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Abstract

The Catalan numbers 1,2,5,14,42,132, ... count all sorts of interesting objects: for example, the nth
Catalan number enumerates both the set of T), of rooted finitely branching trees with n + 1 vertices,
and the set B,, of rooted binary trees with n + 1 leaves. In fact for each n, the sets T}, and B,, are in

bijection in a natural way.

The objective of this thesis is to study these bijections, and similar ones, through the lens of category
theory. The set of rooted finitely branching trees can be characterised as an initial motor; where a
motor is a monoid endowed with a endofunction (not preserving the monoid structure). The set of
rooted binary trees can be characterised as an initial pointed magma; where a pointed magma is a set
endowed with a constant and a binary operation.

We first give an account of the bijection between rooted trees and binary trees which uses only the
universal properties of the initial motor and the initial pointed magma. We then generalise this in various
directions; our most general result identifies the initial 7-motor with the initial pointed T-magma, when
T is an arbitrary endofunctor of a closed monoidal category C; here, a T-motor is a monoid X endowed
with a mapping T'X — X, while a pointed T-magma is an object withamap I +TX ® X — X. We

will also give numerous examples and applications.
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CHAPTER 1

Introduction and Motivation

The Catalan numbers are a sequence of numbers that arise as a solution to many counting problems in
combinatorics; Stanley in [1] lists 214 such problems. The nth Catalan number is given by

. 1 2n\ (Qn)!
Cn_n+1 (TZ)  (n+ 1!

for which the first few terms are C,, = 1,1,2,5,14,42,132, ... [2, A000108]

Consider the following examples of N-indexed families of sets:
(1) The set of rooted, planar, finitely branching trees with n edges.

(2) The set of Dyck words of length 2n. A Dyck word is a word on the symbols U and D which
have the same number of Us and Ds, but never more Ds than Us when reading from left to
right.

(3) The set of (full) binary trees with n + 1 leaves (alternatively n internal vertices or 2n edges).
(4) The set of well bracketed expressions involving associating n applications of a binary operation.

In each case the nth set has cardinality C,,, so each of these structures is counted by the Catalan

numbers.

There is a clear correspondence between the sets in the first two examples which is given by traversing
along the tree in a fixed orientation (clockwise) from the root and denoting each “upwards” movement

as a U, and each “downwards” movement as a D, as shown below.

\,; l|—> UDUUDD

7

In fact both of these types of object can be readily built in a recursive fashion.

Observe the following structure which generates the set of rooted, finitely branching trees T":
e The trivial tree: ¢ = @

e An associative binary operation with unit e, which is given by merging two trees at the root:

VN = 4

e An endofunction which is given by growing the tree up from the root:
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This motivates the following definition: A motor, (A, e, *,0), consists of a monoid, (A, e, *), and an
endofunction, o: A — A (not necessarily preserving the monoid structure). The structure described
above makes the 71" into a freely generated motor. The natural numbers also have an obvious motor

structure, (N, 0, +, s), where s is the usual successor function, s(n) =n + 1.

The free generation of the motor of rooted, finitely branching trees means that there is a unique function

f from T to the natural numbers that preserves the motor structure, which is given by:
fle) =0
fl@xy)=fz)+ fy)
foo(x) = so f(x) = flz) + 1.

This function counts the number of branches in the tree, and hence we see that the cardinality of the

set given by the preimage of n under f is actually C,.

There is also a clear correspondence between examples (3) and (4) on page 1, which is given by
denoting each branching in the tree as performing the binary operation. The set of binary trees B can
be recursively built up via:

e The trivial tree: e =@

e A binary operation:

VY - Y

A pointed magma, (M, m, ), consists of a set, M, a designated point, m € M, and a binary operation,
_+_: M x M — M. The structure indicated above makes B into a freely generated pointed magma.
The natural numbers form a pointed magma, (N, 0,¢), where t(z,y) = = + y + 1. Like before, free
generation of the pointed magma of binary trees gives us a unique grading, g, from the initial pointed

magma, (B, e,+), to the natural numbers using the rules:
g(e) =0,
glz+y) =to (g(z),9(y)) = g(z) + g(y) + 1.

It is also again the case that the cardinality of the set given by the preimage of n under g is the nth

Catalan number.

There is also a less clear, but nevertheless very interesting, correspondence between the first pair of
examples, the ones with a motor structure, and the second pair, the ones with a pointed magma
structure. This correspondence shows that while a given set which exhibits a Catalan counting scheme
may be readily given either a pointed magma or a motor structure, we can always give it the other

structure if we want to.

As this correspondence is between two different types of algebraic structure it is natural to use category
theory and universal properties as a tool for exploring the correspondence. The benefit of using category

theory becomes apparent when we generalise beyond the set-based situation.
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In chapter 2 we give a category-theoretic proof that the freely generated motor and the freely generated
pointed magma coincide. Specifically, defining Motor to be the category of motors together with their
structure preserving morphisms, and Magma, to be the category of pointed magmas together with

their structure preserving morphisms, we prove:

Theorem 1.1. There exists a faithful functor F': Motor — Magma, that both preserves and lifts
initial objects.

In chapter 3 we give a generalisation of motors and magmas using the notion of algebras for an
endofunctor T in Set, and show that we get a similar correspondence between these generalised notions
of initial “7T-motor” and an initial “pointed T-magma”. That is, we define categories T-Motor and

T-Magma,, and then prove:

Theorem 1.2. There exists a faithful functor F': T-Motor — T-Magma, that both preserves and

lifts initial objects.

In chapter 4 we give a generalisation for T-motors and pointed 7T-magmas in a monoidal category
with certain conditions, and show that the previous theorem still holds. Specifically, if C is a closed
monoidal category with equalisers, and 7" is an endofunctor in C, then we define categories T-Motor
and T-Magma,, and prove:

Theorem 1.3. There exists a faithful functor F': T-Motor — T-Magma, that both preserves and

lifts initial objects.

We then conclude with some examples of where this general theorem is useful.



CHAPTER 2

A First Case

1. Introduction

In this chapter we explore the correspondence between the two given structures that exhibit a Catalan
counting scheme; the initial motor and the initial pointed magma. This is done by first showing that the
initial motor may be turned into a pointed magma in such a way as to preserve the Catalan counting
scheme. Once we have established that the initial motor is a pointed magma, we then show it is the

initial such, and therefore we have shown that there is a bijection between the two underlying sets.

Definition 2.1. If (M, m,*) is a monoid, and o: M — M is an endofunction, then we call
the quadruple M = (M,m,*,0) a motor. A motor morphism f: M — N between motors
M = (M,m,*,0) and N = (N, n,*, 1) is a function f: M — N such that

e f(m)=n
o flxxy)=[f(z)xf(y),Vo,y e M
o fo(z)=71f(x),Vo € M.
This yields a category of motors and motor morphisms which we call Motor.

Recall that a Dyck word is a word on the symbols U and D which have the same number of Us and
Ds, but never more Ds than Us when reading from left to right. The set of Dyck words on {U, D} has
a motor structure, A = (D, e, %, 0), where e is the empty word, * is concatenation, and 0: © — D is
given by o(w) = UwD. The following shows that A is freely generated by its motor structure.

Given a Dyck word of length 2n we can define a height function h: {0,...,2n} — N where a U
increases the height by 1 and a D decreases the height by 1. For example we have the following Dyck

word and its associated sequence of heights:

0 1 2 1 0
U U D D
We now define a Dyck word to be connected if it is non-empty, and h(i) > 0 for all 0 < i < 2n. Using
this we see that every non-empty Dyck word can be uniquely decomposed as w = wy * ... * w,, where
each w; is a connected word. We also see that every connected word is uniquely the successor o(w) of
another, possibly empty, word w. Hence every Dyck word can be built up from the empty word using
repeated applications of * and o, uniquely up to the monoid axioms, i.e. e,* and o freely generate A.

We can make this precise via the category-theoretic notion of initiality:



Definition 2.2. Let C be a category. An object I € C is called initial in C if given any object X in C,
there exists a unique morphism f: I — X.

Any motor map out of A is determined by its action on e, * and o, and since the Dyck words in A are
freely generated by e, x and o, any motor map out of A must be unique. Hence A is the initial motor.

We now relate this to the other kind of structure considered in the introduction.

Definition 2.3. Given a set M, an element m € M, and a binary operation _«_: M x M — M
on M, then we call the triple M = (M,m,+) a pointed magma. The collection of pointed magmas
forms a category, Magma,, with morphisms f: M — NN between pointed magmas M = (M, m,+)
and N = (N, n, *) being functions f: M — N such that

o f(m) =

o f(z-y) = fz)= f(y), Yo,y € M.
Earlier we saw that every Dyck word can be uniquely decomposed into connected words, and that every
connected word is of the form UwD for some w. This means that every non-empty Dyck word is
uniquely of the form UwDz = o(w) * x for some other Dyck words w and z. This gives us a binary

operation on ©, z+y = o(x) * y, and hence a freely generated pointed magma B = (D,e,+). This

observation plays a crucial role in [3].

Note that the pointed magma structure on ® is purely defined in terms of the motor structure on ©.

In fact this works for any motor as witnessed by:

Proposition 2.4. There exists a faithful functor F': Motor — Magma, whose action on objects,
M = (M, m,*,0), is given by:
FM = (M,m, (z,y) = o() xy)
Proof. Given a motor morphism f: M — N between M = (M, m,*,0) and N = (N,n,x,7), we
have that f(m) = n and that
f(o(x) xy) = fo(@)* f(y) = 7f(x) * [ (y)

as required for F'f: FM — FIN to be a pointed magma morphism. F' preserves identities and
compositions since F'f has the same action on elements as f, and so F'is a functor. Lastly, F' renders

commutative the diagram
Motor — X Magma,

N A

where U and V' are the forgetful functors. hence F is faithful since U is. O



2. The Initial Motor is the Initial Pointed Magma

The argument given above shows that F' sends the initial motor A to an initial pointed magma FA,
or in other words, F' preserves initial objects. We would now like to study this phenomenon and its
generalisations using category theory.

An obvious reason why F' might preserve initial objects would be that F' has a right adjoint. However

with some effort one may show that /' doesn't preserve coproducts, so this argument does not apply.

We instead try the more direct approach of showing that given an arbitrary pointed magma B, there
exists a unique pointed magma morphism g from FA to B. To construct g we transform B into a
motor B, and then show that the unique motor map from A to B induces the required unique map g.

To this end we require a way of constructing a motor out of an arbitrary pointed magma, and this is

done as follows.

Let B = (B, b,+) be an arbitrary pointed magma, and now consider the following stack machine, which
for every Dyck word w gives instructions for a function h,,: B — B.

(1) First initialise the empty stack by pushing the function input 2 € B onto the stack.

(2) Next read the Dyck word from right to left with the following instruction set:
e D: Push b onto the stack

e UU: Take the top two elements off the stack, say y and z, and push their product ¥« z back
onto the stack

(3) When every instruction is read, the remaining element on the stack is A, (z).

This machine gives us the data for a map from the initial motor to the set of functions from B to B.
We might hope to induce this map using initiality of the motor A, as long as we can find a suitable
motor structure on BZ. To do so let us examine the behaviour of the stack machine on words of the

form e, wy * wsy, o(w).

If we run the machine with the empty instruction set e, then the resulting function is the identity
function 15. Suppose we have Dyck words w; and ws, then running the machine with instruction set
wy *wsy will result in a function that first evaluates h,,, (), and then will evaluate h,,, with input h,,(x),
i.e. the resulting function will be h,, o h,,. Running the machine with instruction set o(w) will mean

that the resulting function will now evaluate h,,(b), and then take a product with z.

This tells us that if we define the motor of endomorphisms as B = (BB, 1g,0, @), where ©: B? — BB

is the function given by
O(f)(x) = f(b)+x, Vfe B zeB,
then the unique map f: A — B sends w to hy,.



We now exploit the above construction to prove that if A is the initial motor, then FA is the initial
pointed magma. As this is a purely algebraic construction we don't need a specific representation of

A, so from now on we write A = (A, e, %, 0) for the initial motor.

Proposition 2.5. Let A be the initial motor, let B = (B, b,+) be an arbitrary pointed magma, and
let f: A — B be the unique motor map given by the universal property of the initial object, then
g: FA — B given by g(z) = f(x)(b) is a pointed magma map.

Proof. In order for g to be a pointed magma map we require that

gle) =b (1)
g(o(@) *y) = g(x) - 9(y), (2)
and since is f a motor map we have that
fle) =15 (3)
flxxy) = f(x)o fly) (4)
f(o(x)) = 0(f(x)) (5)

By definition of g and (3) we get that

gle) = f(e)(b) = 1p(b) = b
and so (1) holds. As for (2) we have that

g(o(@) xy) = f(o(x)*y) () by definition of g
= f (o)) o F)(b) by (4)
= 0(f(@))(fw)®)) by (5)
= f(z)() + f(y)(b) by definition of ©
=9(x)-g(y) by definition of ¢
as required. 0

We have now established that for every pointed magma, B, there is a pointed magma map, g: FA —
B, so proving this map is unique will establish that F'A is the initial pointed magma.

The next proof is done by induction in the initial motor A. This will be discussed in more detail at a
later stage, but for now it should be clear that if a statement is true for e, and if the statement being
true for x and y in A implies that it is also true for z * y and o(x), then the statement must be true

for all z in A.



Proposition 2.6. Let B = (B, b,+) be a pointed magma, let h: FFA — B be a pointed magma map,
and let f: A — B be as before. For all z € A, the following diagram commutes.

Ay

% - gl

f(x)
Proof. This shall be proved by induction on = € A.

We have that e (—): A — A =14, and f(e) = 15, so

A 6*(7)

>

_
B ——

f(e)
commutes.

Suppose = € A, and that

commutes, i.e.

and in particular

h(z) = h(zxe) = f(x)(h(e)) = f(2)(b) (6)
which gives us
f(o(@)(h() = 6(f(2))(h(v)) by (5)
= f(z)(b) + h(y) by definition of ©
= h(z) « h(y) by (6)
= h(a(x) * y) since h is a pointed magma map

for all y in A. We have therefore shown that if the left square commutes, then so must the right:

x* (—) o(z) *(-)
R

A A A——5 A

L= J

B —— B B— B
f(z) f(a(z))



Now suppose both

and

B B
£(v)
commute. Then for all z in A,
Faxy)(h(2)) = F@)(f(y) o h(2)) by (4)
= f(x)(h(y = 2)) by (8)
=h(z*xyx*2z) by (7)
Therefore we have shown that if the leftmost two squares commute, then so must the right.
Rl N (-) A y*(—) zxy*(—)
—
hl J» l l l Jh
B —— B B —— B B — B.
Therefore by induction the square
Ay
hl lh
B— B
f(x)
commutes for all z in A. O

We now have the following:

Theorem 2.7. If A is the initial motor, then FA is the initial pointed magma.

Proof. Let B be a pointed magma. We have already shown that the map ¢g: FA — B is a pointed
magma map, and this map is unique since given any other pointed magma map, h: FA — B, we must
have

h(z) = h(zxe) = f(z)(h(e)) = f(2)(b) = g(x), VweA
by Proposition 2.6. Therefore F/A is the initial pointed magma. 0

Note that the functor F': Motor — Magma, sends the motor (N, 0,4+, s) to the pointed magma
(N,0,t), where, as before, t(z,y) = z + y + 1. This shows that F'A is also a Catalan family of sets.



3. The Initial Pointed Magma is the Initial Motor

Our aim in this section is to show that the initial pointed magma gets lifted via I’ to an initial motor.
First, however, we look at several properties that a functor may have.

Definition 2.8. Given a functor F': C — D we may have that:
e [ preserves initial objects: If X is initial in C, then F'X is initial in D.
e [ reflects initial objects: If F'X is initial in D, then X is initial in C.
e [ lifts initial objects: If Y is initial in D, then 3X € C such that Y = FX.

e [ creates initial objects: If F' both lifts and reflects initial objects. Explicitly If Y is initial in
D, then there exists an essentially unique X € C such that Y = F X and X is initial in C.

o [ reflects isomorphisms: If f: X — Y in C such that F'f: FX — FY is an isomorphism in

D, then f is an isomorphism in C.

Proposition 2.9. Given a functor F': C — D we have the following:
(1) If C has an initial object and F preserves initial objects, then F' lifts initial objects.

(2) If C has an initial object, F' preserves initial objects, and F' reflects isomorphisms, then [

reflects initial objects.
(3) If D has an initial object and F' creates initial objects, then F' preserves initial objects.
Proof.

(1) Suppose C has an initial object X, and that F’ preserves initial objects. Now suppose Y is initial
in D. Since F preserves initial objects, F'X must also be initial in D and hence Y = FX.
Therefore F' lifts initial objects.

(2) Suppose C has an initial object X, that I preserves initial objects, and that F' reflects
isomorphisms. Now suppose Y in C is such that FY is initial in D, and let f: X — Y
be the unique map given by initiality of X in C. F' preserves initial objects and hence F'.X
is initial in D and so Ff: FX — FY must be a unique isomorphism. f is an isomorphism
since F’ reflects isomorphisms and hence Y is initial in C as it is isomorphic to X. Therefore

F reflects initial objects.

(3) Suppose D has an initial object Y/, and that F’ creates initial objects. Now suppose Z is initial
in C, since I creates initial objects there exists an initial object X in C such that Y = F'X.
Now X = Z since X and Z are both initial, and therefore Y = F'X = F'Z, and hence F'Z is
initial in D. Therefore F' preserves initial objects. 0

Proposition 2.10. The functor F': Motor — Magma, as given in Proposition 2.4 reflects isomor-
phisms.
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Proof. It is sufficient to show that the functor U: Motor — Set reflects isomorphisms since if f is
a motor morphism such that F'f is a magma isomorphism, then Uf = V F'f is an isomorphism and

hence if U reflects isomorphisms, then f is an isomorphism.

Let M = (M, m,*,0) and N = (N,n,*,7) be motors, and f: M — N be such that f: M — N is

an invertible function. By definition of a motor morphism, f is such that all three of the diagrams

MxM L Nx N M—L N
/\ | oo I
M*>N Mf]\f MTN

commute. In a commuting diagram we may replace invertible arrows with their inverse as long as the

resulting diagram makes sense. That is, we have commuting diagrams

1 Mx M Ny N M N
N\ | | N
M N M — N M N.

Note that (f x f)~" = f~' x f~! by bifunctorality of the cartesian product. Therefore f~': N — M
is a motor morphism and hence f is a motor isomorphism. Therefore U reflects isomorphisms, and

hence so must F. O

We have shown that both Motor and Magma, have initial objects, and that ': Motor — Magma,

reflects isomorphisms. Therefore we have the following:

Corollary 2.11. The functor F': Motor — Magma, preserves initial objects if and only if it creates

initial objects.

We have already proven that F' preserves initial objects, and hence it must also create initial objects.

So that we can generalise it later, here is a direct proof that F' creates initial objects.

For the rest of this chapter let B = (B, e,+) be the initial pointed magma. We want to construct a
motor structure B in such a way that FB = B, that is, we need an associative operation * on B with
identity e, and an endofunction 7: B — B such that 7(x) xy = x -y, for all x and y in B.

The associative operation x is given by the following recursive definition:
exz=2z
(xey)kz=a(y*2).
To prove that (B, e, x) is a monoid we use induction in the initial pointed magma, that is, we use the

fact that if a statement is true for e, and if the statement being true for x and y implies it is also true

for x «y, then it must be true for all x in B.

Proposition 2.12. ¢ is the identity for .

11



Proof. By definition of %« we have that e « x = x for all  in B, and hence we just need to prove that

xxe =x for all x in B. This is done by induction on .

By definition of % we have that e x e = e.

Now suppose that x; * e = x1 and x5 * e = 9, then by the recursive definition of * we have that
(1 o) xe=x1+(Ta%€) =11 * X9

as required.

Therefore by induction x x e = x for all z in B, and hence e is the identity for *. U

Proposition 2.13. x is associative.

Proof. This is also done by induction on x. For the base case we have by definition of * that
(exy)kxz=yxz=ex(yx2)

for all y, z in B.

Now suppose that (1 % y) * 2 = 1 % (y * 2) and (9 * y) * 2 = x9 * (y * 2) for all y, z in B. Then

((:cl':cg)*y) * 2 = (:Ul(:@*y)> *

as required.

Therefore by induction (x % y) * z = x * (y * z) for all z,y,z in B, i.e. * is associative. O

In order to get a motor structure on B we require an endofunction 7: B — B and this is given by
7(x) = 2+ e. Hence we have the motor B = (B, e, *, 7).

Proposition 2.14. FB = B, i.e. F lifts initial objects.
Proof. All we need to show is that 7(x) * y = z +y. Indeed we have:
r(@) sy =(z+e) %y
=x+(exy)
=y O

We now show that F’ reflects, and therefore creates, initial objects.

Proposition 2.15. Given a motor M = (M, m,x, i), the unique pointed magma map given by the
universal property of the initial pointed magma, f: B — F'M, lifts to a motor map f: B — M.

12



Proof. We must show that for all z,y in B, f satisfies
fle)=m
f(7(2) = n(f(@))
flaxy) = f(z) * f(y)-
By definition of f and "M we have that for all z,y in B

fle)=m (9)
flzey) = pf(x)* f(y). (10)
We hence see that for all z in B
f(r(@) = f(z+e) by definition of 7
= pu(f(x)) * f(e) by (10)
= u(f(2)) xm by (9)
= u(f(x)) since (M, m,*) is a monoid.

Finally we have that

flexy) = f(y) =mx f(y) = fle)x f(y),
and if both f(z1 *y) = f(z1) * f(y) and f(22 *y) = f(z2) * f(y), then

F((@rm2) % y) = f(a1+ (22 %7)) by definition of x
= p(f(@1)) * f(2 % y) by (10)
= p(f(@1)) * (f@2) % F(1)) by assumption
_ (u( Fan)) = f($2)> « f(y) by associativity of *
= f(@122) % f(y) by (10)

for all y in B, and hence by induction

flaxy) = fz)* f(y)
for all z,y in B. O

The lifted map f: B — M is unique since given any other motor map g: B — M, we must have
Fg = f = Ff by initiality of B in Magma,, and therefore g = f since F is faithful.

We have therefore proven that F' creates initial objects and hence constructively shown:

Theorem 2.16. If B is the initial pointed magma, then F lifts B to the initial motor B.

13



CHAPTER 3

A Generalisation in Set

In this chapter we present a generalisation of the results of the previous chapter using the notion of an
algebra for an endofunctor.

1. Algebras, Induction and Recursion

Definition 3.1. Let C be a category and let T: C — C be an endofunctor. A T-algebra, (A, ),
consists of an object, A € C, and a morphism, a: TA — A. We call the object the carrier, and the
morphism the structure of the algebra.

A homomorphism between two T-algebras, (A, «) and (B, ), is a morphism, f: A — B in C, such
that the following square commutes:
Tf

TA —— TB

We write T-Alg for the category of T-algebras and their homomorphisms.

Definition 3.2. An initial T-algebra is an initial object in 7-Alg. That is, an initial T-algebra (A, a)
is one such that given any algebra (B, ), there exists a unique f: A — B in C making the following
square commute:

Tf

TA —— TB

When C = Set and TX = 1+ X the T-algebras are pointed sets with an endofunction, which
are sometimes known as numerals. An initial T-algebra for this endofunctor is given by the natural
numbers together with 0 and the usual successor function. We now generalise the familiar notions of
induction and recursion in the natural numbers to an arbitrary initial algebra. These are fairly well known
constructions, see for example [4], however for completeness and readability we present the arguments
and proofs here.

Induction
Let ¢ be a proposition about the natural numbers. In order to show that ¢ is true for all natural
numbers we consider P = {n eN:pn) = T}. If we can show that both 0 is in P, and that n being

14



in P implies that n + 1 is also in P, then we can conclude by induction that P = N. The hypotheses

on P are equivalent to the requirement that the upper composite in

1+P 2% 14N

e

factors through ¢ as indicated. A triple consisting of a set, a point in that set, and an endofunction
on that set is called a numeral by Freyd. We have hence shown that P is a sub numeral of N. The

conclusion that P = N now follows from initiality of N and:

Proposition 3.3. Let C be an arbitrary category and [ be initial in C. If X isin C, and m: X — [ is

a monomorphism in C, then m is an isomorphism.

Proof. I is initial and so there exists a map f: I — X. By the universal property of the initial
object, mf: I — I must equal 1;. Additionally, m(fm) = (mf)m = 1ym = m, and since m is a

monomorphism we must have fm = 1x. Therefore m is an isomorphism with inverse f. ([l

Using this result, if (A, «) is initial in T-Alg, then we have a corresponding notion of induction: If

given i: P — A for which there exists a factorisation v as indicated by
TP — 5 TA
ey J{a
P % A,
then we can conclude that i: P »— A is an isomorphism.
Recursion
Consider the first order recurrence relation
nt1 = f(n,an)

where the a; belong to some set X. If we are given an initial condition, ag in X, we know that
this recurrence relation defines a unique sequence of elements of X, i.e. we have a unique function
g: N — X satisfying ¢(0) = ap and g(n+ 1) = f(n,g(n)). This can be generalised to an arbitrary
initial algebra as follows:

Theorem 3.4. Let (A, «) be the initial algebra for the endofunctor 7" on the category C with binary
products. Given X in C and a morphism f: T'(A x X) — X, there exists a unique morphism g: A — X

such that the square
T(lA,g)
TA —= T(Ax X)
| |
commutes in C.
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Proof. In order to use initiality of (A, &) we need an algebra structure on A x X, and this is given by
the pairing (o T'mry, f): T(A x X) — A x X, where 7, is the projection map. By initiality of (A, «),
there exists a unique morphism (h, g) making the square

M T(Ax X)

commute. Post-composing this square with the first projection map we get the commuting diagram

TA;JKQ»T@4xX)———»TA

f e

A——— AXX ——— A

Q)

from which we conclude by initiality of A that h = 14. Post-composing with the second projection

map we thus get

74 1009, T(A x X)

| I
AﬁX,

for which g is the required unique morphism. O

2. The Generalisation

For the rest of this chapter we fix C = Set, let T': Set — Set be a fixed endofunctor, and make the
following definitions.

Definition 3.5. A T-motor is a quadruple M = (M, m,*,0), where (M, m,*) is a monoid and
o: TM — M is a function. A T-motor morphism f: M — N between M = (M,m,*,0) and
N = (N, n,*, ) is a function such that all three of the diagrams

MxM —— NxN TM —— TN
/\ | o I
M*>N Mﬁ]\f MﬁN

commute. We call the category of T-motors and their morphisms 7-Motor.

Definition 3.6. A pointed T-magma is a triple M = (M, m, u), where M is a set, m is an element
of M, and pu: TM x M — M is a function. A pointed T-magma morphism f: M — N between
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M = (M, m,u) and N = (N,n,v) is a function such that both of the diagrams

TM x M 225 PN« N

1
N !
MTN MﬁN

commute.

Our motivation for making these definitions becomes apparent upon observing that if 7" is the identity
functor, then T-Motor = Motor and T-Magma, = Magma,. We now seek to generalise the
relationship between the initial motor and the initial pointed magma to the arbitrary T-algebra case.

Proposition 3.7. There exists a faithful functor F': T-Motor — T-Magma, whose action on
objects, M = (M, m,x,0), is given by FM = (M, m, &), where 5(x,y) = o(x) x y.

Proof. Given a morphism f € T-Motor(M , N) between M = (M, m,*,0) and N = (N,n,*,7),

we have that
1
7 N\

MTN

commutes by definition of f. We also have the commuting diagram

TM x M 229 PN« N

Uxidl lrxid
MxM L NxN
{ b

as required for F'f: FM — FN to be a morphism in T-Magma,. F preserves identities and
compositions since F'f has the same action on elements as f, and so F' is a functor. Lastly, I satisfies
the composition

T-Motor — 2 T-Magma,

A

Set
where U and V' are the forgetful functors, and hence F' is faithful. O

The major aim of this chapter is in proving the following:

Theorem 3.8. The functor F': T-Motor — T-Magma, as given above both preserves and creates
initial objects.

First however, we consider a few examples as motivation for why we made this generalisation.
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Example 3.9. Let A be a set, and let A* be the set of finite words with alphabet A. It is a well
established fact that (A*, e, +) is the free monoid generated by A, where ¢ is the empty word and + is
word concatenation. As such if we let T" be be the endofunctor T X = A for all sets X with Tf =14
for all functions f, then we have an initial T-motor (A*,&,+,0), where 0: A — A* is the function
which maps each element of A to its singleton list.

In computer science it is common to generate A* via the empty word ¢ and the function a.: Ax A* — A*,
which appends an element x in A to the front of a word in A*. This yields an initial pointed T-magma

(A* e, ), and the fact that these two descriptions of A* agree is explained by Theorem 3.8.

Example 3.10. A special case of the previous example occurs when 7' is the constant functor TX =1
for all sets X . In this case a pointed T-magma is simply a numeral. The usual description of the natural
numbers as being generated by the number 0 and the successor function s(n) = n + 1 tells us that
(N, 0, s) is an initial pointed T-magma. An initial T-motor is a free monoid on a single generator, and
Theorem 3.8 yields the fact that the natural numbers under addition is such an object.

Example 3.11. This example is closely related to the observations of [5]. A unary-binary tree is a rooted

tree in which every node has at most two children. The set of unary-binary trees, U, is generated by:
e The trivial tree: e =@

e A unary operation:

e A binary operation:

VN 2 Y
We hence have an initial pointed T-magma U = (Z/I, e, [v, B]) where T is the endofunctor TX = 1+ X.

Now consider the set of all rooted trees having open or closed leaves, . An example of such a tree is

‘H is generated by:
e The trivial tree: e = @

e An associative binary operation with unit e:

AV AT

e The tree consisting of a root and a single open leaf:

-4
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e A unary operation:
In other words H = (’H, e, %, [a, 7']) is an initial T-motor.

Theorem 3.8 tells us that F"H = U, and hence there must be a bijection between the two sets H and
U. A way to see this correspondence is via the Motzkin words, that is, words on the symbols U, D,
and A which have the same number of Us and Ds, but never more Ds than Us when reading from left
to right.

The set of Motzkin words, M, is generated in a similar way to the set of Dyck words but with an
extra generator, the symbol A. That is, if T" is the endofunctor given by TX = 1 4+ X, then we have
an initial 7-motor M = (./\/l,g, =+, [A,a]), where ¢ is the empty word, + is word concatenation, and
o(x) = UxD. Applying Theorem 3.8 we also have that M is generated by ¢, the unary operation «
which appends A to the front of a Motzkin word, and the binary operation given by x <y = UxzDy.
That is, we have an initial pointed T-magma FF M = (/\/l,s, [a,-]).

This gives us a way of finding a bijection between H and U. If f: H — M is the unique T-motor
isomorphism given by initiality of both ‘H and M, and g: FF/M — U is the unique pointed T-magma
isomorphism given by initiality of both F'’M and U, then the composite go f is a bijection between H
and U.

The Motzkin numbers are a sequence with a close relationship to the Catalan numbers. The nth
Motzkin number counts the number of Motzkin words of total length n. For Motzkin words x and v,
the length of a(x) is 1 greater than the length of =, and the length of x +y is 2 greater then the sum
of the lengths of x and y. Hence if we endow the natural numbers with a pointed T-magma structure
N = (N,O, [s,*]) where s(n) = n+1, and k*m = k + m + 2, then taking fibres over the unique
pointed T-magma map f: FM — N gives sets whose cardinality M,, is the number of Motzkin words
of length n. This yields a recurrence relation for the Motzkin numbers

n—2
M, = Z MMy, g2+ My—1, My=1,
k=0

which has first terms: 1,1,2,4,9,21,... [2, A001006]

Looking back to the pointed T-magma structure on I/ we see that e has zero edges, and for trees u
and v, v(u) has one more edge than u, and the number of edges of 5(u,v) is two greater than the
sum of the number of edges of u and v. Hence the nth Motzkin number also counts the number of

unary-binary trees with n edges.

Looking at the T-motor structure on M we see that ¢ has length zero, A has length one, and for words
x and y, the length of = + ¥ is the sum of the lengths of x and y, and the length of o(x) is two greater
than the length of x. Similarly if we define a half-edge to be an incident pair of a vertex and an edge,

then looking at the 7T-motor structure on H we see that e has zero half-edges, a has one half-edge,
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and for trees u and v, the number of half-edges of u * v is the sum of the number of half-edges of u
and v, and the number of half-edges of 7(u) is two greater than the number of half-edges of u. That
is, the nth Motzkin number also counts the number of rooted trees having open or closed leaves with

n half-edges.

Another closely related sequence is the Schroder numbers. The nth Schroder number counts the
number of Motzkin words of length n where each U, D pair counts as length 1. To obtain the Schroder
numbers we modify x to Kk xm = k + m + 1, but leave the rest of the pointed 7-magma structure on
N unchanged. The nth Schroder number is then obtained through the same process as the Motzkin

numbers yielding the recurrence relation

n—1

Sn = Z SkSn—k—1+ Sn1, So=1,
k=0

which has first terms: 1,2,6,22,90,394, ... [2, A006318]

Following the same process as before we see that the nth Schroder number also counts the number of
unary-binary trees with n internal vertices, and the number of rooted trees having open or closed leaves

with n edges.

Example 3.12. The set of all full ternary trees, T, is generated by:

e The trivial tree: ¢e = @

W s Y

That is, if T' is the endofunctor TX = X2, then we have an initial pointed T-magma T = (T ¢, 3).
Noting that the number of internal vertices of 5(u,v,w) is 1 greater than the sum of the internal

e A ternary operation:

vertices of u, v, and w, if we endow the natural numbers with the pointed 7T-magma structure
N = (N,O, (x,y,2) »x4+y+2z+ 1), then taking fibres over the unique pointed 7T-magma map
f: T — N gives sets 7, consisting of the full ternary trees with n internal vertices. From this
we see that the recurrence relation
toyr = > llitm, to=1
l+k+m=n
counts the number of full ternary trees with n internal vertices.
1 3n

2n+1\n
with first terms 1,1,3,12,55,... This is sequence [2, AO01764] and, as stated there, also counts the

“number of rooted plane trees with 2n edges, where every vertex has even outdegree.”

This recurrence relation has solution given by ¢, = [6, p. 361], and yields a sequence
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The set of rooted plane trees where every vertex has even outdegree, E has a T-motor structure

E = (E,e,*,0) where e and * are as in the ordinary rooted tree case, and o: E* — E is given by

VY - ¥

E'is in fact generated by this structure and so by Theorem 3.8 we again see a correspondence between

the initial T-motor and the initial pointed 7T-magma.

The example on lists and the example on ternary trees show that is reasonable to suppose that the
correspondence between the initial 7-motor and the initial pointed 7-magma holds whenever T is any

polynomial functor. However, as we will prove, the correspondence holds for any endofunctor 7.

3. The Initial T-motor is the Initial Pointed T-magma

We now follow the construction of the previous chapter to prove that F' preserves initial objects. This
first requires a few definitions.

Definition 3.13. Given sets B and C we write CP for the exponential object, that is, the set of
functions from B to C'. We indicate taking the transpose of a morphism f under the product-exponential

adjunction in either direction by f, i.e.

We use ev to denote the counit of the product-exponential adjunction, that is, the evaluation map
ev: CB x B — C such that

ev(f,b) = f(b).

Given b: 1 — B, we define ev,: C® — C by the composite

(id, b)

evy: CB — OB x B —— (.
That is,
evy(f) = f(b).

With these definitions in place we are now able to construct a 7T-motor from an arbitrary pointed

T-magma as follows: Given a pointed T-magma B = (B, b, ), we define B to be the composite
B:7(B") Tew,pp 2, BB,
and hence obtain a T-motor B := (BB, 1p, o,B).

Proposition 3.14. If B = (B,b,3) is an arbitrary T-magma, then ev: FB — B is a pointed

T-magma morphism.
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Proof. We must show that both

1 T(BB)xBBMTBxB
17 Y and él J”B
BB — B B

BB

evp

commute.
The triangle trivially commutes, and as for the square we have

T(BB) x BB

. Tevy X ev
Tevy x id \ b

TBXBBTTBXB
i evp

\ Bxid L@xid
BExBP — - BExB

id X evy, 8

BB B

evp

as required. O

Corollary 3.15. Let A and B be as above. If f: A — B is the unique T-motor morphism given by
initiality of A, then the function g: A — B given by the composite

g: A I ., _,p
is a pointed T-magma morphism, that is, g: FA — B.

Proof. F is a functor and hence f: FA — FB is a T-Magma, morphism, and therefore by the

previous proposition so is the composite g. O

Now that we have a pointed T-magma morphism g: FA — B, we must show that it is unique for

which we need the following:

Proposition 3.16. Let A = (A, e, %,0) be the initial T-motor, let B be an arbitrary pointed 7-
magma, and let f,: A — FA and fB: A — B be the unique T-motor morphisms given by initiality
of A. If h: FA — B is a pointed T-magma morphism, then the square

ALy
I
B—— B

TIn@)

commutes in Set for all a in A.
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Proof. Let C' = {(u,v) € A4 x BB : hu = vh}, that is, C'is the set of all pairs of functions u and v
that make the following square commute:

We now need to show that (fA(a),fB(a)) is in C for all @ in A. In order to do this we now consider
the set of all pairs of functions u: A — A and v: B — B, i.e. the set A4 x BB. This set has a
T-motor structure given by the product

FAx B = (AA x BB (14, 13),*77)
where

(Uh’Ul) * (U27U2) = (Ul O V1, U2 O UQ)

and

(TmTm) T(4%) x T(B?) OxB, 44w BB

T T(AA X BB>
and therefore (fa, fg): A — FA x B is the unique T-motor morphism given by initiality of A.
We claim that C' C A4 x BP isin fact a sub T-motor C C FA x B, i.e. that there exists a factorisation
TC —T T(A% x BP)
C — A4 x BB,

where i is the inclusion of C into A4 x BE.

Note that C' is the equaliser of the composites

AAx BB T, g4 M pa

and

AMx BB T, pB B, pa

where h** denotes post-composition by h, and B" denotes pre-composition by h. Hence it suffices to

prove that
TC — 1 AAx BB 1L, g4
wl lh“
A4 x BB BB B4
™2 Bh
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commutes, or equivalently that

TCxA%(AAxBB)xAMAAxALA

e |

(AAXBB>><A4_>BB><A,4>BB><B*>B
mo X id id x h ev

commutes, where v is given by the composition:
v TC —Ty T(AA X BB) —T - A4 x BB,
By the definition of the pairing (id, ¢) we have that both the top and bottom trapeziums of
Cx A% (A BP) x A T8 A4 x A
» ] .

7 T (id,e)
C ————— A" x BP A4 AYx A — A
id h

7 A T2 B (id’b) B ev
C ——— A4 x BP B B°”xB —— B

e ()| e

CxA—n (AAxBB)xA—,>BB><A,—>BB><B
i % id mo X id id X h

commute. The outside commutes by definition of C' and hence we conclude that the middle square

C —— AAx BB — T A4r T, A
J |
C —— A*xB? —/— BY —— B
also commutes.
This square together with functoriality of 1" yields the commuting diagram

(ﬂloy)xid AAxA

T3 x id .
o X id _ ev
g x id

T(AAXBB>><AM>T<AA)><A—>TA><A = A

Teve X id

TC x A

(m207) xid Ty X idl Th x h h

T(BB)xA%TBxA dxh  rBpxB - B

/ B xid /
B xid

B B
B x A 7 B? x B,

for which the top and leftmost squares commute by definition of 7, and the rightmost square commutes
since h is a pointed T-magma morphism. The outside of this diagram is the desired square, and hence
~ factors through C'.
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This gives us a sub T-motor C' = (C, (1a,1p),*, 7) of FA x B. Therefore by initiality of A we get

that the function (fa4, fp) factors through the inclusion i, and hence for all a in A, (fA(a),fB(a)) is
in C, that is, the square

A fa(a)
h
_
fB(a)

UJT:B

B

commutes. 0

Proposition 3.17. The unique T-motor morphism f,: A — FA given by initiality of A is *. That
is, fa(z)(y) =xxy for all z and y in A.

Proof. We must show that * is a T-motor morphism, i.e. that the following three diagrams all commute:

Ax A X5 A4 x AA 7?1—35—>T(AA)
A%AA Aﬁfl“‘ £ _ AJ,:

(A, e,*) is a monoid and hence we have the following commuting triangle and its transpose:

IxA 290 4%4 11— 5 A
x l* T k JI
A AA.

We also have the commuting diagram

Ax Ax A X5 A4 o 44« A

id x *l \*) lid X ev

Ax A — x4 S aA g4

which by associativity of x yields the following commuting square and its transpose:

AX Ax A X5 0 A o AA A Ax A 225 A4« AA
* X idl JE asd *l lo
Ax A . A A L AA

Lastly, by function currying and the fact that (A, e, *) is a monoid we get that

A F A4

@@J\\g\l%

AxA——3 A
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must commute, i.e. that the composite

A—F A4 T, Y

is the identity map. Applying T' and recalling the definition of & we get that

TA = TAA
| =
TA —— A — A4
commutes, as required.
We have shown that * is a T-motor morphism, and therefore f4 = * by initiality of A. O

We are now able to prove the following:

Theorem 3.18. If A = (A, e,%,0) is an initial T-motor, then FA is an initial pointed T-magma.
That is, I’ preserves initial objects.

Proof. We have already shown that given an arbitrary pointed T-magma B = (B, b, [3) the composite
f

evy

g: FA FB B

is a pointed T-magma morphism, and hence we now must show that it is the unique pointed 7-magma
morphism. Let h: FA — B be a pointed T-magma morphism. By the previous two propositions we

have that the square

commutes in Set for all @ in A. By currying this is equivalent to the square

AxA—— A

i) |

AXBTB

also commuting. By definition of function pairing and the fact that h(e) = b, we therefore have the

commuting diagram
BB
id, b
fT (id,0)

id, e i
MAXA%AXB%)BBXB.

ol

A——> B
Note that the top composite is g, so we conclude that A = g, i.e. that g is unique. 0
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4. The Initial Pointed T-magma is the Initial T-motor

As in the previous chapter we have that F' reflects isomorphisms, and hence we know that if T-Motor
has an initial object, then F' creates initial objects. We now give a proof that F' creates initial objects
irrespective of knowing whether T-Motor has an initial object or not.

For the rest of this chapter let B = (B, e, 3) be an initial pointed T-magma. We now show that B
also has a T-motor structure, and that B together with that T-motor structure is an initial 7-motor.
To this end we require a monoid structure (B, e, %), and this is given by the recursive definition:
exy =1y
Bw,z) xy = B(w, z *y).

We now make this precise.

Proposition 3.19. There exists an operation *: B x B — B such that the diagrams

1x B

exy \ (11)

BxB ———— B

and
TBx Bx B -Y*, TBx B

8 x idl lﬂ (12)

BxB———— B

both commute.
Proof. To see that this is a valid recursive definition we consider the functions
1p:1— B”
and
f: T(Bx B”) x B x BY —» B”,
where f is the transpose of the composite

f:T(BxBB)x(BxBB)xBMTBx<BBxB) dxe, 7px B - B.

By Theorem 3.4, taking A = B, X = BP and T =1+ T(—) x (—), there exists a unique function ¢
making both of the digrams

T(id, ¢) x (id,
7B x g 00#) > (49) T(B x B”) x B x B

/ N and ﬁl |+

B*>BB BB
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commute. Taking the transpose of the triangle yields
1x B
VN
B x B — B,
and taking the transpose of the square yields

T(id, id, id
TBx B x B —he)x (4¢)x

T(BxBB)x(BxBB)xB

id X ¢ x id
TTr1><7r2><id

dxs TB x (B® x B)

B xid
lid X ev
TB x B
E
B x B — B,
@
from which we can conclude that @ = % satisfies the required properties. U

Now that we've defined * we must show that it is a monoid operation with identity element ¢, and this
is done by induction.

Proposition 3.20. The element ¢ is the identity for x.

Proof. By definition e is a left identity for %, so we just have to prove that ¢ is a right identity for x. Let
C' ={x € B:xzx*xe=uxa}, and let i be the inclusion of C into B. By definition of * we have e x e = e,
and hence e is in C. We also have the commuting diagram

TC x ¢ L 7R« ¢ d X TB x B
. i id X *
m lldX’L / lﬁ
TBxB —— TBxBxB B

id x (id, )
Bl B x idl id
BxB ———— B,
(id,e)
for which the top square is the definition of i, the bottom left square is given by function pairing, and
the bottom right square is (12). This diagram shows that the composite

TCxC X rpxB—" B

28



(id, e)

equalises B ——— Bx B —— B and B _d B, and hence there exists a factorisation

TC x ¢ 224 TB < B

!

Therefore by induction we conclude that C' = B, that is, e is a right identity for x. 0

Proposition 3.21. x is associative.

Proof. Let C = {x EB:xx(yxz)=(r*xy)*z,Vy,z€ B}. Proving that = is associative is now
equivalent to showing that C' = B. By definition of * we have that

ex(yxz)=y*xz=(exy)*z,
and hence e is in C.
Now note that C' is the equaliser
C i p——y pExD)
9
where f and g are defined by the transposes of
f:BxBxB -2 BxB—*> B

and
G:BxBxB Y BxB—* B
We therefore have the commuting diagram
ixi !
Cx(BxB) % BxBxB—= B.
g

By bifunctorality of the product and (12) we get the commuting diagrams

TBxBxBxB -2 By BxB
Jidxidx* idx*l
\NTBxBxB i BxB
s lidx* *l f
TB x B 5 B
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and
B xid x id
4>

TBxBxBxB BxBxB
J{idx*xid *xidJ{
TB x BxDB ; B x B
idxg B xid g
lidx * *J
TB x B 3 B.
These diagrams together with the definition of C' yield the commuting diagram
Ti x i x id TBxBxBxB 2% BxBxB
TCxCxBxB 2% TBxCxBxB TB x B d B
idxim Tidxg Tg
Tix1xid TBXBXBXBWBXBXB,

which upon taking transposes across the clockwise and anticlockwise composites gives us the commuting
diagram

i X i f
TCx C I rpx B . B ——= BBxB)
g

This shows that the composite
TCxC 2L TBx B —2 5 B
equalises f and g, and hence there exists a factorisation

TC x C X% TBx B

o

Therefore by induction we conclude that C' = B, and hence * is associative. O

We've now shown that (B, e, *) is a monoid, and hence we have a T-motor B = (B,e,>x<,eve o B)

Our aim now is to show that B is an initial T-motor.

Proposition 3.22. FB = B, ie. F lifts initial objects.
Proof. By definition of F' it is sufficient to show that the triangle
TB x B

BXidl \
BPxB———BxB—=B

eve X id
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commutes. Indeed we have
id

TBxB ——" \ TBxBx B id x x TB x B

B x idJ o id(ﬁ x id) x idJ \Xid) l,@

BBXBWBBXBXB—>BX34>B
id,e) x i

for which the outside gives the required triangle. 0

Proposition 3.23. Given a T-motor M = (M, m,*, ), the unique pointed T-magma map given
by the universal property of the initial pointed T-magma, f: B — FM, lifts to a T-motor map
f: B M.

Proof. By definition of f we have that both

TBx B 20 mar s 4% A« M

/N :

B*>M B 7 M

commute. If we can show that f is such that the following three diagrams

B - M BxB L Mx M
AT
B*>M BﬁM BﬁM

also commute, then we have shown that f lifts to a T-motor map f.

We already have the triangle, and by definition of f we get the commuting diagram

™ 2 )
TfT lidxf
8 "), rpyp 11, L TM ) M ——o M x M
BJ Bxidl \ J*
BBWBBXB 3 p ; M,

which, since m = f(e) and (M, m,«) is a monoid, is equivalent to the first commuting square

B - M

evy o B\L LU

BﬁM.
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We use induction to obtain the second square. Let C' = {a: € B:Vye B, f(rxy) = f(x) *f(y)},
that is, we have the equaliser diagram
C—' s B—— MB
h

where g and h are given by the transposes of

GBxB Bt M

and
h:BxB -1 v« M —— ML

We hence have the commuting diagram

CxB -2 By p—— M.
h

For all y in B we have
flexy) = fly) =mx*fy) = fle) x f(y),
and hence e is in C'. By (12) we have the commuting diagram

B xid

TBxBxB Bx B
J{idx* *J
|\ TBxB b B |
Tfxg g

JTf X f fl

TM XM —— M x M ——— M.

By associativity of x and functorality of the product we also have the commuting diagram

B x id

TB x Bx B B x B

JTfoXf fxfl
wxid * X id

TMx MxM —— MxMxM —— MxM

Tfxh h
Jidx* Jidx* *J

TM X M ——— M x M ———— M.

Putting these two diagrams we get

Tixixid TBx B x B fxid Bx B
id x 7 x id _ _
/ leXQ L‘]
TCxCx B> 7py o x B TMx M " v M —* s M
id><i>k/4 TTfXE TTL
Tixixid TBxBxB : B x B,
B xid
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which upon taking transposes across the clockwise and anticlockwise composites gives us the commuting
diagram

TC x ¢ XX, TBx B —* 4 B —— ME.
h

This shows that the composite

Tix i

TCxC X rpx B —" . B

equalises g and h, and hence there exists a factorisation

Ti X1

TC xC ———= TBxB
i E

By induction we conclude that C' = B, and therefore we have the commuting square

BxB -1 MM

{ }

B — M.
Therefore f lifts to a T-motor map f: B — M. O
We now have a constructive proof of:

Theorem 3.24. If B is the initial pointed T-magma, then F lifts B to the initial T-motor B. That
is, F' creates initial objects.

Proof. All that remains to be shown is that the lifted map f: B — M is unique. This is the case
since given any other motor map ¢g: B — M, we must have Fg = f = Ff by initiality of B in

T-Magma,, and therefore, since I is faithful, g = f. O

Most of the proofs given in this chapter have been made without reference to elements of sets. It hence
seems reasonable that the relationship between the initial T-motor and the initial pointed T-magma in
the category of sets will generalise to any finitely complete cartesian closed category. In the next chapter
we show that we can actually generalise the relationship to the case of a monoidal closed category with

equalisers.
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CHAPTER 4

A Generalisation for Monoidal Categories

In this chapter we extend the theorem that F': T-Motor — T-Magma, preserves and creates initial
objects to T-algebras where T is an endofunctor on a monoidal category. There are two major properties
of Set that we used in our proof; having exponentials, and having all equalisers, and hence we require

our monoidal category to have similar properties.

1. Internal Homs

Definition 4.1. Let C = (C,®, I, a, A\, p) be a monoidal category, and let A € C. If the tensor product
functor (—) ® A has a right adjoint we denote it by [A, —] and for any object B € C we call [A, B] the
internal hom of A and B.

The counit for the adjunction is called evaluation and is denoted by ev. It has the universal property
that given a map f: C ® A — B in C, there exists a unique map f such that the following triangle

commutes:
A, Bl A —— B
f®idT 7
C® A.

If all internal homs exist, then we say C is a right closed monoidal category. Note that many authors

use the term left closed instead of right closed. This will later be abbreviated to simply closed.

Definition 4.2. Given internal homs [A, B] and [B,C] we can define a composition map by the

following transpose:
(IB.C1®[AB))® A 2= [B,C]® ([A,Bl® A) 2% [B,C]e B —— C

capc: [B,C]l®[A, B ﬁ (A, C]
ev(iid®ev)a?

When the objects that composition is defined upon are clear from context we will omit the subscripts

of c.

In Set the collection of endofunctions of a set forms a monoid; this generalises to a closed monoidal

category as follows:
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Definition 4.3. A monoid (M, e, ) in a monoidal category consists of a unit e: I — M and a
multiplication p: M ® M — M satisfying the unit laws:

ToM <29 MeoM &2 per

\J“/

M

and the associative law:
id®up

M@ (M ® M) Mo M
aJ{ J{H

Definition 4.4. Let C be a closed monoidal category. The monoid of endomorphisms of M in C is
given by ([M, M] i, c), where ¢ is composition, and the unit is given by the following transpose:

IoM —2 s M
i:]f[M,M]

An outline of a proof that the monoid of endomorphisms is actually a monoid is given in [7].

It is convenient to generalise the concept of an element and that of evaluating a function at an element
by the following:

Definition 4.5. Given objects A, B and an element a: I — A we define the evaluation at a, written

ev,, by the following composition:

-1

eve: [A,B] 2 [A,Bl®1 “22% [4,B]x A — B.

We would like ¢ and i to behave like composition and the identity function in the category of sets. This
behaviour is exhibited in the following proposition which, due to space limitations, is left for the reader

to verify.

Proposition 4.6. Given an element a: I — A both the diagrams

[ —i (A4 [B,C] ® [A, B] 22, [B,C]® B
\ Jeva and CJ lev
A [4,C) C

evg

commute. Additionally, given f: C ® A — B the diagram

c—' B4

- o

C@IWC@ATE

also commutes.
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Proposition 4.7. Given f: A® D — FE and g: B® C — D the following diagram commutes:

eBoc T (1p Beicp)ec

- |

A®(B®C’)WA®DfE

Proof. By definition of composition and evaluation we have the commuting diagram

fog)eid
(A® B)®C es) (Ip.Ele[C.D)) & C
f®(g®id
A® (B®C) Fow) D, E]@ (|C, D] ® C)
id®g f®g id®ev
A®D feid [D,E]® D
\ ev
E,
as required. 0

2. The Generalisation

For the rest of this chapter let C be a monoidal closed category with all equalisers, and let T: C — C

be a fixed endofunctor. As before we have the following:

Definition 4.8. A T-motor is a quadruple M = (M, m,u,0), where (M, m, ) is a monoid and
o: TM — M. A T-motor morphism f: M — N between M = (M, m,u,0) and N = (N,n,v,T)

is a morphism such that all three of the diagrams

MoM 12, NoN ™ - TN
"/ \ i | °| |
M*>N MTN Mﬁ]\f

commute in C. We call the category of T-motors and their morphisms T-Motor.

Definition 4.9. A pointed T-magma is a triple M = (M, m, ), where M is an object in C, m is
an element of M, and pu: TM ® M — M. A pointed T-magma morphism f: M — N between
M = (M, m,u) and N = (N,n,v) is a morphism such that both of the diagrams

I T™MoM 2 TNo N
RN ‘| |
MTN Mﬁ]\f

commute in C. We call the category of pointed T-magmas and their morphisms T-Magma,.
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Proposition 4.10. There exists a faithful functor F': T-Motor — T-Magma, whose action on
objects, M = (M, m, pu,0), is given by FM = (M,m,p(a@id)).

Proof. This proof is essentially the same as Proposition 3.7 with x replaced with . OJ

3. The Initial T-motor is the Initial Pointed T-magma

We now proceed as before to show that F' preserves initial objects. Let B = (B, b, 3) be an arbitrary

pointed T-magma and define B as the composite

B

3 Tevy

3:TIB, B

TB (B, B].

We now have a T-motor B = ([B, B],i,c, B) where ([B,B] ,i,c) is the monoid of endomorphisms
of B.

Proposition 4.11. If B = (B, b, 3) is an arbitrary pointed T-magma, then evy: FB — Bis a pointed

T-magma morphism.

Proof. Using the identities given in Proposition 4.6 this proof is essentially the same as the proof given
in Proposition 3.14. O

Corollary 4.12. Let A and B be as above. If f: A — B is the unique T-motor morphism given by
initiality of A, then the map g: A — B given by the composite

evy

g:AL [B,B] —— B

is a pointed T-magma morphism, that is, g: FA — B.

Proposition 4.13. The unique map f4: A — FA given by initiality of A is [i.

Proof. Upon taking into account naturality of «, this proof is essentially the same as Proposition 3.17.
O

We now require an induction principle for an initial 7T-motor, but for this we also need the following

well known result:

Proposition 4.14. Let C be a monoidal category, (N, n, ) be a monoid in C, and f: M ~— N be a

monomorphism such that n and v o (f ® f) factor through f as follows

fef

I MM —— NN
m; n and ui JV

Then (M, m, i) is a submonoid of (N, n,v).
We now have the following induction principle for an initial T-motor:
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Proposition 4.15. Suppose A = (A, e, u,0) is an initial T-motor. Let f,g: A — X in C, and
let eq: £ — A be the equaliser of f and ¢g. If all of e: 1 — A, puleq®eq): E® E — A, and
oT(eq): TE — A also equalise f and g, then f =g.

Proof. By our assumptions and the definition of an equaliser there exist factorisations

1 EQE 229 A0 A
h% X and j% J{}L
E>T> E>T>A,

and hence E' is a submonoid of (A, e, i) by the previous proposition. There also exists a factorisation

T(eq)

id
f
A-cgor BEr—pgm AT X
! g
from which we conclude that f = g. 0

Proposition 4.16. Let B = (B,b,[3) be a pointed T-magma, and let f: A — B be the unique
T-motor map given by initiality of A. If h: FA — B is a pointed T-magma morphism, then the
following diagram commutes in C

AA —F A

wor] |

A® B T B.

Proof. We shall prove this by induction. Let j and k£ be the maps with transposes

FARA—" A" B and k:A®A 42 Aep_ T, p

and let eq: £ — A be the equaliser of j and k. We hence have the following square and its transpose:

P, E@A %% Agd 14
eql lj — eq®idl lh

By our T-motor induction principle it is now sufficient to show thate: 1 — A, uleq®eq): EQFE — A,
and oT'(eq): TE — A also equalise j and k.
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(A, e, ) is a monoid, and hence by naturality of A we get the commuting diagram

IoA 29 A9 A

\ g
al

I®Bf>B.

id®h

By definition of f we have the commuting triangle and its transpose

] —° 4 A I®B <29 A9 B
_ f - ¥
X l \ lf
B, B] B,

and hence by bifunctorality of ® we get the commuting diagram

[®A e®id A®A

id®hl id®hl

IoB 24 A9 B

\fl k

B.

We therefore have the commuting diagram

AR A
e®id 7

IToA %" 1B 2 3R

A® A,
from which we conclude that e: I — A equalises j and k.
By associativity of i, and the definition of eq we have the commuting diagram

AR (A®A) 298 AgA 49 AgB

eq ®id Teq@id f
E® (A A) 228 oA B
eq ® id eq ® id h
id®@ p o
AR (A A) 28 A4 —L 5 4
a B
(A A A o A® A,
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which by definition of j is equivalent to the commuting diagram

eq ®id p®id

EQARA) —— AR(A®A) —— (AQRA)RA —— AR A
«asi| E (13)
A® B 7 B.

By definition of f we have the commuting square and its transpose

Ao A L2, B, B|® B, B] (A®A)®BM>([B,B]®[B,B])®B
% | —~ Mm{ |
A——F——[B B A® B - B,
which by definition of eq and naturality of « yields the commuting diagram
ERA®A) 22% AgA0Ad) % Ad)ed —L29 Az A
eq® (id®h) id®hl id®h
A®(A® B) o (AeA)eB "2, A0B
(f®f)®idl
Ao f (IB,B]®[B,B])® B 7
A® B - \ B,

where the bottom left pentagon commutes by by Proposition 4.7. We hence by definition of k£ have
the commuting diagram

ERA®A) 2294 AgA0d) —2s (AA) A 2% AgA
eq®EJ{ J{E (14)
A® B - B.

40



Combining (13) and (14) and applying the definition of eq once again we obtain the commuting diagram
(AR A)® A

(eq ® eq) ®id

A® (A A) p®id

EQ(E®A) — E®R (AR A) A®A
id® (eq ®id)

x

L

|

—
<

eq®j

(E® E)® A AeB—7L B
eq®k Tk
id® (eq ®id)
E®(E®A) E®(A®A) A®A
eq ® id
AR (A® A) L ®id
(eq@eq)@id «
(A® A)® A,

from which we conclude that u(eq ® eq) equalises j and k.

By definition of eq and naturality of p we obtain the commuting diagram

P A

| A

ALA@[WA@A

eq eq ® id eq ® id

—— EF®A

(B, B] B,

evy

where the bottom left pentagon commutes by Proposition 4.6. The outside of this diagram is
E—2.4—" B

qu Tewy

A (B, B],
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which upon applying 7" and recalling the definitions of 3 and f we get the commuting diagram

TE ™ 14T TR
Teql Te\/ JB
R A

A - r(B,B] - B, B
d f
A

By definition of A we now have the commuting diagram

Teq ® id

TE® A TA A 2% A A
{é‘h lTh@h JM
TE® B 29%% 7Ag B ™Y TBe B A
Teq ® id Teq®idJ{ ) p J /
TA®B 229, AeB—' B
i% }dm
TA® A py A® A,

whose outside is

TEQA 9 pagA 289, Ao4 " A

Teq® idJ{ J{h

from which we conclude that oTeq equalises j and k.
We have therefore shown by induction that the square
A A —t 5 A

aor] |

commutes in C. H|

We are now able to prove:

Theorem 4.17. If A = (A,e,pu,0) is an initial T-motor, then F'A is an initial pointed T-magma.

That is, F' preserves initial objects.

Proof. We must show that given an arbitrary pointed T-magma B = (B, b, ) the composite
f

FB . B

g: FA
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is a unique pointed T-magma morphism. Let h: FA — B be a pointed T-magma morphism. By

naturality of p and the previous proposition we have that the diagram

ALA@]

id®al \

p_l A®AT>A

wor|

AR —— A®B ——— B

id®b
ev

[B,B]® B

must commute. Taking the anticlockwise path around the outside of the above diagram from A to B

we see from
g

T

AT T

and bifunctorality of the monoidal product, that this comp05|te is simply g.

Therefore g = h, that is, g is unique. O

4. The Initial Pointed 7T'-magma is the Initial T-motor

We now prove that F' creates initial objects. When we did this in the set based case we used recursion
and this presents a problem in the monoidal category case as general recursion requires duplication and
elimination of variables - something that can't be done in a general monoidal category. However we
will see that there is another way of obtaining the structure which we found by recursion, and with a
slight modification, the proof can be adapted to the monoidal category case.

Let B = (B, ¢, 3) be an initial pointed 7-magma. In order to show that B lifts to an initial 7-motor
we must first construct a T-motor structure on B. That is we require a multiplication y: B B — B
for which e is the identity. In order to make this construction we once again employ the motor of
endomorphisms B = <[B, B],1,c, B) where ([B, BJ, 1, c) is the monoid of endomorphisms of B and

B is the composite:

3:T[B,B] 1 B

B,
Applying F' we obtain the pointed T-magma FB = ( 3) where 6 is the composite:

B:T[B,B)®|[B, B ALY

Teve ® id
—

TB® |B,B] =% [B,B|® [B,B]| —*— [B, B].
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By initiality of B we obtain a unique pointed T-magma morphism fi: B — FB, and we now show
that its transpose i1: B ® B — B satisfies the conditions of Proposition 3.19.

Proposition 4.18. The composite B . [B,B] —“—~ B s the identity for B.

Proof. By definition [z is a pointed T-magma morphism, and by Proposition 4.11 so is ev.. Therefore
by initiality of B, their composite must be the identity for B. O

Proposition 4.19. ;. renders commutative

1® B (TB®B)®B —* TB® (B® B) s TB® B
e®y \ and Bxidl lﬂ
B——7>F7—28 B x B m B.

Proof. By definition of [i we have the commuting triangle

/\

B, B]
which upon taking transposes yields the required triangle.

For the square we consider the diagram

TB® B L2, T7(B,B]®[B, B]
m Teve ®id
TB® B, B
B B ®id ;
B,B|®(B,B]/ "
B - (B, BJ,

n
whose outside commutes by definition of fi, and the top triangle commutes by the previous proposition.

We hence have the commuting square

TBoB "%, |B,B] % B, B]
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which upon taking transposes yields the equivalent square

(TBeB) o B LoD (B,B)=(B.B)) © B

o [

B® B m B.
By Proposition 4.7 this in turn gives us the commuting diagram
(TB®B)® B —~ - TB® (B® B) —2“, TB® B
N@ﬁ) ®id
B@id (IB,B]®[B,B]) ® B 8
B®B . \ B
as required. 0

Now repeating the steps in Theorem 3.24, mutatis mutandis, gives:

Theorem 4.20. If B is an initial pointed T-magma, then F' lifts B to an initial 7-motor. That is, F

creates initial objects.

5. Examples

We now present some interesting examples of some initial 7-motors and 7T-magmas.

Example 4.21. Consider the category Set" of natural-number-indexed families of sets and functions.
Set" can be made into a monoidal category (SetN, ®, I) with tensor product

(XeY),= 3 X, xY,

n=m-+k
and unit
0, iftn>0
I, =
{x}, ifn=0.

A monoid in (SetN,@),]) is a graded monoid consisting of an N-indexed family of sets X, together

with an element e € Xy, and a family of products
Xm X Xk — Xerk

for every m and k in N.
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Now let 7: Set" — Set! be the endofunctor given by

anl, if n Z 0

TX) =
TX 0, if n=0.

Setting (', to be the set of all rooted finitely branching trees with n non-root vertices, then C' is a
graded monoid under joining trees at the root, and also a T-algebra under adding a new root. In fact
C' is freely generated by these structures, that is, C' is an initial (T, ®)-motor, and the cardinality of
each set C,, is the nth Catalan number. Correspondingly C'is also an initial pointed (7', ®)-magma.

Example 4.22. An (m, k) shuffle o is given by a diagram
{1<---<m} {1<---<k}

{1<---<m+Ek},

where i, and j, are order preserving injections that are jointly surjective. The collection of (m, k)
shuffles is denoted Sh(m, k). Note that Sh(m, k) x Sh(m + k,l) = Sh(m, k + 1) x Sh(k,!) via the
unique function that sends a pair of shuffles (o, 7) to the pair of shuffles (a’, 7'/) for which

m k [ k l
N N
m—+k 3 = k+1 . (15)
AN a
m+k+1 m+k+1

Consider now the monoidal category (SetN, ®Sh,l), with unit as in the previous example, and tensor
product given by
(X Xsh Y)n = Z Xm X Yk

n=m+k
o€Sh(m,k)
For the associativity constraint, note that elements of ((X ®sn Y) ®sn Z) and (X ®sn (Y ®sn Z))

are respectively tuples of the form
(a € Sh(m, k), 7 € Sh(m + k,l),x € X,y € Yy, 2z € Zl)
and
(o/ € Sh(m, k +1),7" € Sh(k,1),2 € Xpn,y € Vi, 2 € Z)
for some m, k,l with m +k +1 =n. Thus axy_z can be given by the function sending (o, 7,z,vy, 2)
to (a’,T’,x,y,z), where the assignation of (o, 7) to (O'/,T/> is as in (15). The unit constraint is given

in a similar manner.
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A monoid in (SetN, ®Sh,1) now consists of an N-indexed family of sets X, together with an element
e € Xy, and a family of products

X X X —2— Xtk
for every m and k in N and for every o in Sh(m, k) such that
EXT =0T =2T%€
where ! is the unique shuffle with the empty set, and
(T %5 Y) k7 2 = T %0 (Y %7 2)

where z € X,y € X,z € X, and o, 7,0, 7" are as in (15).

We call a tree with n + 1 vertices increasing-ordered when all the vertices are labelled by a natural
number less than or equal to n in such a way that every vertex's label is greater than its parent's.
Let A,, denote the set of all increasing-ordered rooted trees with n non-root vertices. Given an (m, k)
shuffle o, we define the product s %, t of increasing-ordered trees s € A,, and t € A, to be the tree
obtained by joining s and ¢ at the root. Each non-root vertex labelled by [ in s is labelled by i,(l) in
s %, t, and each non-root vertex labelled by [ in ¢ is labelled by j,(l) in s %, t. An example for this

o

with Im(i,) = {1,4}, and Im(j,) = {2, 3, 5}. The trivial tree con5|st|ng of just a root is clearly a unit

product is given by

for this operation. A is also a T-algebra under adding a new root and increasing the labels by 1. A is

in fact freely generated by these structures, that is, A is an initial (7', ®g,)-motor.

By Theorem 4.17 A is also an initial pointed (7', ®gp,)-magma. A pointed (7', ®gp,)-magma consists of
an N-indexed family of sets X, together with an element e € X, and a family of functions

(TX), x Xp —22 Xpni

for every m and k in N and for every o in Sh(m, k). By definition of 7" this is equivalent to having
functions
X1 X X, L D, S

for every m and k in N with m # 0, and for every o in Sh(m, k).

With this description of A it is easy to see that if a,, is the number of increasing-ordered rooted trees

with n non-root vertices, i.e. a, = |A,|, then a, is given by the recurrence relation

n
n
Ap = Z <m> Am—10n—m

m=1

with ap = 1. This yields the sequence 1,1, 3,15,105,... [2, A001147], which has solution given by the
double factorial of odd numbers, that is a, = (2n — 1)l =1 x 3 x --- x (2n —1).
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Example 4.23. Following the previous example if we modify T to be

Xn—la if n Z 1
(TX), = Xo+ {}, ifn=1
0, if n =0,

then we have the same operations as before, and also a tree consisting of the root and a single leaf of

.

The resulting initial (7', ®gy,)-motor now freely generates the set of all increasing-ordered trees with two

a different colour to the root, i.e. the tree

possible colours of leaf.

Applying Theorem 4.17 we obtain the recurrence relation

n
(n = Z <m> Um-10p—m + N X p_1, Qo= 17

m=1
which counts the number of increasing-ordered trees with n + 1 vertices and 2 possible colours of
non-root leaves. This is sequence [2, A112487] and has first terms 1,2, 10,82, ... For example the ten
increasing ordered trees with three vertices and two possible colours of leaf are:

6 &GP GP AP P YP P 3P 3P

It is an easy matter to extend 7" to

X1, ifn>1
(T'X),=¢Xo+k, ifn=1
0, if n=0,
where k is the set with k elements. The resulting initial (T, ®gy,)-motor now freely generates the set

of all increasing-ordered trees with k+1 possible colours of leaf. Applying Theorem 4.17 we obtain the

recurrence relation

an =y (Z) Um—1An—pm +1(k — 1) X ap_1, ag=1,
m=1

which counts the number of increasing-ordered trees with n + 1 vertices and k possible colours of
non-root leaves.

It is hoped that some further examples involving Joyal's category of species [8] could also be characterised
by Theorem 4.17.
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CHAPTER 5

Further Research

The major aim of abstracting the correspondence between the initial motor and the initial magma to
more general structures in a monoidal category has now been achieved. We conclude by suggesting

some possible avenues of further research.

e Following the work of Kirby [9] there is a motor-magma type relationship with regards to the
collection of hereditarily finite sets H. The usual description is that H is generated by the recursive
definition:

- () is a hereditarily finite set
- If ay,-- -, ax are hereditarily finite sets, then so is {a, -, ax}.
Note that H = (H,@,U,U) is a motor where H is the set of all hereditarily finite sets, and

o(x) = {x}. In fact, H is an initial commutative idempotent motor.

We now have that FH = (H, 0, ) is a magma where - is the adduction operator x+y = {z} Uy.
Note that « has the skew-commutative property x+(y+z) =y« (x«z2), and the skew-idempotent
property z « (z+y) = x +y. Kirby shows in his paper that the empty set together with adduction
generates the collection of hereditarily finite sets. In fact, F'H is an initial skew-commutative
skew-idempotent pointed magma.

This suggests the following definitions. A T-magma B = (B, e, §) is called skew-commutative if
B(x,ﬁ(y, z)) = (y,ﬁ(w, z)) for all x,y € TB and for all z € B. B is called skew-idempotent if
B(x,@(x,y)) = [(x,y) for all x € T'B and for all y € B. One would hope that the results of
chapter 3 would then extend to a theorem relating the initial commutative idempotent T-motors

and the initial skew-commutative skew-idempotent pointed T-magma.

e Another collection of interest is the set of all Joyce trees .J. Joyce trees are increasing ordered full
binary trees and are generated by:
- The trivial Joyce tree: (0)
- The binary operation given be growing both of the individual trees up from the root, and then
performing the monoidal operation as given in Example 4.22. For example

oy

with Im(i,) = {1,4}, and Im(j,) = {2, 3,5}. J does not have a pointed T-magma structure for
some T, but has in fact an initial (1 + 7 ®gy, T')-algebra structure in (Set ,®Sh,1) where T' is
the same endofunctor as given in Example 4.21. One might now enquire as to whether there is an
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analogous T-motor like structure for which we get a similar correspondence to the one explored in
this thesis.

There is actually another way of generating the set of all rooted trees that differs to that of the
motor construction that we gave. A parengebra is a set equipped with a single n-ary operation
for each natural number n. Taking the nullary operation to be the trivial rooted tree, the unary
operation to be the operation that grows a tree up from a root, and any higher order n-ary
operation to be the operation that takes n trees and joins them at the root, we see that the set
of all rooted trees forms an initial parengebra. Now we might ask: In general, how does the initial
T-motor relate to the initial T-parengebra?

Lastly one might wish to consider what happens if instead of looking at initial 7-motors and initial
pointed T-magmas, we instead look at terminal co-7T-motors and terminal pointed co-7T-magmas.
We can then ask whether there are there any interesting instances of these, and whether we get

any correspondence between these two notions.
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