl]l s _ [ kfl] = — [Zkil] 1+ z _
— F(2) 1— 22, -z 2 ifk>2.
So M[f’:% = By, and by Theorem 2.2.4, we have that F(z) = Fo g(z). [ |
T=F(2)
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Example 4.6.7 (Formula 6.10.2). This is a new hook length formula.

Consider T = Z x SEQ(T)?, the class of fat plane trees and let

1 ifk=1
By, = )
Thenr:%and
1 ifk=1
Cy = A

By the scaled and leafless methods we have that F' = F'r p satisfies the differential equation:

SF(2) 4 3F () — 3 =4 ((1_;(/2))2 - 1+zd% ((1_;(/2))2 - 1>> .

Plugging in F(z) =

z .
1=, We get:

2 1
z 3 3.4 z

- T (=) 0 (i)

1—2/2 1—2/2

Simplifying we see that the differential equation is satisfied and F' = F'r . Therefore

. 1
> 8 11 T T3 1. (4.6.5)

teTn  veV(t)\&F(v)

Example 4.6.8 (Formula 6.16.4). This is a new hook length formula.

Consider C 2 Z x (1+ CYC(C)), the class of cyclic trees and

1 k=1
Bl ks

2F-1_1

By =

2k71

This example is more complicated than the previous examples because is not a factor of By, but is

instead inside a factor.

However we can write L (k) as Lg(k) = %}51—)17 where O = 2+F~1,

By the leafless F' = F¢ p satisfies the differential equation:
Loc(1+0)F'(2) — F'(z) = —QZi log(1— F(z)) — z2d—2 log(1 — F(z))
© B dz 8 a2 % '
Since Le(1 4 0)g(z) = g(22) we get that F satisfies the differential equation:
2

F'(22) = F'(z) = —22% log(1 — F(z)) — zQ% log(1 — F(z)).
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z

Plugging in F'(z) = ;%5 we get:

1 I 2z 2%(3 — 42)
1-22 1—2z (1—-2)(1-22) (1—2)2(1-22)2

Simplifying we see that the differential equation is satisfied and F' = F¢ g. Therefore

> I1 ‘Ltlll_l =nl. (4.6.6)

teEC, vEV (1)

4.7 Representing differential equations combinatorially

In this section we use Mazza’s differential equation and Corollary 4.5.4 to represent some differential
equation solutions as hook length series. This can be considered solving the differential equations com-

binatorially.

Finding combinatorial solutions to differential equations was indirectly done by Butcher when he was
developing his analysis of the Runge-Kutta methods [6, 7]. Leroux and Viennot [39] independently set

out to find combinatorial solutions for the same differential equation as Butcher,

y'(z) = H(zy(2)).

They discovered that when H only depends on y(z), the solution for y is the class of increasing labellings
of the class T = Z x H(T). In this section we will extend their findings for all of the differential equations
that Corollary 4.5.4 covers.

Leroux and Viennot also found combinatorial interpretations of systems of differential equations. They
interpreted higher-order differential equation by reducing them to systems of differential equation in the
form of Section 4.7. This is different from how we will handle higher-order differential equations since
higher derivatives can be generated by the L operator. We will not be discussing systems of differential

equations.

4.7.1 More on the theta operator

Before we solve differential equations combinatorially, first we need to investigate the theta operator,
0=z=% d . Our goal is to be able to convert differential equations without 6 into equations with 6 so we

can use Corollary 4.5.4. The following propositions will lead us to this goal.

Proposition 4.7.1. Forn € N:

n " (n ;d
0 —Z{Z}z e (4.7.1)

(1+0)" = i {?Ll} jzl (4.7.2)



where {Z} are the Stirling numbers of the second kind.

Proof. Both equations follow from the recurrence {a"gl} = b{‘;} + {bfl} for all a,b > 1.
For Equation 4.7.1, we can see that: 80 =1 = {8}20%.

Assume that the result holds for n. Then,

d <~ (n) ,d
9n+1: el 7 i
“dz io{i}z dzt

s
I
o

I I
= L[]

<H:
— /7 N /N

<.
(e}

3
+ |1
=

Similarly for Equation 4.7.2, we get: (0 +1)° =1 = {} ZO%.

Assume that the result holds for n. Then,
d\ <= [n+1) ; &
1+0)" = (1+2— —
(1+6) ( Jrzdz);{i—&—l}z dz
n+1) ;d [ n ) ,;d n+1) ;. dtt
{¢+1}Z dz +Z{z’+1}z P {i+1}z dzitl

(

S (e ()
{
{

n+2 i d’ n n+2 ani
1+1 dzt n+2 dz"

O
We use the previous proposition to obtain the following identity.
Proposition 4.7.2. Forn € N:
n 4 En:( +1,i+1)(1 4 6) (4.7.3)
z = s(n ¥ 7.
dz™

=0
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where s(a,b) are the signed Stirling numbers of the first kind.

Proof. Proof by induction on n.

Forn =0, 2° dzO =1=s(1,1)(1+6)°.

Forn >1,
n—1 ;
d" n+1) . d*
n_ > _ 1 n _ 17‘
SRR (1+96) i_o{i—i—l}z dz?
n—1 7’L+1 i
= (1 n_ ; i J
(1+6) _ {Z,_’_I}ZS(Z-FL]-FI)(I—F@)
=0 7=0
n—1 [fn—1 n+1
= 1 D1+ 6)" — i+ 1,7+ 1 1+6)
s(n+1,n+1)(1+0) Zs(z—i— i+ ){i—i-l} (1+0)

i=j

= o

J
n—

=s(n+1L,n+D1+0)"+ Y s(n+1,7+1)(1+80)

<.
Il
o

Proposition 4.7.3. Forn € N and f : K — K, n-times differentiable,

dz” Z dlgz

for some g;(z) : K — K, i-times differentiable.
Before we prove this proposition we shall prove the following lemma:

Lemma 4.7.4. Forn € N and f: K — K, n-times differentiable,
dzn Z dzt gl
for some g;(z) : K — K, i-times differentiable.

Proof. The proof is by induction on n.

Ifn:()thenf(z)%:f() dzof()

If n > 1 then
dn d dn—l dn 1
J&) i = ZF@O G + @)%

nli nli

T dz Z dz’gl )+ Z dz i

_ d° L i L d
=75 0(2)+;@(ﬁ71(2)+ i(2) + 5 gn-1(2)-
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by Equation 4.7.2

by induction

(4.7.4)

(4.7.5)

by product rule

by the induction hypothesis



By O

proof of Proposition 4.7.3. The proof is by induction on n.

If n =0 then zof(Z)C% =f(2) = Zojzoo (2)-

z

If n > 1 then
dr d dnfl dnfl
2"f(z )dz” = z”if(z)ﬁ + 2" f'(2) = by product rule
d n-1 4 qn1
= z"i Z @kl(z) + z"]"’(z)dn_1 by Lemma 4.7.4
i=0
n—2 ;
" d N dz+1 n n—1
=z dnkn—l(z)+zz dzit1 () f()
i=0
n—1 1< dn- 1
= )+ Z Z zj e hij(z)+2"f'(= ) — by the induction hypothesis
1=1 57=0
dr n—1 1
=2" T kn—1(2) + Z Z zﬂ o hij(2) + Z 7 zpv by the induction hypothesis
1=1 7=0
n—1 ] dz n—1 dr
— Q . .. ”7
Setting g; = pi(z) + Z;L;l hji(z) fori=1,...,n—1and g,(2) = kn—1(2), we are done. O

4.7.2 Combinatorial solutions to differential equations

From the propositions in the preceding subsection we get the following result.

Theorem 4.7.5. Let N

e(F,2) =) 2'fi(z ) 912, F(2))

i=0
with fi(z) e K = K, ¢; : Kx K — K, both i-times differentiable. Then

N

e(F,2) =Y (140)¢(z, F(2)),

=0

for some ¢; : K x K — K, i-times differentiable with respect to z.

Proof. This follows by applying Proposition 4.7.3 to each summand and then applying Proposition 4.7.2

to each of the resulting summands. O
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Let us see how we can view the latter differential equation combinatorially under some mild hypotheses.
Ife(F,z) = ij\io aj(1+ 0)7F'(z) for some M and a; then we have the equation:

M N
> a1+ 0YF (z) =Y (1+0)4i(z, F(2)). (4.7.6)
3=0 =0

Consider the system of tree classes:

TW > 2 5 (Z2,T)Vi=1,...,N
N .
T=J7%
1=0

Let A(k) = 311y a;ki*1. If A(k) # 0 for all k € N* then set By = £~ and B, = B{ for all t € T
If A(k) has a zero in the natural numbers we cannot proceed. Also the system of tree classes should be

solvable. This requires that 1;(z,0) is non zero for some 4.

By Corollary 4.5.4 it follows that for each i, F'r«) p satisfies the differential equation.

M
a;(140) Fr (2) = (14 0)"i(z, Fr p(2)).
j=0

Since Fr p = Zf;o F’r(i>,B» we have that F'r g solves Equation 4.7.6.

Now we shall look at a few examples that highlight how Theorem 4.7.5 can be used to represent differential

equations with combinatorics.

Example 4.7.6. First we have linear differential equations. Consider the differential equation:

Z filz = fa(2), (4.7.7)

1=0

where f; are 2¢ times differentiable functions and have a zero at the origin of order at least ¢ —1 for ¢ > 1.

We shall proceed to rewrite the above differentiable equation in the end form of Theorem 4.7.5. For
i > 1, we know that f;(2) = a;2"71 + 2%g;(2) for some a; € K and g;, i times differentiable function. If

we let go = fy then we can rewrite Equation 4.7.7 as such:
zal 1R zzg JFO(:) 4 fa(2).

From Proposition 4.7.3 we know that there exist hg, ...,y such that Equation 4.7.7 is equivalent to:
Zal By sz 7 (hi(2)F (2)) + fa(2).

Also from Proposition 4.7.2 if we let b; = Z;\; s(i,j)a; and ¢;(z) = Z;V:Z s(i+ 1,7+ 1)hj(z) we get
that Equation 4.7.7 is equivalent to:

Zb L+ 0)' ™ F/(2) = (14 0)'(9i()F(2)) + [ (), (4.73)



which is the desired form.
Now we define our tree classes. Let 7,71, 7 . be tree classes satisfying:
T ~ 2 % SEQ(2),
T >~ 2 % Z™ x TVm >0,
T=U T"™.

m>-1
Let b(k) = Zf\; bkt and ¢%, (k) = Zf\io[zm]@(z)kl Assuming that b(k) is nonzero for all positive

integers k, we also define hook length operators:

B{Y =

By Corollary 4.5.4 F = Fr p solves Equation 4.7.8 and therefore solves Equation 4.7.7. We can write

Fr p explicitly as a sum of compositions as follows:

5 (e fa(2)) H?:zﬁi—l(A(i)) An)

z

[Ti=1 b(A@) ’

Frp(z) =
(a17...,an)673

where A(i) = 3"

j=1@; and P is the class of compositions. |

We are not restricted to having the f; have a zero at the origin of order at least ¢ — 1 as can we simply

multiply both sides of the equation by z until that is the case. The following example illustrates this.
Example 4.7.7. Consider the differential equation:
FM(z) =1. (4.7.9)
From antidifferential calculus we know that solution to Equation 4.7.9 have the form F(z) = %; +
Z;L:_ol Ciz'.
Multiplying both sides of the equation by 2"~ ! to get:
ZTIRM (2) = 2

By Proposition 4.7.2 we know that this is equivalent to:

|
—

n

s(n,i +1)(1+0)'F'(2) = 2" (4.7.10)

Il
=

Let T = Z" and B,, = m By Corollary 4.5.4 F'r g = F' solves Equation 4.7.10 and thus solves
Equation 4.7.9. Note that

Frp=DB("):"= %"= ;Zn’



which is the solution where C; =0 for all¢ =0,...,n — 1. |

Now we shall investigate a more interesting class of differential equations that lead to classes of trees

that are more than just lines.

Example 4.7.8. Consider the differential equation:

F'(z) = Z Pz dd; (Pi(F(2)), (4.7.11)

where the P; are 7 times differentiable functions.

From Proposition 4.7.2 if we let Q;(x) = Z;V:l s(i+1,j+1)Q;(x) we get that Equation 4.7.11 is equivalent

to:

N
F(z) = 31+ 0)(Qu(F(2))), (4.7.12)
i=0
which is the desired form.
Now we define our tree classes. Let 7,79, TG . be tree classes satisfying:

T o~ Z 5 T™VYm > 0,

T=J 7M.
m>0
Let Q5 (k) = X0 o[2™]Qi(2)k.
B™ = Q'”T(k) Ym > 0,

B, = B(m) t e T(m).

el

By Corollary 4.5.4 F' = Fr g solves Equation 4.7.12 and therefore solves Equation 4.7.11. |

We have seen how some differential equations can be represented combinatorially. We can broaden
the types of differential equations we can combinatorially resolve by applying the differential equation
in Corollary 4.2.4 thereby including forests. We can also resolve systems of differential equations like
Leroux and Viennot [39, 40].
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Chapter V

Conclusion

The main purpose of this thesis is to unify the idea of the tree factorial and its generalizations amongst
three communities. These communities are the tree hook length formula community, the B-series com-
munity and the quantum field theory community. The ideas of the three communities can be collected

together in the following theorem.

Theorem 5.0.9. Let T be a class of decorated trees satisfying: T = Z x ®(Z, T, TN, ..., TW), where
each T is a class of decorated trees and let B be a general hook length operator where s,t € T, implies
Bs = B;. Define

Fz) = 3 B,

teT
FO(z) = Z B(t)¢(Ith
teT®
and ¢ to be the formal power series of ®. Then
1. 2Y|F(2) =0 and
[2*]F (2)
B Yk > 1
FT 6 F(2), FO (), FO(z) T

2. F satisfies

and

3. F satisfies the dynamical system
F'(z2) = Lp(140)¢(z, F(2), FY(2),..., FO(2)), F(0)=0.

Here L}, and Lp are as defined in Sections 3.2 and 4.2 respectively.

The above theorem is a combination of Corollary 2.6.1, Corollary 3.2.2 and Corollary 4.5.4.
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1900

1950

1960

1970

(1973) [21]

1980

[39]

1990

2000

length series (20

2010

(2013) [35]

Binary hook length formula

DE for increasing trees (1986)

Postnikov’s formula (2004) [45]

Recurrence of binary hook

Recurrence of hook length series

Runge-Kutta methods (1895-
1901) [46, 29, 36]

Renormalization (1949) [19]

B-series for Runge-Kutta meth-
ods (1972) [7]

Connes-Kreimer Hopf algebra
(1998) [13]

B-series for renormalization
(2000) [5]

I

More general DE of B-series
(2004) [42]

08) [27]

Universal property of Connes-
Kreimer Hopf algebra (2011)
[44]

B-series are hook length series
L and generalization to decorated
trees (2014)

Figure 5.0.1: The history of hook length formulae, B-series and Feynman rules. The edges represent
knowledge of previous work.
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The hook length formula community was able to find the recurrence for simple trees in 2013 and also
recurrences for a few more general classes (see [35]). The B-series community was able to find the
differential equation for simple trees in 2004 [42]. The quantum field theory community was able to
define hook length-like Feynman rules for decorated trees in 2011 [44] and use B-series for toy Feynman
examples in 2000 [5]. Figure 5.0.1 illustrates the history of the three communities as we best understand

it in a graphical manner.

From the unification of hook length formulae and B-series we were able to develop new methods using
the differential equation to find hook length formulae. We were also able to extend the work of Butcher,

Leroux, Viennot and Mazza of finding combinatorial solutions to differential equations.

This thesis investigated two frameworks for finding or proving hook length formulae. One was through
a recurrence (Theorem 2.2.4) and the other was through a differential equation (Theorem 4.2.1). The
advantage of the recurrence is that it is easier to compute the hook length operator needed to obtain
a given hook length series. The advantages of the differential equation are that it was easier to obtain
the hook length series from a given hook length operator and that the differential equation can give
closed form solutions. We also extended these frameworks to decorated trees and some non-simple tree
classes. Finally given that the differential equation framework is simpler to use than the recurrence,
we developed methods to still use the differential equation if the hook length operator did not fit into

Mazza’s specification.

We saw in Section 2.3 that some hook length formulae imply isomorphisms among certain combinatorial
classes. For some of the new hook length formulae such isomorphisms have been found: Formulae 6.16.3
and 6.17.1. However, a couple of new hook length formulae imply the existence of isomorphisms that
remain to be found. One is Formula 6.11.6 which implies that there is a bijection between bicolored
labelled unordered rooted trees with with one color increasing and n nodes and planar embedded trees
with n + 1 nodes. Another is Formula 6.6.4, which implies that there is a isomorphism between a class
of labelled Motzkin trees and the class of permutations. All of the isomorphisms in Section 2.3 use the
recurrence construction of the tree class considered. However it is unknown whether there is a universal
form for the isomorphisms arising from hook length formula. The new isomorphisms all use unlabelling

which may be useful to find other isomorphisms from hook length formulae.

We also saw how Feynman rules in quantum physics can be related to hook length operators. This leads
to new toy models in quantum physics that have combinatorial properties. This connection gave us a

combinatorial specification for hook length series.

One open problem is to further explain why the hook length series of Formulae 6.11.7 and 6.14.2 are
equal. Specifically, it would be nice to have a partition of the set of trees of size n that have an odd-
degree node where each part of the partition add up to zero after applying the hook length operator.
Another topic that is open for study is the general hook length operators of Section 2.6. While there are
examples of more general hook length operators (like Kuba and Panholzer’s hook length operators that
depend on height [35]), there is no mention of hook length formulae of general hook length operators in

the combinatorial community, except in this thesis.
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We can also study hook length operators of other combinatorial objects. Hook length operators of
partitions are very classical (see [51]) and a similar recurrence to Theorem 2.2.4 was found by Han
[27]. Another object that hook length operators have been studied with is lattices. The hook length
operator for lattices actually generalizes the hook length of partitions and trees [52, 3]. The existence of

a recurrence for lattices akin to the recurrences for trees and partitions is open.

The final chapter of this thesis is a catalogue of known hook length formulae. As mentioned in the
introduction, a catalogue of this extent has not been complied anywhere prior to this work. There
are nineteen new hook length formulae found by the author. Of these new hook length formulae,
Formulae 6.6.4, 6.7.8, 6.8.1, 6.9.4, 6.10.2, 6.16.4, 6.18.11 and 6.20.2 all have a hook length series that
is one of =, ==

BkZI-‘r%.

or i and Formulae 6.5.9 and 6.11.6 both use Postnikov’s hook length operator,
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Chapter VI

Catalogue of hook length formulae

This catalogue contains tables of known hook length formulae. Each table contains the known hook
length formulae for a specific class of trees or forests and is headed by the combinatorial specification for

that class. The tables are also sometimes followed by notes about specific formulae in that table.

Each table has four columns. The first column, No., is a number to identify the formula in this catalogue.
The second column, By, is the hook length operator for the formula. For the hook length operator k
denotes the variable and other letters, if present, are arbitrary constants. The third column, F, is the
hook length series or the coefficient of 2™ of the hook length series. If the entry is F(z) = f(z) then
f(2) is the hook length series and if the entry is F,, = a, or n!F,, = nla, then a, is the coefficient of
z™ of the hook length series. F), is used for unlabelled classes and n!F,, is used for labelled classes. The
last column, source, is the earliest source where the hook length formula was found. This will either
be an external citation or a reference to a theorem or example in this thesis. If the latter then it is a
new hook length formula. Some of external sources did not express the hook length series as a function,
but instead just gave the series expansion. We express the hook length as a function whenever possible,

even if no other source gave the formula with a function.

For the last table, Section 6.21, the third column, B(f), is B when applied to a single forest, f.

6.1 Lines
T=Zx(1+T)
No. By F Source

6.1.1 Bk:% F(2) = ,Fy(ai,...,a;;b1,...,bs;2) —1 Theorem 4.3.1

6.1.2 By = DD P(s) = 5F (a,bic2) — 1 Theorem 4.3.1
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6.2 Binary trees

T=Zx(1+T)>

No. By F Source
621 By=1 F(z) = %4 [21]
622 By=1+1 F(z) =2 [45]
6.2.3 By = etk F, = g () [18]
6.24 B =z F(z)=e*—1 [27]
atk)F1 W(2z *
625 Bi= paeth F(z) = ( 2 >) 1 [27]
6.2.6 B = T k+2 F(Z) = (1,12)2 -1 [27]
6.2.7 B =1 F(2) L 1 [27]
2. k= _ Z) = q—zya —
1 e G BT AP (=)
2k TT;21 (2a+14)
6.28 By = ki2 F(z) = (24EE) 1 [27]
a ifk=1 N
6.2.9 By, = { ]_[ " !a+2k—1) k> F(Z) = (1_ 212'_42) 1 [27]
Sh[1—2(2at2k—2-0) k=2
a(b+ if k=1
6.2.10 By = - 1)a-(k: o) F, = a(b+1) Hn 11 ai(n,a b) [27]
=g AT if k> 2
2k 1727 ai(k—1,2a,b)
1 ifk=1
6.2.11 By = F(z) =tanz +secz —1 [27]
5 ifk>1
a ifk=1
6.2.12 B = ﬁlk if k is even F(z)=atanz +secz — 1 [27]
m if k Z 3 is odd
1 if kisodd 2
6.2.13 By = F(z) = % [27]
-% if k£ is even
L ifk=3m-2
6214 By=4{0 ifk=3m—1 F(z) = 24 [27]
—i if k=3m
1 ifk=1 VR -y s
6.2.15 By = F(z) = v 282022 [27]
2 ifk>2
6.2.16 Bj = st F(z) = (sinh(v7)/yz) — 1 [28]
k (2k+1)22F—1 vz
6.2.17 By = (Egk 1)1')),2 F, = (71—%27]7.7)‘71' Example 2.4.3




a(a+n)"_1 n

* The series expansion of this function is F,, = —

1 a;(n,a,b) =ab+a+ (2n — )b+ 1.

6.3 Complete binary trees

T2Zx(1+7T?)
No. By F Source
6.3.1 Bp=1 F(z) =tanz [21]
a ifk=1 .
6.32 By= F(z) =atanz [27]
L ifk>2
1 ifk=1 .
6.3.3 By = (2) = 22 [27]
= ifk>2
1 if k=1 _ .
6.3.4 Bp= F(z) = sinh(z) [27]
e i k>2
a ifk=1 .
6.3.5 By = F(z) = o122 |27]
1 k>2
1 ifk=1 x
6.3.6 By = F(z) = 122 [27]
2 k2

* The odd-sized semicomplete binary trees of the next section are precisely the complete binary trees.
The formulae in this table whose source is [27] were derived by the author of this thesis from the

formulae for semicomplete binary trees.
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6.4 Semicomplete binary trees

T2Zx(1+Toaax(1+T))

No. Bygk F Source
6.4.1 Bjp=1 F(z) =tanz +secz — 1 [55]
a ifk=1
6.42 By= F(z) =atanz +secz — 1 [27]
4 if >2
1 ifk=1
6.43 By = F(z)=¢—1 [27]
e if >2
1 ifk=1 . -
6.4.4 By = F(z) = 1% 27
L p>2 !
L5]
a ifk=1
6.45 By = F(z) =144 (1 taz) -1 [27]
1 k>2
1 if k=1 ) , -
6.4.6 By = F(z) = 5% 27
oy k22
1 ifk=1
0 ifk=3m—1
-L ifk=6m-3 i
6.4.7 By = F(z) = 1725 [27]
Lo itk =6m -2
L ifk=6m
L o ifk=6m+1
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6.5 Fibonacci trees

T=Zx(1+T)x(1+2)

No. Bygk F Source
651 By=1 F(z)=e /21 [52]
6.52 Bj=1s F(z)=¢" -1 [52]
1 ifk=1
6.5.3 By = F(z) = 12 [27]
3 ifk>2
_ (k+a—1)(k4+a—2 o
6.5.4 Bk- = W F(Z) = ﬁ 1 [27]
1 ifk=1
6.5.5 B = F(z) =124 [27]
A2h-1)(EE=3) e z
(k+D(sk—6) LFZ
_ (a+2k—4)(a+2k—3)(a+2k—2)(a+2k—1) _ (1=viZaz\®
6.5.6 By = %(at+k—2)(a+k)((a+4)k—06) F(z) = ( 2z ) -1 [27]
a ifk=1
6.5.7 By = 25, if k=2m F(z) ==Y (1 4 az) - 1 [27]
2a(2m—1) . _
aZ(m+1)+2(2m—1) if k=2m+1
-1 ifk=0 mod3
658 Br=<1 ifk=1 mod 3 F(z) = 2% [27]
0 ifk=2 mod3
_ 1 _ 1-22 _
659 Br=1+7% FG) = orem ™ Fxample 4.5.7
6.6 Motzkin trees
T2Zx(1+T+7T?
No. By F Source
6.6.1 Bp=1 F(z) = @tam (?z—l— %) -3 1
1 ifk=1
6.6.2 By = (2)=1 (ng"> - 1) [35]
2(1+4) ifk>1
3 if k=1 .
6.6.3 By = F(z) =5 (e" —1) [35]
1 ifk=1
6.6.4 Bjp= F(z) = % Example 4.6.1
e ifk>1
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6.7 r-ary trees

T2Zx(1+T)"

No. By F Source
671 By=1 Fz)=-1+01-(r-12)"" [52]
_ ((r=1Dk+1)a+1—k _ r—1)n+1)a

6.7.2 By = — F, = m((( ZL 1) ) [18]
6.73 Bp=a-+ % F, = aTJrgl ;:11 ﬁi(narv a) ’ [18]
674 Br=r—1+1 F, = =i )" [18]
675 Br=1+9 Fp= 22 [T yi(n,ra) | [48]
6.7.6 B = 7= F(z)=¢" -1 [56]

ab lf k - 1 ab n—1 §
6.7.7 By = o1 s F, = arlli=1 Ei(naraa7b) [10]

I, di(n,ra,b) ifk>2
6.7.8 B = 1/(@:2) F(z) = = Example 2.4.1

x Bi(n,rya)=((r—n+i+1la+(r—1)(n—1)+1.

1 viln,rya) = (ri—i+1)(a+ 1) + r(n —1).

ab+(b—1)rk—i(b—r)

b 8i(k, 7 a,b) = 4 @HEDED =) ifi <k-— 1_
o ab+(b—1)rk7c(k—1)(b—r) fimk—1
§ €i(n,r,a,b)=ab+ (b—1)rn—i(b—r).
6.8 Complete r-ary trees
T2Zx(1+T")
No. By F Source
1 ifk=1
6.8.1 Bj= N F(z) = =%+ Example 2.4.2
(e if k> 1

I1;=2 (k+ir—1)
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6.9 Plane trees

T = Z x SEQ(T)

No. Bygk F Source
6.9.1 Bjp=1 F(z)=1-v1-2z [39
_ (D* _ z
6.9.2 Bp= -7 Flz)y=1-—e¢ [56]
6.93 By=(1-1)"" F(z)=1-¢"& " [i0]
1 ifk=1
6.94 B = F(z) = 1% Example 4.6.5
227k ik > 1
1 ifk<2
6.9.5 DB = % ifk=1,2 mod4,k>2 F(z)= iiiz Example 4.6.6

-3 ifk=0,3 mod 4

(n_l)(n—l)

* The series expansion of this function is F,, = —

6.10 Fat plane trees

T = Z x SEQ(T)?
No. By F Source

6.10.1 By = F(2)=1-(1—-32)"* Example 4.4.1

ifk=1
6.10.2 By =

Example 4.6.7
ifk>1

,_/h M,_.
"
N
I
—
| |
n

2k=3(k+2) k+2)
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6.11 Labelled unordered trees

T = Z x SET(T)

No. By F Source
6.11.1 By =4 F(z) =log(%) [43]

6.11.2 By= % F(z) = 2log (QEZ) [42]

6.11.3 Br=1m—  Fz)=e -1 [10]

6.11.4 By = m " F(z) = 2log (sec V=) [34]

6.11.5 By = ﬁ F(z) =alog (afz) Example 2.4.4

a—1
6.11.6 Bp=1+1 F(z) =2log (11_1\/m> Example 4.4.2
I/
6.11.7 B =2-1 F(z) =log (24 V2*+1)  Example 4.4.3

* B, is the n*™ Bell number. See [20, §I1.3|

1 Hook length operator was m in [34].

6.12 Labelled unordered binary trees

T=Zx SETSQ(T)
No. By F Source

6.12.1 B =1 F(z)=tan(z) +sec(z) =1 [1]

6.13 Labelled unordered complete binary trees

T2 Zx(1+SET(T))
No. By F Source
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6.14 Labelled unordered even trees

T 2 Z X SETeven(T)
No. By F Source

6.14.1 B, = F(z) =log (tan(z) +sec(z)) [1]

=

6.14.2 Brp=2-1 F(z)=log(z+V22+1)  Example 4.4.4

EllN)

% This formula has the same hook length operator and hook length series as Formula 6.11.7.

6.15 Labelled unordered odd trees

T=Zx (14SETq4(T))
No. Bk F Source

6.15.1 B = % F(z) = 2arctanh (1 — /2 tanh (arccoth (\/5) — i)) 1]

6.16 Cyclic trees

T=Zx(14+CYC(T))

No. Byx F Source
1 ifk=1

6.16.1 By = F(z)=1-eW®) [35]
1—¢ ifk>1
1 ifk=1

6.16.2 By = F(z)=14+2z—+vz241 Example 4.6.2
+—1 ifk>1
1 itk=1

6.16.3 By = F(z)=1-1%,.,nz"  Example 4.6.3
k-1 iftk>1 -
1 ifk=1

6.16.4 By = F(z) = 1% Example 4.6.8
g ifk>1

6.17 Schroder trees

T = SEQ(SET>1(T))
No. Bk F Source

6171 By=1 F(2)=W (3exp(%72)) + =%  Example 4.4.5
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* This formula was implied, but not proven, in [9].

6.18 Plane forests

T =SEQ(ZxT)

No. Bk F Source
6181 By=1+2¢ Fy= S5 (i D+ 1)+ (n—1) 48]
6182 Bp=a+ i F, = S5 ((2n+ Dia+1) = (a+2)i)  [18]
6.183 Bp=1 F(z) = o [18]
6.184 By = F(z) = e [10]
6.185 By =B, F(z) = == [10]
6.186 By =[1") G(k,a,b) " Fp =L (20 + a)b— (b+ 1)i) [10]
kol (2k—a—2i a Trn—1 .
6.18.7 By = W Fp= 211 (20 4 a — 2i) [10]
. (2]{)7(1))6_1 _a n—1
6.18.8 Bk = W Fn = E(QTL + (l) [10]
k—1 z
6189 By=(1-1) F(z) = W& [10]
2k—a—1)!(k+a—1)! a (2n+a
6.18.10 By = Grtspiie iy p, = e () [10]
1 ifk=1
6.18.11 By = F(z) = 1 Example 2.4.5
0 ifk>1

* 9B, is the n*" Bernoulli number. See [20, §IV.6].

T Ci(kva’ b) =

(2k—a)b—(b+1)
(2k—2+a)b—(b+1)i

(2k—a)b—(b+1)(k—1)
k

ifi<k-—1
ifi=4kF—1.
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6.19 Labelled unordered forests

T = SET(Z x T)

No. By F Source
6.191 By=1+¢ nF, = (a+ DI (G+1D)(a+1) + (n—1)  [48]
6.19.2 Bi=1+1 F(z) = 1222yt [48]
6.19.3 By = % F(z) = = [10]
k=1 (bk—(b—1)i n—1 .
6.19.4 Bj= m;gff(i — ;)bf (QW) nlF, = ab[['= ((n + a)b — (b — 1)i) [10]
k—2
6.19.5 Bj = (ﬁ) F(z) = (W@)2)" [10]
_ 1 — 1
6.19.6  Bi = rri F(2) = gty [10]
6.19.7 By =1 F(z) = [10]
6.19.8 By = » F(2) = g [10]
6.19.9 Bi= =gy F(z) =1+ (tan (v/2))" [34]
x Hook length operator was m in [34].
6.20 Cyclic forests
T=1+CYC(ZxT)
No. Byx F Source
1 ifn=1
6.20.1 By = F(z)=W(z)+1 [35]
1—¢ ifn>1
6.20.2 By=YF LUl F(z) = A Example 2.4.6
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6.21 Single forest

fer
No. Bk B(f) Source
6.21.1 Bp=1 B(f)=1 Folklore
6.21.2 Br=a B(f) = alf| Folklore
6.21.3 By = CpDy B(f) = C(f)D(f) Folklore
6.21.4 By = o« h=d B(f) = al®Wl Folklore
1 ifk>1

6.21.5 B =1 B(f) ="l [31]
621.6 By ==’ B(f) = thr Sty @™ 3]
6217 By =I5 B(f) = g Syt a0 3]
6.21.8  Bi =7 B(f) = 151 Lves(s) ot \ v) [33]
6219 Bp=1+¢ B(f) = thn X preg, oy (1 + )™ 23]
6.21.10 By = 2" B(f) = thy Ty @™m0 4m200) ¢ 1
6.21.11 By =0+ Dl T gy = 2 e gy @) m

62112 B, = WHedlle o ppy = dosn iU T )

% inc(f) is the number of increasing labellings of a plane embedding of f.
Tlnlg=0+qg+---¢").
I ,(f) is the set of labellings of a plane embedding of f and

inv(f) = || {(u,v) : u,v € V(f),u is a descendant of v, u is labelled with a greater label than v} ||.
§ D(f) ={v € V(f):vislabelled with a greater label than its parent} and maj(f) = >_,cps) [ fol-

9 A signed labelling of a combinatorial object, ¢, is a labelling from a set S C {—|¢|,...,|c|} such that
IS]] = le| and {|s| : s € S} = {1,...,]|c|}, I_(f) is the set of signed labellings of a plane embedding
of f, ny = || {v € V(f) : the label of v is negative} || and

ng = || {(u,v) : u,v € V(f),u is a descendant of v, the sum of the labels of u and v is negative} ||.

I Le(f) is the set of signed labellings of a plane embedding of f where each labelling has an even number

of negative labels.

92



Bibliography

1

2]

13l

4]

[5]

16]

7]

18]
19]

[10]

[11]

[12]

F. Bergeron, P. Flajolet and B. Salvo. Varieties of increasing trees. Lecture Notes in Computer
Science 581, 24-48, 1992.

F. Bergeron, G. Labelle and P. Leroux. Combinatorial Species and Tree-like Structures. Cambridge
University Press, 1998.

A. Bjorner and M. L. Wachs. ¢-hook length formulas for forests. Journal of Combinatorial Theory
52(2), 165-187, 1989.

M. Bousquet-Mélou and M. Mishna. Walks with small steps in the quarter plane. M. E. Lladser,
R. S. Maier, M. Mishna and A. Rechnitzer (Editors), Algorithmic Probability and Combinatorics,
Contemporary Mathematics, volume 520, pages 1-39. American Mathematics Society, 2010.

C. Brouder. Runge-Kutta methods and renormalization. The Furopean Physics Journal C 12,
521-534, 2000.

J. Butcher. Coefficients for the study of Runge-Kutta integration processes. J. Austral. Math. Soc.
3, 185201, 1963.

J. Butcher. An algebraic theory of integration methods. Mathematics of Computation 26, 79-106,
1972.

J. Butcher. The Numerical Analysis of Ordinary Differential Equations. Wiley, 1987.

W.Y. C. Chen. A general bijective algorithm for increasing trees. Systems Science and Mathematical
Sciences 12(3), 193-203, 1999.

W. Y. C. Chen, O. X. Q. Gao and P. L. Guo. Hook length formulas for trees by Han’s expansion.
Electronic Journal of Combinatorics 16, 2009. R62.

W. Y. C. Chen, O. X. Q. Gao and P. L. Guo. g-hook length formulas for signed labeled forests.
Advances in Applied Mathematics 51(5), 563-582, 2013.

W. Y. C. Chen and L. Yang. On Postnikov’s hook length formula for binary trees. European Journal
of Combinatorics 29, 1563-1565, 2008.

93



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

27]

28]

[29]

A. Connes and D. Kreimer. Hopf algebras, renormalization and noncommutative geometry. Comm.
Math. Phys. 199, 203-242; 1998.

R. M. Corless, G. H. Gonnet, D. E. G. Hare, D. J. Jeffrey and D. E. Knuth. On the Lambert W
function. Advances in Computational Mathematics 5, 329-359, 1996.

P. J. Davis. 6. Gamma function and related functions. M. Abtamowitz and I. A. Stegun (Editors),
Handbook of Mathematical Functions with Formulas, Graphs, and Mathematical Tables. Dover Pub-
lications, 1965.

R. Donaghey. Alternating permutations and binary increasing trees. Journal of Combinatorial
Theory, Series A 18, 141-148, 1975.

J. R. Dormand and P. J. Prince. A family of embedded Runge-Kutta formulae. J. Compt. Appl.
Math. 6, 19-26, 1980.

R. Du and F. Liu. (k, m)-Catalan numbers and hook length polynomials for plane trees. Furopean
Journal of Combinatorics 28(4), 1312-1321, 2007.

F. J. Dyson. The S matrix in quantum electrodynamics. Phys. Rev. 75, 1736-1755, 1949.
P. Flajolet and R. Sedgewick. Analytic Combinatorics. Cambridge University Press, 2009.

D. Foata and M. P. Schiitzenberger. Nombres d’Euler et permutations alternantes. J. N. Srivastava,
F. Harar, C. R. Rao, G. C. Rota and S. S. Shrikhande (Editors), A Survey of Combinatorial Theory,
pages 173-187. 1973.

J. Frame, G. Robinson and R. Thrall. The hook graphs of the symmetric group. Canad. J. Math.
6, 316-325, 1954.

I. Gessel and S. Seo. A refinement of Cayley’s formula for trees. Electronic Journal of Combinatorics
11(2), R27, 2006.

R. L. Graham, D. E. Knuth and O. Patashnik. Concrete Matematics: A Foundation for Computer
Science. Addison-Wesley, 1989.

E. Hairer, S. P. Ngrsett and G. Wanner. Solving Ordinary Differential Equations I: Nonstiff Prob-
lems. Springer-Verlag, 1993.

E. Hairer and G. Wanner. On the Butcher group and general multi-value methods. Computing
13(1), 1-15, 1974.

G. Han. Discovering hook length formulas by an expansion technique. Electronic Journal of Com-
binatorics 15(1), R133, 2008.

G. Han. New hook length formulas for binary trees. Combinatorica 30(2), 253-256, 2010.

K. Heun. Neue Methoden zur approximativen Integration der Differentialgleichungen einer unab-
héngigen Veranderlichen. Z. Math. Phys. 45, 23-48, 1900.

94



[30]
[31]
[32]

[33]

[34]

[35]

[36]

37]

[38]

[39]

[40]

[41]

42|

[43]

[44]

[45]

[46]

[47]

C. Itzykson and J. Zuber. Quantum Field Theory. Dover, 2005.
D. Knuth. The Art of Computer Programming, volume 3. Addison-Wesley, 1973.
D. Knuth. The Art of Computer Programming, volume 3. Addison-Wesley, 1997.

D. Kreimer. Chen’s iterated integral represents the operator product expansion. Advances in
Theoretical and Mathematical Physics 3(3), 1999.

M. Kuba and A. Panholzer. Bilabelled increasing trees and hook-length formulas. Furopean Journal
of Combinatorics 33(2), 248-258, 2012.

M. Kuba and A. Panholzer. A unifying approach for proving hook-length formulas for weighted tree
families. Graphs and Combinatorics 29(6), 1839-1865, 2013.

W. Kutta. Beitrag zur ndherungsweisen Integration totaler Differentialgleichungen. Z. Math. Phys
46, 435-453, 1901.

M. La Croix. A combinatorial proof of a result of Gessel and Greene. Discrete Mathematics 18,
2251-2256, 2006.

P. Leroux and B. Miloudi. Généralisations de la formule d’Otter. Annales des Sciences Mathéma-
tiques du Québec 16(1), 53-80, 1992.

P. Leroux and G. X. Viennot. Combinatorial resolution of systems of differential equations I:
Ordinary differential equations. Lecture Notes in Mathematics 1234, 210-245, 1986.

P. Leroux and G. X. Viennot. Combinatorial resolution of systems of differential equations IV:
Separation of variables. Discrete Mathematics 72, 237-250, 1988.

Maplesoft. Maple 18. http://www.maplesoft.com /products/maple/.

C. Mazza. Simply generated trees, B-series and Wigner processess. Random Structures and Algo-
rithms 25(3), 293-310, 2004.

A. Meir and J. W. Moon. On the altitude of nodes in random trees. Canadian Journal of Mathe-
matics 30, 997-1015, 1978.

E. Panzer. Hopf-algebraic renormalization of Kreimer’s toy model. Master’s thesis, Humboldt-
Universitiat Zu Berlin, 2011.

A. Postnikov. Permutohedra, associahedra, and beyond. International Mathematics Research No-
tices 6, 1026-1106, 2009.

C. Runge. Uber die numerishe Auflésung von Differentialgleichungen. Math. Ann. 46, 167178,
1895.

B. Sagan. Probabilistic proofs of hook length formulas for complete m-ary trees. Séminaire
Lotharingien Mathematics 309(8), 2584-2588, 2001.

95



[48] S. Seo. A combinatotial proof of Postnikov’s identity and a generalized enumeration of labeled trees.
Electronic Journal of Combinatorics 11, N3, 2005.

[49] L. J. Slater. Generalized Hypergeometic Functions. Cambridge University Press, 1966.

[50] N. Sloane. The On-Line Encyclopedia of Integer Sequences. http://oeis.org.

[51] R. P. Stanley. Ordered structures and partitions. Memoirs of the Amer. Math. Society 1972.
[52] R. P. Stanley. The Fibonacci lattice. Fibonacci Quart. 13, 215-232, 1975.

[53] R. P. Stanley. Enumerative Combinatorics, volume 2. Cambridge, 1999.

[54] Y. Sun and H. Zhang. Two kinds of hook length formulas for complete m-ary trees. Discrete
Mathematics 309(28), 25842588, 2009.

[55] G. Viennot. Interprétations combinatoires des nombres d’Euler et de Genocchi. Séminaire de
Théorie des Nombres. 1981.

[56] L. L. M. Yang. Generalizations of Han’s hook length identities, 2008. arXiv:math.CO/0805.0109.

[57] K. Yeats. Growth estimates for Dyson-Schwinger equations. Ph.D. thesis, Boston University, 2008.

96



Definitions

B, 43 .9

Fr g, 37 6, 46

Fr g, 14 f!, 13

Fy. B, 14, 36 fo, 10

Gy, 15 wy(f), 14, 36

Lp, 52

L3, 45 algebra, 40

L,, 43 product, 40

Ly, 48 unit, 41

Yy.a(2), 51 unital, 41

[f17 10 B-series, 51

B, 11 bialgebra, 41

C, 12 connected, 43

c*, 12 filtration of, 42
F, 10

F', 36 coalgebra, 41

Hp/, 45 coproduct, 41
Hgp, 41 counit, 41

K, 12 counital, 41

L, 56 combinatorial class, 6
M, 11 generating function of, 7
0,11 exponential, 7
O', 36 ordinary, 6

0*, 12 isomorphic, 6

R, 12 isomorphism of, 6
R*, 12 labelled, 7

a(f), 50 specification of, 9
df, 50 unlabelled, 7
1,9, 10 weighted, 9
&(f), 10 combinatorial object, 6
o(f), 13 labelled, 7

3, 10 combinatorial operator, 7
T, 10

Feynman rules, 49
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forest, 10 node

decorated, 36 right-minimal, 27
independent nodes, 41 node of, 10

forest class ancestor of, 10
cyclic forests, 12 child of, 10
plane forests, 12 descendant of, 10
rooted labelled forests, 12 increasing, 10
simple, 12 parent of, 10

root of, 10

hook length shape of, 10

formula, 14 tree class

operator, 12 binary trees, 11

g.eneral, 38 complete binary trees, 16
series
decorated, 36
decorated class, 37
forest, 15
tree, 14
tree class, 14
Hopf algebra, 42

antipode of, 42

complete r-ary trees, 12
cyclic trees, 12
decorated
plane trees, 36
simple, 36
fat plane trees, 57
Fibonacci trees, 17
Motzkin tress, 11

grafting operator, 43 phylogenetic trees, 23

hypergeometric equation plane trees, 11

general, 56 r-ary trees, 12

rooted labelled trees, 12
rooted lines, 56
Schroder trees, 23

semicomplete binary trees, 17

hypergeometric function, 55
differential equation of, 55
general

differential equation of, 57

matching, 18 simple, 11
decomposition of, 11
partition

blocks of, 22
Runge-Kutta method, 51

tree, 10
decorated, 36
differential of, 50
factorial of, 13

increasing, 10

leaf of, 10
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