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1 Introduction

2 Relative monads

The notion of a relative monad is introduced in [I, Def.1, p. 299] and considered in more detail in
[2]. In our terminology it would be more natural to call it a relative Kleisli triple (cf. Definition
but we will keep the original name.

Definition 2.1 [2015.12.22.defl] Let J : C — D be a functor. A relative monad RR on J is a
collection of data of the form

1. a function RRop : Ob(C') — Ob(D),
2. for each X in C' a morphism n(X) : J(X) - RRop(X),
3. for each X, Y in C and f: J(X) — RRop(Y) a morphism p(f) : RRop(X) — RRop(Y),

such that the following conditions hold:

1. for any X € C, p(n(X)) = Idgryy(x)
2. for any f: J(X) = RRou(Y), n(X) o p(f) = f,
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3. forany f: J(X) — RRop(Y), g: J(Y) — RRop(Z),
p(f)oplg) = p(f ©p(g))

In what follows we will often write RR(—) instead of RRop(—). The following definition repeats
[2, Definition 2.2, p.4].

Definition 2.2 [2015.12.22.def2] Let J : C — D be a functor and RR = (RRow,n,p), RR' =
(RRpy, 1, p') be two relative monads on J. A morphism ¢ : RR — RR' is a function ¢ : Ob(C) —
Mor(D) that to each X € C' assigns a morphism ¢(X) : RRoy(X) — RR},,(X) such that

1. for any X € C one has n'(X) = n(X) o ¢(X),
2. forany f: J(X) — RR(Y) one has
p(f) o d(Y) =d(X)op'(fod(Y))

Lemma 2.3 [2015.12.22.11] Let J : C — D be a functor and RR a relative monad on J. Then
the function X — Idrg(x) is a morphism of relative monads RR — RR.

Proof: Both conditions of Definition are straightforward to prove.

Lemma 2.4 [2015.12.22.12] Let J : C — D be a functor and RR, RR', RR" be relative monads
on J. Then if ¢ and ¢’ are functions Ob(C) — Mor(D) which are morphisms of relative monads
RR — RR' and RR' — RR" then the function X — ¢(X) o ¢'(X) is a morphism RR — RR".

Proof: Let X € C then

N(X) 0 p(X) 0 ¢'(X) = n(X) 0 ¢'(X) = n"(X)

this proves the first condition of Definition To prove the second condition let f : J(X) —
RR(Y) then we have

pf)odp(Y) o d/ (V) = ¢(X)op(fod(Y))od (V) =¢(X)o¢(X)op(fod(Y)od(Y))

Problem 2.5 [2015.12.22.prob3/ Let J : C — D be a functor. To construct a category RMon(J)
of relative monads on J.

Construction 2.6 [2015.12.18.constr3] Applying the same approach as before we obtain cat-
egory data with the set of objects being the set RMon(J) of relative monads on J, the set of
morphisms being the set of triples ((RR, RR'),¢) where RR, RR’ are relative monads on J and
¢ is a morphism of relative monads from RR to RR’ as given by Definition the identity mor-
phisms given by Lemma [2.3] and compositions by Lemma It follows immediately from the
corresponding properties of morphisms in C' that these data satisfies the left and right identity
and the associativity axioms forming a category. The set of morphisms from RR to RR’' in this
category is not equal to the set of morphisms of relative monads but it is in the obvious bijective
correspondence with this set and we will use both functions of this bijective correspondence as
coercions’]

3When a function f : X — Y is declared as a coercion then every time that one has an expression a that denotes
an element of the set X in a position where an element of the set Y is expected it is replaced by f(a)



Lemma 2.7 [2016.01.03.15/ Let ¢ : RR — RR' be a morphism of relative monads on J : C' — D
such that for all X € C the morphism ¢(X): RR(X) — RR'(X) is an isomorphism. Then ¢ is an
isomorphism in the category of relative monads on J.

Proof: Set ¢/(X) = (¢(X))~!. In view of the definition of the composition of morphisms of relative
monads and the identity morphism of relative monads it is sufficient to verify that the family ¢’ is
a morphism of relative monads from RR’ to RR. That it is the inverse to ¢ is then straightforward
to prove.

Let us check the two conditions of Definition The equality

(X) =7'(X) 0 ¢/(X)

follows from the equality 7/(X) = n(X) o ¢(X) by composing it with ¢/(X) on the right and using
the fact that ¢(X) o ¢'(X) = Idgr(x)-

The second condition is of the form, for any f': J(X) — RR(Y),
[2016.01.03.eq2]/ (/") 0 ¢/ (V) = ¢/(X) 0 /(' 0 (V) 1)

Applying the second condition of Definition for ¢ to f = f' o ¢'(Y) and using the equality
¢'(Y) o p(Y) = Idpp(y) we get

p(f o' (Y))od(Y)=(X)op(f od'(Y)od(Y)) =o(X)op(f)
It remains to compose this equality with ¢'(Y) on the right and ¢'(X) on the left and rewrite the
equalities ¢(Y') 0 ¢/(Y) = Idrp(yy and ¢'(X) o ¢(X) = Idrp(x)-

Let us remind the definition of the Kleisli category of a relative monad (see [2, p.§8]).

Problem 2.8 [2015.12.22.probl/ Let J : C — D be a functor and RR be a relative monad on
J. To define a category K(RR) that will be called Kleisli category of RR.

Construction 2.9 [2015.12.22.constr3] We set Ob(K(RR)) = Ob(C) and
Mor(K(RR)) = Ilx yconk(rr)yMor(J(X), RR(Y))
We will, as before, identify the set of morphisms in K(RR) from X to Y with Mor(J(X), RR(Y))
by means of the obvious bijections.
For X € Ob(C) we set Idx r(rr) = n(X)-
For f € Mor(J(X),RR(Y)), g € Mor(J(Y), RR(Z)) we set f ox(rr) 9 = f oD p(9)-

Verification of the associativity and the left and right identity axioms of a category are straightfor-
ward.

Problem 2.10 [2015.12.22.prob2/ Let J : C' — D be a functor and RR be a relative monad on
J. To construct a functor Lrr : C — K(RR).

Construction 2.11 [2015.12.22.constr4] We set Lo, = Id and for f : X =Y, L(f) = J(f) op
n(Y’). Verification of the identity and composition axioms of a functor are straightforward.



The following lemma will be needed below.

Lemma 2.12 [2016.01.03.14b/ Let u: X —Y in C and g : J(Y) — RR(Z) in D. Then one has
Lrr(u)ogrry 9 = J(u)op g

Proof: One has

Lrr(u) og(rr) 9 = Lrr(u) op p(g) = J(u) op n(Y) op p(g) = J(u) op g

Problem 2.13 [2015.12.22.prob4/ Let J : C — D be a functor and ¢ : RR — RR' a morphism
of relative monads on J. To construct a functor K(¢) : K(RR) — K(RR') such that Lrro K(¢) =

Lrp.

Construction 2.14 [2015.12.22.constr5] This construction is not, as far as we can tell, described
in [2] and we will do all computations in detail.

We set K(¢)op = Id. For f € Morp(J(X), RR(Y)) we set
K(6)(f) = fop o(Y).
For the identity axiom of a functor we have
K(¢)(Idx k(rr)) = K(6)(nx) = nx op ¢(X) = nx = Idx x(rr)

For the composition axiom, for f € Morp(J(X), RR(Y)), g € Morp(J(Y), RR(Z)) we have

K(8)(f orr 9) = K(¢)(f op p(g9)) = f op p(9) o0 ¢(Z) = f op ¢(Y) op (g o0 $(Z))
and

K(0)(f) orr K(8)(9) = (f op ¢(Y)) orrr (9 0p 6(Z)) = fop ¢(Y) op p'(g o0 ¢(Z))

The condition Lrr o K(¢) = Lgp obviously holds on objects and on morphisms we have for
f e Morc(X,Y):

(Lrr o K(¢))(f) = K(¢)(Lrr(f)) = K(¢)(J(f) opn(Y)) = J(f) opn(Y) op ¢(Y) =
J(f)opn'(Y) = Lrr(f)-

Construction [2.14] is completed.

Lemma 2.15 [2016.01.01.12/ Let J : C' — D be a functor. Then one has:

1. for a relative monad RR on J, K(Idrg) = Idx(rr),
2. for morphisms ¢ : RR — RR', ¢’ : RR' — RR" of relative monads on J, K(¢ o ¢') =
K(¢) o K(¢').

Proof: The first assertion follows from the right identity axiom for D.

The second assertion follows from the associativity of composition in D.



3 Binary coproducts and finite ordered coproducts in the constructive setting

In the absence of Axiom of Choice (AC) the structure of finite coproducts on a category can not
be obtained from an initial object and the structure of binary coproducts. The same, of course, is
true for products - the proof of [7, Prop.1, p. 73] essentially depends on the AC. However, binary
coproducts allow one to construct finite ordered coproducts as described below.

Definition 3.1 [2015.12.20.defl/ A binary coproducts structure on a category C is a function
that assigns to any pair of objects X,Y of C' an object X I1'Y and two morphisms

i’ X 5 XY

i Y - XY

such that for any object W of C' and any two morphisms fx : X — W, fy : Y — W there exists a
unique morphism X(fx, fy) : XIIY — W such that

iy o (fx, fr) = fx

i o S(fx, fy) = fy

Definition 3.2 [2015.12.24.def2] A finite ordered coproduct structure on a category C' is a func-
tion that for any m > 0 and any sequence X = (Xo,...,X;n—1) of objects of C defines an ob-

Ject H;’;BIXi and morphisms Z’LZX X — H?;_OIXI' such that for any sequence f; : X; — Y,

1=0,...,m — 1 there exists a unique morphism Egrg)lfi : H?ialXi —'Y such that
[2015.12.24.eq2]ii} o X' fi = f; (2)

Note that for m = 0 there is a unique sequence of the form (Xp, ..., X;,—1) - the empty sequence,

and the corresponding H?jolXi is an initial object of C.

Problem 3.3 [2015.12.24.probl/ Given a category C with an initial object 0 and a binary co-
products structure to construct a finite ordered coproducts structure on C.

Construction 3.4 [2015.12.24.constrl]| By induction on m.

For m = 0 one defines I1X; to be 0. The construction of the morphism Y f;, in this case for the
empty set of morphisms f;, and its properties follow easily from the definition of an initial object.

For m = 1 one defines I1.X; = Xj, iié( = Idx, and X f; = fo. The verification of the conditions is
again straightforward.

For the successor one defines
070 X; = (12,1 X)) T X,

and
Siofi =SS fir fm)

The morphisms zle fori=0,...,m — 1 are given by

.. Lx L IImelx x
ZZZX:ZZZX 0 diy =0 T



where X' is the sequence (Xp, ..., X;m—-1), and

—1
U, = 20"

To show that ¥ f; satisfies the condition of Definition we have:

1. for j<m

. X X 1 Lxr o LIImElXG X 1 X! 1
ity oXiLofi = ity oX(ELy  fi, fm) = dij 0dig =0 T oX(EG i, fm) = di5 oL fi = f;

where the third equation is from the definition of a binary coproduct,

2. forj=m

X Samolxg x 1
“moxgiofi =1’ 0 mE(Ez@o fzvfm) :fm

To show that f = ¥, f; is a unique morphism satisfying these conditions let g be another morphism
such that

w;( og=f;
for all j = 0,...,m. Both f and g are morphisms from (H;’;_OIXZ-) IT X,,. By the uniqueness
condition of Definition B.1]it is sufficient to show that

LIl XG X LIl XG X

ZZO 7(:0 k3 m o f — ZZO 2:0 1 m O g
and ) )

SOl x LI XG X

i1, T Mo f =iy =0 T o

To prove the first equality it is sufficient, by the inductive assumption, to prove that

I X X

ro MmN X X, X!
i o f =iy ou

- X 1=0
11; O1 0

J °g

for all j =0,...,m — 1. This follows from our assumption since

Lx L IImolx X ..
i 0 gy =0 " m:zzi(

Similarly, the second equality follows from our assumption because
m—1 -,
im0 XiXm

X
= il;,.

This completes Construction [3.4

Lemma 3.5 [2016.01.03.14] Let C be a category with an initial object O and binary coproducts
structure (11, 4ig,4i1). Let (II',4i}) be the finite ordered coproducts structure defined on C' by Con-
struction[3.4} Then for X = (Xo, X1) one has

I X; = Xo 1 X4

and
(1" = iy

(ii")X = i



Proof: The proof is by unfolding Construction [3.4] in the case m = 2.

Lemma 3.6 [2015.12.24.15] Given a category C with the finite ordered coproducts structure (11; X;, i5X )
let fi : X; =Y wherei=0,..., m—1andg:Y — Z. Then one has

[2015.12.24.eq4|(X;fi) ocg =Xi(fiog) (3)

Proof: By the uniqueness condition of Definition it is sufficient to show that for all i =
0,...,m — 1 the precompositions of both sides of with X are equal. We have

i o (Sif;)og = fiog=1ii; o(fiog)

Lemma 3.7 [2015.12.24.14] Let C' be a category with a finite ordered coproducts structure and
(Xoy..., Xim—1) a sequence of objects of C. Then one has

1..X
E;ZO n, = IdH:’;_lel
Proof: It follows from the uniqueness part of Definition [3.2}

Definition 3.8 [2016.01.01.defl] Let (C, 11, iig, 131) and (C', 1T, i1y, 13}) be two categories with the
binary coproducts structure. A functor G : C — C' is said to strictly respect the binary coproduct
structures if for all X,Y € C' one has:

GIXIY)=GX)II'GY)
and
Gliiy™) = (iig) ™"
Giiy ") = (i)Y
Definition 3.9 [2016.01.01.def2] Let (C,11,ii;) and (C', 11, ii}) be two categories with finite or-

dered coproducts structures. A functor G : C — C' is said to strictly respect the finite ordered
coproducts structures if for all n € N and all sequences X = (Xo, ..., X;n—1) one has

G(IZX;) = ()2 G(X)
and for alli=0,...,m —1 one has
G(ii) = (ii") ¢

i %

Lemma 3.10 [2016.01.01.13/ Let (C,11,4ig,ii1) and (C',1',4ip,it}) be two categories with the
binary coproducts structure and let 0, 0/ be initial objects in C' and C' respectively. Let G : C — C’
be a functor. Then G strictly respects the finite coproduct structure on C' and C' defined by the
wniatial object and the binary coproduct structure by Construction if and only if one has:

1. G(0) =0,

2. G strictly respects the binary coproduct structure.



Proof: The "only if” part follows from the fact that the initial objects of C' and C” defined by the
finite ordered coproducts structure of Construction are 0 and 0’ and Lemma

The proof of the ”if” part is easy by induction on the length of the sequence X = (Xj,..., X;,) of
Definition

Remark 3.11 [2016.01.05.rem1] It is not true in general that a finite ordered coproducts struc-
ture is determined by the corresponding initial object and the binary coproducts structure. In
particular, the converse of Lemma is false - a functor that strictly respects the initial object
and the binary coproducts structure defined by a finite ordered coproducts structure need not
strictly respect the finite ordered coproducts structure itself.

Lemma 3.12 [2016.01.01.16/ Let (C,11,4i;) and (C',11',ii}) be two categories with finite ordered
coproducts structures and G : C — C" a functor that strictly respect the finite ordered coproducts
structures.

Let X = (Xo,...,Xm—1) be a sequence of objects of C and f; : X; =Y a sequence of morphisms.
Then one has

[2016.01.01.eq2]G(Z7", ;) = S G (fi) (4)
where the ¥ on the left is with respect to (I1,41;) and ¥ on the right is with respect to (I',ii}).

Proof: Both the left and the right hand side of are morphisms from IT7";'G(X;) to G(Y)
according to the Definition [3.9, The right hand side is the unique morphism with these domain

and codomain such that for all ¢ = 0,...,m — 1 its pre-composition with (iz”)iG(X) equals G(f;). It
remains to show that the same property holds for the right hand side. We have

(i)™ o GRS i) = GiiX) 0 G(EIG i) = G(ii 0 SIG1fi) = G(fi)

. The lemma is proved.

4 More on the category F

Following [3] we let F' denote the category with the set of objects N and the set of morphisms from
m to n being Fun(stn(m), stn(n)), where stn(m) = {i € N|i < m} is our choice for the standard
set with m elements (cf. [11]).

For m,n € N let iiy"" : stn(m) — stn(m + n) and #]"" : stn(n) — stn(m + n) be the injections
of the initial segment of length m and the concluding segment of length n.

Lemma 4.1 [2016.01.03.12] One has:

1. 0 is the initial object of F,

2. the function

(m,n) — (m+n, iigl’n, i)

is a binary coproduct structure on F'.



Proof: We have stn(0) = () and there is a unique function from @) to any other set.

The second assertion can be reduced to the case n = 1 by induction on n and then proved by direct
reasoning involving the details of the set-theoretic definition of a function.

Definition 4.2 [2016.01.03.d1]/ The binary coproducts structure on F defined by Lemma 18
called the standard binary coproducts structure.

The finite ordered coproducts structure on F defined by and Lemma and Construction is
called the standard finite ordered coproducts structure.

Example 4.3 [2016.01.03.ex1/There are binary coproducts structures on F' that are different
from the standard binary coproducts structure. For example, the function that is equal to the
standard binary coproducts structure on all pairs (m,n) other than (1,1) such that 1111 = 2,
iz'(l)’l(O) =1 and m%l = 0 is a binary coproducts structure on F' that is not equal to the standard

one.

Remark 4.4 [2016.01.03.rem1] It is easy to define the concept of a finite coproducts structure
on a category. The only non-trivial choice one has to make is which of the definitions of a finite
set to use and it is reasonable to define a finite set as a set for which there exists, in the ordinary
logical sense, m € N and a bijection from stn(m) to this set.

One can show then that it is impossible to construct a finite coproducts structure on F without
using the axiom of choice. Indeed, one would have to define, among other things, for each finite set
I and a function X : I — N the coproduct IIX = I1;c; X (i) € N and a family of functions

i : stn(X (i) — stn(I1X)
for ¢ € I such that for any n the function

Fun(stn(11X), stn(n)) — H Fun(stn(X (1)), stn(11X))
el

defined by this family is a bijection. The latter condition is easily shown to be equivalent to the
condition that
stn(ILX) = e Im (i)

One can easily shown also that IIX = ¥;c7 X () where the sum on the right is the usual commutative
sum in N. Consider the case when [ is a set with 2 elements and X (i) = 1 for all ¢ € I. Then
I1X = 2 and i : stn(1) — stn(2) are functions whose images do not intersect and cover stn(2).
Then the function i + #i:X(0) is a bijection from I to stn(2), i.e., we have found a canonical bijection
from any finite set with 2 elements to stn(2). This amounts to a particular case of the axiom of
choice for the proper class of all sets with 2 elements or, if we consider finite coproducts relative to
a universe U, for the set of sets with 2 elements in U.

Lemma 4.5 [2016.01.03.13/ Consider F' with the standard finite ordered coproducts structure.
Then for any m € N, ng,...,nm—1 € N one has:

m—1 m—1
1. Hz 0 nz:EZ 0 ng,



2. foreachi=0,....m—1and j=0,...,k; —1 one has

Z.Z.('no,---ynmfl)(j) = (Z;;énl) +J

2

In particular, iigl"”’l)(o) = .

Proof: By induction on m using Construction [3.4

5 Lawvere theories

Lawvere theories were introduced in [6]. Let us remind an equivalent but more direct definition
here.

Definition 5.1 [2015.11.24.defl] A Lawvere theory structure on a category T is a functor L :
F — T such that the following conditions hold:

1. L is a bijection on the sets of objects,
2. L(0) is an initial object of T,

3. for any m,n € N the square

L™
—5

L(m) Lim +n)

s a push-out square.

A Lawvere theory is a pair (T, L) where T is a category and L is a Lawvere theory structure on T.

Lemma 5.2 [2015.12.24.13] A functor L : F — T is a Lawvere structure on T if an only if it is
bijective on objects, L(0) is an initial object of T and the function

(X,Y) = (LX) + L)), iy OO0 piat ))

1s a binary coproducts structure on T

Proof: It follows by unfolding definitions and using the equalities L(L~(X)) = X and L™(L(n)) =
n.

Definition 5.3 [2016.01.03.def2/ Let (T, L) be a Lawvere theory. The binary coproducts struc-
ture on T defined in Lemma is called the standard binary coproducts structure defined by (the
Lawvere theory structure) L.

The finite ordered coproducts structure on T defined by the initial object L(0) and the standard
binary coproducts structure on T by Construction[3.4)is called the standard finite ordered coproducts
structure defined by L.

10



Everywhere below, unless the opposite is explicitly stated, we consider, for a Lawvere theory (7', L)
the category T" with the standard binary coproduct and finite ordered coproduct structures.

Lemma 5.4 [2015.12.24.15b] Let (T, L) be a Lawvere theory. Then L strictly respects the stan-
dard finite coproduct structures on F' and T, i.e., for any m € N, ng,...,nm,m_1 € N one has:

1. T L(ng) = LI '),

2. foranyi=0,....m—1,

L( . .(no,...,nm_l)) — .(L(no),...,L(nm_l))

i, i,
Proof: Simple by induction on m using the explicit form of Construction [3.4

Lemma 5.5 [2016.01.05.11] Let (T’ L) be a Lawvere theory and let u € Fun(stn(m), stn(n)).
Then one has
L(u) = Zﬁl—oli.(L(l),...,L(l))

Yu(i)
Proof: Both sides of the equality are morphisms from L(m) to L(n) in T. Since by Lemma[5.4(1)
L(m) is the finite coproduct of the sequence (L(1),...,L(1)) to prove that two morphisms from

L(m) are equal it is sufficient to prove that their pre-compositions with iiEL(l)""’L(l)) are equal for

alli=0,...,m—1. We have
Z.l.Z(L(l),...,L(l)) . Eﬁaliii?f)l)""’L(l)) _ iii@‘()l)wul)) _ L(iis(’i')”’l))
and

il PO W) o ) = LYY o Liw) = L@l o w)

It remains to show that

(1,...,1)

ittt = i beod)

i ou

in F. Since both sides are functions from stn(1) it is sufficient to prove that their values on 0 are
equal. This follows from Lemma [£.5]

Recall that a morphism of Lawvere theories G : (T, L) — (T, L’) is a functor G : T — T" such that
LoG=1L".

Lemma 5.6 [2015.01.01.14] Let G : (T, L) — (T', L") be a morphism of Lawvere theories. Then
G strictly respects the binary coproduct structures of Lemma[5.3

Proof: It follows by unfolding definitions and using the equalities L(L~(X)) = X and L~(L(n)) =
n.

Lemma 5.7 [2016.01.01.15/ Let G : (T, L) — (T', L") be a morphism of Lawvere theories. Then
G strictly respects the standard ordered finite coproduct structures on T and T".

Proof: It follows directly from Lemmas and [5.6|and the equality G(L(0)) = (LoG)(0) = L'(0).

11



6 Lawvere theories and relative monads

Let us start by reminding that for any set U there is a category Sets(U) of the following form. The
set of objects of Sets(U) is U. The set of morphisms is

Mor(Sets(U)) = Ux yeu Fun(X,Y)

Since a function from X to Y is defined as a triple (X,Y,G) where G is the graph subset of this
function the domain and codomain functions are well defined on Mor(Sets(U)) such that

MOTSets(U) <X7 Y) = Fun(Xa Y)

and a composition function can be defined that restricts to the composition of functions function
on each Morgeyr)(X,Y). Finally the identity function U — Mor(Sets(U)) is obvious and the
collection of data that one obtains satisfies the axioms of a category. This category is called the
category of sets in U and denoted Sets(U).

We will only consider the case when U is a universe.

Following [I] we let Jf : F — Sets(U) denote the functor that takes n to stn(n) and that is
the identity on morphisms between two objects (on the total sets of morphisms the morphism
component of this functor is the inclusion of a subset).

The category of relative monads on J f plays a special role and we denote it by SLW (U) and call its
objects strict Lawvere theories in U. By simply unfolding definitions we get the following explicit
form for the definition of a strict Lawvere theory.

Lemma 6.1 [2016.01.01.11] A strict Lawvere theory in U is a collection of data of the form:

1. for eachn € N a set RR(n) in U,
2. for each n € N a function stn(n) - RR(n),

3. for each m,n € N and f : stn(m) — RR(n), a function p(f) : RR(m) — RR(n),
such that the following conditions hold:

1. for allmn € N, p(n(n)) = Idgrm),
2. for all f : stn(m) — RR(n), n(m) o p(f) = f,
3. for all f: stn(k) = RR(m), g : stn(m) — RR(n), p(f) o p(g) = p(f © p(g))-

The main goal of this section is to provide a construction for the following problem.

Problem 6.2 [2016.01.05.probl] For a universe U to construct an equivalence between the cat-
egory LW (U) of Lawvere theories in U and the category SLW (U) of strict Lawvere theories in
U.

The construction will be given in Construction below.

Lemma 6.3 [2015.12.22.13/ Let RR be a relative monad on Jf : F — Sets(U). Then (K(RR), Lrr)
1s a Lawvere theory.
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Proof: We need to prove that the pair (K(RR), Lrr) satisfies conditions of Definition The
first condition is obvious. The second condition is also obvious since Fun(stn(0), RR(n)) is a one
point set for any set RR(n). The third condition is straightforward to prove as well since the square

FUCLIN
Z’Ll -

Fun(stn(m +n), RR(k)) —— Fun(stn(n), RR(k))
Fun(stn(m), RR(k)) —— Fun(stn(0), RR(k))

is a pull-back square for any set RR(k).
Problem 6.4 [2016.01.01.probl/ To construct a functor RM Ly : SLW (U) — LW (U).

Construction 6.5 [2015.12.22.def5] We define the object component of RM L setting
RMLoy(RR) = (K(RR), Lrr)

It is well defined by Lemma 6.3

We define the morphism component of RLM setting RM Lysor(¢) = K(¢). It is well defined by
the condition of Problem 2.13

The identity and composition axioms of a functor follow from Lemma [2.15

Below we consider, for a Lawvere theory (T, L), the category T with the finite ordered coproducts
structure obtained by applying Lemma [5.2] and Construction [3.4

Problem 6.6 [2015.12.22.prob5/ Let U be a universe and (T, L) a Lawvere theory in U. To
construct a strict Lawvere theory (RR,n, p) in U.

Construction 6.7 [2015.12.22.constr6] We set:

1. RR(’IZ) - MOTT(L(1)7L(R))7

2. n(n) is the function stn(n) — Morr(L(1), L(n)) given by i — 4i* where X = (L(1),..., L(1)).
This function is well defined because

W L(1) = L(n)
by Lemma
3. for f € Fun(stn(m), Morp(L(1),L(n))) we define
o(f) € Fun(Morg(L(1), L(m)), Morp(L(1), L(n)))
as g — go X", f(i). This formula is again well-defined in view of Lemma

Let us verify the conditions of Lemma [6.1}

For the first condition we have
p(n(n))(g) = g 0 S n(n) (i) = g o Spiil VD) = go Iy, = g

13



where the third equality is by Lemma [3.7]
For the second condition let f € Fun(stn(m), Morp(L(1),L(n))). To verify that n(m)o p(f) = f
1

we need to verify that these two functions from stn(m) are equal, i.e., that for each i =0,...,m—
we have

(n(m) o p(f))(@) = f(3)
We have

(n(m) o p(£)) (@) = p(F)((m)(@)) = p(f)(ai Py = g OB o maLp gy = p(a)

For the third condition let f € Fun(stn(k), Morp(L(1), L(m))) and g € Fun(stn(m), Morp(L(1), L(n))).
We need to check that
p(f) e p(g) = p(f o p(9))

Both sides are functions from Morp(L(1), L(k)). To verify that they are equal we need to show
that for any h € Morr(L(1), L(k)) we have

(p(f) 0 p(9))(h) = p(f o p(g))(h)
We have
(p(£) 0 p(9))(R) = p(g)(p(f)(h)) = plg)(ho £i=5 f(i)) = ho (S125 £(D) o (275" 9(4))
and
p(f o p(9))(h) = ho (Si=g(f o p(9)) (D) = ho (S5=g (p(9)(£(0)))) = ho (Si=y (£(1) o 27 9 (4)))

The right hand sides of these two expressions are equal by Lemma 3.6, This completes the con-
struction.

We let LRM (T, L) denote the strict Lawvere theory defined in Construction

Problem 6.8 [2016.01.01.prob2/ Let G : (T,L) — (T, L") be a morphism of Lawvere theories.
To construct a morphism of relative monads LRM (T, L) — LRM (T, L’).

Construction 6.9 [2016.01.01.constr2] We need to construct a family of functions
é(n) : Morp(L(1), L(n)) — Mory/(L'(1), L' (n))

that satisfies the conditions of Definition for J = Jf and relative monads LRM(T,L) =
(RRow,n, p) and LRM(T', L") = (RR},,,n', p’). Set

d(n) = Gra),Lm)
since L' = L o G these functions have the correct domain and codomain.

For the first condition of Definition we need to show that for any n € N one has

n'(n) =n(n) o GrayLm)

14



Since both sides are functions from stn(n) it is sufficient to show that for all ¢ = 0,...,n — 1 one
has 7'(n)(i) = (n(n) o Gr),L(n)) (). By construction

(n(n) o Gy pm) (i) = Gn(n)(1)) = G(i}")

and

(i) = i
where X = (L(1),...,L(1)) and X’ = (L/(1),..., L'(1)). Therefore we need to show that G(ii}\ ) =
mZX/ This follows from Lemma

For the second condition of Definition let f: stn(m) — Morp(L(1),L(n)). We need to show
that

p(f) o d(n) = p(m) o p(f o p(n))

Both sides are functions from Morp(L(1), L(m)) to Morg(L'(1),L'(n)). To show that they are
equal we have to show that for each g € Morp(L(1), L(m)) one has

(p(f) 0 d(n))(9) = (¢(m) 0 p'(f © $(n)))(9)
For the left hand side of this equality we have:
(p(f)od(n))(9) = ¢(n)(p(f)(9)) = (n) (g0 X751 F(i)) = G(go Tig f(i) = Gl9) o G(S5 f (i) =
G(g) o B G (£ (1))

where the last equality follows from Lemma [3.12

For the right hand side we have:
((m)op'(fod(n)))(g) = p'(f o d(n))(#(m)(9)) = ¢'(f 0 (n))(G(9)) = G(9) o TG  (f 0 B(n))(3) =
G(g) o T (@(n)(f(i))) = Glg) o S5 G (f(2))

This completes the proof of the second condition of Definition and the construction.

We let LRM (¢) or LRMpr0-(¢) denote the morphism of relative monads defined by Construction
0.9

Problem 6.10 [2016.01.01.prob3/ For a universe U, to construct a functor
LRMy : LW(U) — SLW(U)
Construction 6.11 [2016.01.01.constr5] We define the object component of LRM as the func-

tion defined by Construction [6.7] and the morphism component as the function defined by Con-
struction

We need to verify that these two functions satisfy the identity and composition axioms of a functor.

Both follow immediately from the definitions of the identity functor and composition of functors.

Problem 6.12 [2016.01.01.prob4/ For any universe U to construct an isomorphism of functors

RMLU o LRMU — IdSLW(U)‘
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Construction 6.13 [2016.01.01.constr6| Let RR = (RR,n, p) be a strict Lawvere theory in U,
i.e., a relative monad on the functor Jf : F — Sets(U). Let

(T,L) = RMLy(RR,n, p)

and
(RR',7,p') = LRMy(T, L).

We need to construct an isomorphism of relative monads
¢RR : (RR/7 77/7 p/) — (RR7 7, p)

and show that the family ¢rg satisfies the naturality axiom of the definition of functor morphism.

We have
RR'(n) = Morr(L(1), L(n)) = Morgrr)(Lrr(1), Lrr(n)) = Morgrry(1,n) =
Fun(stn(1), RR(n))
and we define ¢rr(n) : RR'(n) — RR(n) as the obvious bijection given by setting
¢rr(n)(f) = f(0)

Let us show that these functions form a morphism of relative monads, i.e., that they satisfy two
conditions of Definition We should exchange places between the 1 and 7’ since we consider a
morphism RR’ — RR. The first condition becomes

n(n)(@) = (1'(n) o prr(n))(7)
forany n € N and ¢ =0,...,n — 1 and the second
(/'(f) 0 drR(N))(9) = (¢RR(M) 0 p(f © PRR(1)))(9)
for any f € Fun(stn(m), RR'(n)) and g € RR'(m).
ForneNand¢=0,...,n —1 we have
(n'(n) © $r(n)) (i) = drR(n) (0 (n) (i) = drrlii V1) = iD=+ (0)

L(ii " )(0) = Laaii)(0) = (i1 o n(n) (0) = n() (i (0)) = n(n) (i)
where the fourth equality is by Lemma and the eighth equality is by Lemma
For the second condition, f € Fun(stn(m), RR'(n)) and g € RR/(m) we have

(0'(f) 0 drR(1))(9) = SRR (P'()(9)) = drR(N)(9 0T Z1L5" (D) = (9 o1 Zi5" £(0))(0)

where f is considered as an element of Fun(stn(m), Morp(L(1),L(n))) and g as an element of
Morp(L(1), L(m)). Next we have:

(9 o7 2720 F()(0) = (9 ox(rr) E7i20f()(0) = (g0 p(B772£(1)))(0) = p(X7720£ (1)) (9(0))

where on the right g is considered as an element of Fun(stn(1), RR(m)).
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On the other hand we have:

(¢rr(mM) ° p(f 0 drR(n)))(9) = P(f © drRR(N))(PRR(M)(9)) = p(f ° PrR(1))(9(0))

where on the right g is considered as an element of Fun(stn(1), RR(m)).

Let us show that

S0l (i) = f o drr(n),
Since both sides are morphisms in 7" from L(m) to L(n) and it is sufficient to show that for any
7 =0,...,m one has

Z.Z.§L(1),--.,L(1)) or (E%—;O (i) = ii§L(1),...,L(1)) or (f o dra(n))

The left hand side equals f(j). For the right hand side we have
i Wt or (£ o grr(n) = LGS ) or (f 0 6rr(n) = Liiiy ) ox(rmy (f © rr(n)) =

(Ll
Mg- Yo f o ¢rR(n)
where the first equality is by Lemma and the third equality is by Lemma m Both f(7)

and ii§.1""’1) o f o ¢rr(n) are elements of Fun(stn(1l), RR(n)). To prove that they are equal it is
sufficient to prove that they coincide on 0. We have:

(i1 o f o prr(n))(0) = (f © orr(n)(i) = drr(n)(f(i)) = f(i)(0)
where the first equality is by Lemma [4.5(2).

This completes the proof of the fact that the family of functions ¢rpr is a morphism of relative
monads.

Let us show that the family ¢rg satisfies the naturality axiom of the definition of functor morphism.
Let u : RR;y — RRy be a morphism of relative monads. Let (T;,L;) = RML(RR;) and RR] =
LRM(T;,L;), i =1,2. Let G = RML(u) and v' = LRM(G). We need to show that the square

u

RR, —“ RR,

PRR, l l¢RR2

RR; —— RRy
commutes, i.e., that for any n € N one has
[2016.01.03.eql]u/(n) o ¢rr,(n) = drR, (1) 0 u(n) (5)
We have that
u'(n) € Fun(RR}(n), RR5(n)) = Fun(Fun(stn(1), RRy(n)), Fun(stn(1), RR2(n)))

and
u'(n)(f) = (LRM(G)(n))(f) = GL,(1),0.(n)(f) = G1a(f) = fou(n)

Both sides of (5 are functions from Fun(stn(1), RRi(n)). Therefore to prove that they are equal
we need to prove that their values on any f € Fun(stn(1l), RR1(n)) are equal. We have:

(' (n) 0 SrRy (n))(f) = GrR, (n) (W' (n)(f)) = (& (n)(£))(0) = (f © u(n))(0) = u(n)(f(0))
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and

(@R, (n) 0 u(n))(f) = u(n)(¢rr, (n)(f)) = u(n)(f(0)).

This completes the proof of the fact that the family ¢rpr is a morphism of functors RM Ly o
LRMy — Idspw ). That it is an isomorphism follows from the general properties of functor
morphisms and Lemma [2.7] This completes Construction [6.12

Problem 6.14 [2016.01.03.probl/ For a universe U to construct a functor isomorphism

LRMU o RMLU — IdLW(U)

Construction 6.15 [2016.01.03.constrl/Let (7, L) be a Lawvere theory in U. Let
(RR,n,p) = LRM(T, L)

and
(T, L'y = RML(RR,n, p)

We need to construct an isomorphism of Lawvere theories
GTD (T L)) — (T, L)

and show that the family GTL) g natural with respect to the morphisms of Lawvere theories
(Ty, L1) — (T, Ly). While constructing G(T>1) we will abbreviate its notation to G.

We have:
Ob(T") = Ob(K(RR)) = Ob(F) = N

Morgi(m,n) = Morggry(m,n) = Fun(stn(m), RR(n)) = Fun(stn(m), Mory(L(1), L(n)))
We set the object component of G to be the object component of L.
We set the morphism component

Gmpn @ Morp/(m,n) = Fun(stn(m), Morp(L(1), L(n))) = Morp(L(m), L(n)) = Morp(m,n)

to be of the form:

Gomn(f) = B720/ (i)
To show that Gy, , is a bijection consider the function in the opposite direction given by, for
u € Morp(m,n)andi=0,...,m—1

Gron(u)(i) = iigL(l)"wL(l)) ou

The fact that G and G* are mutually inverse follows easily from the definition of finite ordered
coproducts.

Let us show that G is a functor. For the composition axiom, let f € Moryp/(k,m), g € Morp/(m,n),
then

Grn(f) o1 Gmn(9) = (SqLof (1) o (SF209(1)) = B5,L,(f(0) o1 (ZF7209(5)))

and
Gin(for ) = S5 Lo ((f o p(9)(4) = S5:Lo(p(9) (f (D) = Srimo(f (i) o7 (£ 9()))
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where the last equality is by Construction (3)
For the identity axiom, let n € N then

G (Ldr 1) = Grn(n(m)) = S (n(m) (0)) = S @P POy = 1dy 1,0

where the first equality is by Construction the third one is by Construction (2) and the
third one is by Lemma |3.7

To prove that G is a morphism of Lawvere theories we have to show that L' o G = L. On objects
the equality is obvious. To show that it holds on morphisms let u € Fun(stn(m), stn(n)). Then

(Lo G)(u) = G(L'(u)) = F,;_o L' (w) (i) = ¥, _oLrr(uw)(i) = SF;_g(uon(n))(i) =
Yrizon(n)(u(i)) = %izoiiif'zl()l),...,L(l)) — L(u)

where the fourth equality is by Construction and the sixth one is by Construction [6.7(2) and

the seventh one is by Lemma
This completes the construction of the Lawvere theory morphisms G5,

It remains to show that they are natural with respect to morphisms of Lawvere theories. Let
H : Ty — T, be such a morphism. Let (RR;,n;,p;) = LRM(T;,L;) for i = 1,2, (T},L)) =
RML(RR;,n;,pi), $ = LRM(H) and H = RML(9).

Since (L})op = Idn and L} o H' = L} we have that (H')o, = Idn.
For m,n € N and
f € Morgi(m,n) = Fun(stn(m), Morr, (L1(1), L1(n)))

we have

H'(f) = RML($)(f) = K(¢)(f) = fod(n) = fo LRM(H)(n) = f o HL,(1),L,(n)
where the third equality is by Construction and the fifth equality is by Construction
We need to show that the square

; H /
Tl T2
G(T17L1)l lG(T27L2)

H
T1 e T2
commutes.

For the object components, since (G(T:L4)) o, = (L;)op it means that for all n € N one has
Ly(H'(n)) = H(L1(n)),
i.e., that Lao(n) = H(L1(n)) which follows from the fact that H is a morphism of Lawvere theories.

For the morphism component it means that for all m,n € N and f € Fun(stn(m), Morg, (L1(1),Li(n)))
one has

GT2E2)(H'(f)) = H(GTE(f)),
For the left hand side we have:

GIL2)(H' (f)) =GP (f o Hp (1) 1y () = S Lo(f o Hp,y,0,m) () = S Lo(H(£(i)))
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For the right hand side we have:
H(GTR(f)) = H(SE Lo f () = S Lo (H ()

where the second equality is by Lemmas and

This completes the proof that the constructed family of Lawvere theories morphisms G(7'F) is a
morphism of functors and with it completes Construction [6.15

We can now provide a construction for Problem

Construction 6.16 [2016.01.05.constrl] A functor RM Ly from SLW(U) to LW (U) is pro-
vided by Construction[6.5] A functor LM Ry from LW (U) to SLW (U is provided by Construction
@ A functor isomorphism RM Ly o LRMy — Idgrw (v is provided by Construction @ A
functor isomorphism LRMy o RM Ly — Idpw vy is provided by Construction

Remark 6.17 [2016.01.05.rem2| The composition RM Lo LRMj; is just slightly off from being
equal to the identity functor on SLW (U). This can be achieved by a modification to the functor
LRM by setting the family of sets LRM (T, L) to be given by Mory(L(1), L(n))™ where for a set
X and m € N one defines X" inductively as X° = stn(1), X! = X and X""! = X" x X. However,
this modified version of LRM is not a particular case of a general construction that works for all
relative monads as our LRM is.

7 Kleisli triples and monads

Let us remind the standard definition of a monad (see e.g. [7, p.133]).

Definition 7.1 [2015.12.18.defl] Let C' be a category. A monad R on C is a triple (R,n, u)
where:

1. R:C — C is a functor,
2. n:1Ido — R is a functor morphism,

3. u:RoR— R is a functor morphism,
such that the following conditions hold:

1. for all X € C one has R(jux) o px = [lr(x) © kX,
2. for all X € C one has R(nx) o ux = Idp(x),

3. for all X € C one has nr(x)o pux = Idg(x)-

Definition 7.2 [2015.12.10.defl/ A morphism of monads ¢ : R1 — Ra is a function X — ¢x
from Ob(C') to Mor(C) such that ¢x : R1(X) — Ra(X) and one has:

1. ¢ is a morphism of functors, i.e., for any f : X —Y one has Ri(f) o ¢y = ¢x o Ra(f),
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2. (¢ * @) o pa = uy o ¢ where * is the horizontal composition of functor morphisms,

3. mo¢=na.

Lemma 7.3 [2015.12.10.11/ Let ¢1 : Ry — Ra, ¢2 : Ry — Rs be two morphisms of monads.
Then the functor morphism ¢1 o ¢o is a morphism of monads.

Proof: For the first condition of Definition it follows from the fact that composition of functor
morphisms is a functor morphism.

For the second condition we have

((f1 0 P2) * (P10 ¢2)) 0 p3 = (P1 * P1) 0 (2 * P2) 0 g = (P1 * P1) © 12 © ho = p1 © P10 P2

where the first equality is the so called 2-dimensional associativity of functor morphisms composi-
tions.

For the third condition we have

mo (¢1o¢2) =moda=n3

Problem 7.4 [2015.12.18.probl/ For a category C to construct a category Mon(C) of monads
on C.

Construction 7.5 [2015.12.18.constrl] It is easy to prove that the identity functor morphism
of the functor underlying a monad is a morphism of monads. The associativity of composition and
the left and right identity axioms follow in a straightforward way from the corresponding properties
of the composition of functor morphisms.

One can now define a category Mon(C) whose set of objects is the set of monads on a category C'
and morphisms are iterated pairs ((R1, R2), ¢) where Ry, Ry are the domain and codomain monads
of the morphism and ¢ is a morphism of monads Ry — Ro. Again we will use the obvious bijections
from the set of such objects to the set of morphisms of monads as a coercion in both direction which
let us not to mention these bijections explicitly (cf. Construction .

Relative monads on the identity functor Idc : C' — C has long been considered in the literature.
In [9] they are called Kleisli triples on C' and we will use this name below.

Definition 7.6 [205.11.14.defl] A Kleisli triple K = (Kop,n,p) on a category C' is a relative
monad on the identity functor Idc : C' — C

It turns out that Kleisli triples are equivalent to monads see, e.g., [4, p.219]. We want to have a
precise statement of this equivalence. In what follows we often write K (—) instead of Kop(—).

Definition 7.7 [2015.12.16.defl] A morphism ¢ : K — K' of Klesili triples is a morphism of
relative monads.

Definition 7.8 [2015.12.22.def3] Let C be a category. The category KT (C') of Kleisli triples on
C' is the category of relative monads on the identity functor of C.
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Problem 7.9 [2015.12.16.probl/ For a category C' to construct an isomorphism of categories
between KT'(C') and Mon(C).

We will first construct a functor MK : Mon(C) — KT(C), then a functor KM in the opposite
direction and then will prove that they are mutually inverse isomorphisms of categories.

Problem 7.10 [2015.11.14.probl/ To construct a functor MK : Mon(C) — KT(C).

Construction 7.11 [2015.11.14.constrl/We first construct a function M K = M K¢y, from mon-
ads on C' to Kleisli triples on C. Given a monad R = (R, 7, u) we define the corresponding Kleisli
triple as the triple (Rop, n, p) where

p(f) = Rator(f) o u(Y')
and
n(X) = nx
Verification of the equations is simple.

Let ¢ : R — R’ be a morphism of monads. We define the corresponding morphism of Kleisli triples
as the same function Ob(C) — Mor(C) but denote it X — ¢(X) instead of X — ¢x. Let us verify
the equalities of Definition

The first condition of this definition is the third condition of Definition [7.21
For the second condition consider f : X — R(Y). We need to prove that

p(f)od(Y) =d(X)op'(fod(Y))

We have

[2015.12.17.eql]p(f)o¢(Y) = R(f)opy ody = R(f)o(pxd)youy = R(f)odryyoR (¢y)ouy (6)
where the equality
(% @)y = dr(y) o R (¢y)

follows from the general properties of functor morphisms. The chain of equalities @ now continues
as follows

R(f) o ¢riyyo R (dy) o piy = ¢px o R'(f) o R'(¢y) o iy
On the other hand
(X))o p/(fod(Y)) =¢x o R (fody)ouy =dxoR(f)oR (¢y)opuy
This show that we obtained a function from morphisms of monads to morphisms of Kleisli triples.

The fact that this function takes the identity morphism to the identity morphism and commutes
with composition is easy to prove taking into account that it does not change the underlying
function Rop.

Problem 7.12 [2015.11.14.prob2/ To construct a functor KM : KT(C) — Mon(C).
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Construction 7.13 [2015.11.14.constr2/We first construct a function on objects that we also
write as KM. Let K = (Koy, 7, p) be a Kleisli triple on C. To define the functor R underlying the
monad KM (K) we take Rop = Kop and define Ry, by the rule

RMor(f) = p(f © T,(Y))

Verification of functor axioms is simple.

To define n of the monad we set nx = n(X). We need to prove that it is a morphism of functors,
i.e., that for any f: X — Y one has

nx © Ryor(f) = fony

We have:
nx © Ryror(f) =nx 0 p(fon(Y)) = fon(Y)
where the second equality is by the second condition of Definition

To define p we set
ux = P(IdK(X))

To prove that it is a morphism of functors we need to show that for any f : X — Y one has
px © Rutor(f) = Ryor(Rumor(f)) © iy
We have
px © Raror (f) = pLdge(xy) © p(f on(Y)) = p(Idk (x) © p(f o n(Y))) = p(p(f o n(Y)))
and
Rator(Rator(f)) © py = Rasor(p(f o n(Y))) 0 p(Ldx(vy) = p(p(f on(Y)) o n(K(Y))) 0 p(Idfc(y)) =

p(p(f en(Y)) on(K(Y)) o p(Idk(y))) = plp(f on(Y)) o Idgyy) = p(p(f o n(Y)))
where the fourth equality is by the second condition of Definition [7.6}
It remains to prove three remaining conditions of Definition

For the first one we have:
Ruyror(px) o px = p(pux o n(K(X))) o px = p(p(Idg x)) o n(K(X))) o p(ldg(x)) =

p(p(Idg (x)) o n(K (X)) o p(Idg (x))) = p(p(Idk (x)))

and
HE(X)OMBX = P(IdK(K(X))) o p(IdK(X)) = p(IdK(K(X)) o p(IdK(X))) = P(P(IdK(X)))
For the second one we have
Ruror(nx) o px = p(n(X) o n(K(X))) o p(ldge(x)) = p(n(X) o n(K (X)) o p(Idk (x))) =

p(n(X) o ldg(x)) = p(n(X)) = ldg(x)

For the third one we have
NK(X) ° kX = TK(X) ° p(IdK(X)) = IdK(X)
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We have proved that KM (K) = ((K, Ruror),n, 1) is a monad.

Let ¢(X) : Kop(X) — K,(X) be a morphism of Kleisli triples. Let us show that the same
family of morphisms, which we will denote ¢x instead of ¢(X), is also a morphism of monads
KM(K) — KM(K'), i.e., that the conditions of Definition [7.2] hold.

For the first condition we need to check that for any f : X — Y the equality

RMor(f) © d)Y = QbX o R/]Mor(f)
We have

RMor(f) ° (bY = p(f © U(Y)) ° (b(Y) - ¢(X) © p/<f ° U(Y)) = ¢X © R?\Jor(f)

For the second condition consider X € C'. We need to show that

(¢* ¢)x o px = pux 0 dx
We have:
(¢ d)x o p’y = QK (X)) 0 Ry (4(X)) 0 p'(Idgr(x)) =
P(K(X)) 0 p'(d(X) on(K'(X))) 0 p(Idgr(x)) = ¢(K(X)) 0 p'(¢(X) o n(K'(X)) 0 p'(Idgr(x))) =
(K (X))o p'(o(X)) = p(Idg(x)) 0 p(X) = pix 0 px

Where the first equality follows from the general properties of functor morphisms and the fifth
equality follows from the second condition of Definition [7.7]

The third condition of Definition [7.1] follows immediately from the first condition of Definition [7.7]

We have constructed a function from morphisms of Kleisli triples to morphisms of monads. It
remains to verify that together with the function on objects it satisfies axioms of a functor. This
is straightforward since the underlying function of objects and the underlying family of morphisms
in C remain the same.

Lemma 7.14 [2015.11.14.11] One has
MK o KM = IdMon(C)

KMOMK = IdKT(C’)

Proof: Two monads are equal when the underlying functors are equal on objects and morphisms
of C' and families of morphisms 1 and p are equal. Given a monad R = (R,n,u) we have for
KM(MK(R)):

1. KM(MK(R))o, = MK(R)o, = Row,
2. for a morphism f : X — Y we have
KM(MEK(R))mor(f) = prr(r)(f on(Y)) = Ragor(f o n(Y)) o u(Y) =
fon(Y)ou(Y)=foldy = f

3. The family of morphisms 7 is not changed by the functors KM and M K and we conclude
that ng (v r®)) = MR-
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4. For the family of morphisms p(X) we have
BEM(MER),X = PuE®R)Ldrx)) = Bmor(Idr(x)) © pR,X = HR,X

We conclude that M K o KM = Id on objects of Mon(C).

Two morphisms of monads are equal when the underlying functions Ob(C') — Mor(C') are equal.
Since functors M K and KM do not change this function we conclude that MK o KM = Id on
morphisms as well.

Two Kleisli triples are equal when the corresponding functions on objects are equal and the families
of morphisms 1 and p are equal. Given a Kleisli triple K = (Kop,n, p) we have for MK (KM (K)):

1. for X € C, KM(MK(K))O(,(X) = KOb(X),
2. for X € C the n of the triple is the same as the n of the monad,

3. for a morphism f : X — K(Y') we have
p(f) = KM(K)yor(f) © HKM(K))Y = p(fon(Y))o p(IdK(X)) =p(fon(Y)o p<IdK(X))) =

p(f o ldg(x)) = p(f)

Two morphisms of Kleisli triples are equal when the corresponding functions Ob(C') — Mor(C)
are equal. As for the composition in the opposite direction we conclude that KM o MK = Id on
morphisms since both functors do not change this function.

We can now provide construction for Problem

Construction 7.15 [2015.12.18.constr4] We take the functors M K and KM of Constructions
and as the morphism components of the required isomorphisms. Lemma [7.14] shows that
they are mutually inverse. This completed the construction for Problem

8 Relative monads and monads

For a set U, we let Mndy denote the category Mon(Sets(U)).
Problem 8.1 [2015.12.10.probl/ To construct a functor M Ly : Mndy — LW (U).

Construction 8.2 [2015.12.10.constrl] Let U be a universe. First we need a function from the
set of objects of Mndy to the set of objects of LW (U) which will become the object part of our
functor. Let R = (R,n, ) be a monad on Sets(U). We need to construct a category 7' and a
functor L : F — T that satisfy the conditions of Definition [5.1

We take for objects of T' the set N of natural numbers and for morphisms m — n the set of
morphisms Fun(stn(m), R(stn(n))) from stn(n) to stn(m) in the Kleisli category K (R) of R. The
composition is the composition in the Kleisli category and the identity morphisms are the identity
morphisms in the Kleisli category. The functor L is identity on objects and takes f : stn(m) —
stn(n) to f o Ny(n) ON morphisms.
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For the proofs we will need to remind the construction of the Kleisli category (see [5],[8, around
Th. 3.18}@. For a monad R on a category C the set of objects of K(C) is the set of objects of
C. One then defines Homg ) (X,Y) = Morc(X, R(Y)) and defines Mor(K(C)) using the same
approach that we have already used several times above. The composition for f: X — R(Y) and

g:Y — R(Z) is given by

fog=foR(g)onz
The identity morphism for X is given by nx. For any C, R one defines a functor CK : C' — K(C)
that is identity on objects and that maps a morphism f: X — Y in C to fony € Morc(X, R(Y)).

The fact that this composition and these identity morphisms define a category implies that our
composition together and identity morphisms define a category structure on T'. The fact that CK
is a functor implies that our L is a functor. It is also easy to prove it directly from the axioms of
a monad.

We now have T and L defined by R € Mndy. It remains to prove that they satisfy the condi-
tions of Definition 5.1l The first condition is obvious. The second condition is also obvious since
Fun(stn(0), R(stn(n))) is a one point set for any set R(stn(n)). The third condition is straightfor-
ward to prove as well since the square

.MM

Fun(stn(m +n), R(stn(k))) —% Fun(stn(n), R(stn(k)))
Fun(stn(m), R(stn(k))) ——— Fun(stn(0), R(stn(k)))

is a pull-back square for any set R(stn(k)). This completes the construction of M Ly on objects.

Let ¢ : R1 — Ro be a morphism of monads on Sets(U). We define a morphism of Lawvere theories
G = MLy(¢) : Tv — T5, where T1,T are the categories corresponding to Ry, Ry according to
the construction described above, as follows. We let o;, i = 1,2 denote the compositions in T3
and 75 and o denote the composition of functions between sets. On objects G is the identity. On
morphisms, for f € Fun(stn(m), Ri(stn(n))) we set

2015.12.10.eq2]G(f) = f © Gstn(n) (7)
Let us check that G is a functor. For the identity morphisms we have
G(Idl,n) = M, stn(n) © ¢stn(n) = "M2,stn(n) = Id?,n

For the composition, when f € Fun(stn(k), Ri(stn(m))) and g € Fun(stn(m), Ri(stn(n))) we
have

[201512106q1]G(_f °1 g) = G(f ° Rl(g) © MLstn(n)) =fo Rl(g) O H1,stn(n) © ¢stn(n) =

foR: (g) ° (¢ * (b)stn(n) O 2 stn(n) (8)

and

G(f) 02 G(g) =fo ¢stn(m) o RQ(g © gbstn(n)) O M2 stn(n) = fo gbstn(m) 0 R2(g) 0 R2(¢stn(n)) © 12 stn(n)

4Kleisli works with what we today would call a co-monad instead of monads. Manes works with monads but he
is more concerned with the construction of a monad from the data that defines Kleisli category.
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By the general properties of functor morphisms we have

(¢ * ¢)n = ¢R1 (stn(n)) © R2(¢stn(n))

Therefore continues as

foR (g) ° (¢ * ¢)stn(n) O[3 stn(n) = foR; (g) 0 ¢R1(stn(n)) o R2(¢stn(n)) © 12 stn(n)

Since ¢ is a morphism of functors (natural transformation) we have

R1(9) © ORy(stn(n)) = Pstn(m) © R2(g)
which finishes the proof that G commutes with compositions and with it the proof that G is a
functor.

To show that G is a morphism of Lawvere theories we need to check that L1 o G = Ls. On objects
it is obvious. On morphisms, for f € Fun(stn(m), Ri(stn(n))), we have:

(Ll o G)(f) = G(Ll (f)) = G(f o 7757&71(11)) =fo M,stn(n) © ¢stn(n) =fo M2,stn(n) = L2(f)
This completes the construction of the object and morphism components of M Ly;. It remains to
prove the axioms of a functor.

For the identity morphism axiom we need to check that given ¢ = Idg the corresponding functor
G : T — T constructed above is the identity functor. Its object component is identity for any ¢.
That its morphism component is identity follows immediately from .

For the composition morphism consider ¢; : Ry — Ry and ¢o : Ry — R3. Let G1,Go be the
functors constructed from ¢1, ¢2 and G the functor constructed from ¢ o ¢3. That G = G| o Go
on objects is obvious. For the morphism component and f € Fun(stn(m), Ri(stn(n))) we have:

G(f) =fo (¢1,stn(n) o ¢2,stn(n))

and
(Gl o G?)(f) = GQ(Gl(f)) = GZ(f o ¢1,stn(n)) =fo ¢1,8tn(n) ° ¢2,stn(n)

This completes the proof that M Ly is a functor and with it completes Construction [8.2

Problem 8.3 [2015.12.10.prob2/ Let U be a universe. To construct a functor LMy : LW(U) —
MndU.

Constructing a solution to Problem turns out to be much more difficult than constructing a
solution to Problem We start with several results that we will be using in the construction.

9 Radditive functors

In 10, p.213] we defined the concept of radditive functors on categories with finite coproducts. We
will now re-define radditive functors as functors satisfying a certain property on categories with an
initial object and the structure of binary coproducts. In the presence of the AC the new definition
is equivalent to the old one. In the absence of the AC it is, as we will show, a more general one.
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Definition 9.1 [2015.12.20.def2] Let C be a category with an initial object 0 and a structure of
binary coproducts (IL,iiy", 447", 2(—, —)). Let U be a universe. A radditive functor ® from C to
Sets(U) is a contravariant functor such that one has:

1. ®(0) is a one-point set,

2. for any X,Y € C the function a — (F(iig(’y),F(iii(’Y)) from F(XIIY) to F(X) x F(Y) is
a bijection.

Let us show that this definition is more general than the definition of [I0], i.e., that if C'is a category
with finite coproducts and @ is a radditive functor in the sense of [10, p.213] then we can construct
a structure of binary coproducts on C and with respect to this structure ® is a radditive functor
in the sense of definition [9.11

We first remind the definition of the finite coproducts structure. For this we will need to fix a
definition of a finite set, which we define as a set I such that there exists n € N and a bijection
¢ : I — stn(n). Note that we can assume that ¢ is chosen in proofs of statements but not in
constructions of objects since the latter is done in predicate logic by proving statements of the form
“there exists a unique”.

Definition 9.2 [2015.12.20.def3] A finite coproducts structure on a category C' is, for any finite
set I and a function X : I — Ob(C), an object Y, denoted ;c; X (i), and a function i~ : I —
Mor(C) such that the following conditions hold:

1. for alli € I one has i~ (i) : X(i) = Y,
2. for all Z € C and all families of elements f; € Morc(X (i), Z) there exists a unique element

g, denoted by W;cr fi, in Morc(Y, Z) such that for all j € I one has i~ (i) o g = f;.

One often writes X; instead of X (i) and 7 instead of 7% (7). In the case of I = (), Definition
specifies an object of C that is usually denoted by 0 or () and called the initial object of the
structure.

One also observes easily that any category with finite coproducts structure can be given a structure
of binary coproducts in an obvious way.

Lemma 9.3 [2015.12.20.11] Let C be a category with a finite coproducts structure and let ® be a
functor that is radditive with respect to the corresponding initial object and the binary coproducts
structure. Then for any finite set I the function

[T 7™ @) : FierXa) — [ ] F(X0)

i€l el

s a bijection.

Proof:
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