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Abstract

We work out the details of the proof for Yoneda Lemma using the text from [3]. Roughly speaking, Yoneda Lemma
allows us to embed locally small categories into Set via representable functors. We then give two consequences of
the Lemma: first is to show that Cayley’s theorem from group theory is a particular case of Yoneda Lemma, and
second is to derive Yoneda Embedding, a fully faithful functor from locally small categories to their presheaf category.
Further, we discuss quasi-uniform spaces from the paper [1]. Here we discuss categories of quasi-uniform spaces and
Promodules. We define the Yoneda embedding and prove a (weak) Yoneda Lemma for quasi-uniform spaces. We stop
our work here; though the paper goes on a step further to discuss the Cauchy completion monad for quasi-uniform

spaces.
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1 Introduction

An informal way of understanding Yoneda Lemma can be found in a Dutch saying, ” Tell me who your friends are, and 1
will tell you who you are.”. The main way of thinking about Yoneda Lemma is that any object of a category is determined
by Hj4 (introduced in our first proposition).

In this section, we set forth basic definitions and lemmas that we will require in order to prove Yoneda lemma. For
any category A, and its objects X,Y € A, we denote Hom 4(X,Y) with A(X,Y).

Definition 1.1. For any category A, it’s opposite category, AP is the category having the objects of A. And for objects
A, B € A, amorphism f € A°P(A, B) if and only if there is a morphism g € A(B, A).

Proposition 1.2. For a locally small category A, fixing an object A € A gives a functor, H4 : A°? — Set defined as:
(i) For any object B € A, Ha(B) := A(B, A).
(ii) For any morphism, g: X — Y in A,
Ha(g) : A(Y,A) - A(X, A) is given by p — pog.
Proof. Fix objects K, L, M in category A.

I (Composition) As H, is a contravariant functor, for any morphisms f € A(K,L) and g € A(L, M), we need
to show that Ha(go f) = Ha(f) o Ha(g). Note, the composition g o f on the left hand side is in A°P. Using the
definition of H4 gives us that for any k € Ha (M), we must have:

LHS = (HA(gof))(k):kogof

and RHS = (Ha(f) o Halg) ) (k) = (Ha($) (ko g) = (kog)o f.

II (Identity) We will show that for any k € A(K, L), Ha respects the identities of K and L in A°. Using the
definition of H 4, for any object L € A and morphism p € H4 (L), we get the following equations.

Right Identity: ((Ha(1x)) o (Ha(k)))(p) = (Ha(1x))(pok) = pokolx =pok = (Ha(k))(p)

Left Identity: ((HA(k)) o (HA(lL)))(p) = (Ha(k))(polr) = (Ha(k))(p)

Hence, H4 is indeed a functor. O

Definition 1.3. For a locally small category A, the category of presheaves on A, denoted by [A°P, Set] is defined to have
functors from A°P to Set as objects, and the natural transformations between them as morphisms.
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Lemma 1.4. Let A ﬂa B be a natural transformation. If for every A € A, aq : F(A) — G(A) is an isomorphism
NG "

then « is a natural isomorphism.

Proof. We will first show that there exists a natural transformation 8 : G — F and then that « and § are mutually
inverse. Fix any objects A, B € A and morphism k € A(A, B). As « is a natural transformation,

apo F(k)=G(k)oay. (1)
Because a4 is an isomorphism, we get that there exists 84 : G(A) — F(A) such that:
a0 fBa=1lg) and Baoas = lpa)- (2)

Similarly, ap gives us the existence of fp : G(B) — F(B) such that 8p o ap = 1p(p). Multiplying (1) with Sp and fa,
Bp o (aB ° F(k)) 0By =PBpo (Gk)o OKA) 0By = F(k)o By = pBpoG(k). (3)

Thus, § is a natural transformation from F' to G. Now, using (2) gives us that for any object A € A, (a o ﬁ) = lgu)
and (ﬁ ) a)A = 1p(a). Therefore,a o3 = 1g and Boa = 1p. Thus, a and 3 together give an isomorphism between F
and G in the functor category [A, B]. Hence, « is a natural isomorphism between F' and G. O

Lemma 1.5. Let A, B and C be categories. Suppose there are functors F,G : A x B — C.

For every A € A, there are functors, F4, G4 : B — C defined as taking B € B to F/(A, B), G(A, B) and morphism f
to F((1a,f)), G((1a, f)). And, for every B € B, there are functors Fg,Gp : A — C defined as in Proposition 1.2.

A family of maps, (a ap:F(A B)— G(4, B)) is a natural transformation F' — G if the following conditions
are satisfied:

AcA,BeB
(i) For each A € A, the family (aa p : F4(B) — GA(B))BGB is a natural transformation F4 — G4;

(ii) For each B € B, the family (aa,p : F(A) = Gp(A)) is a natural transformation Fg — Gp.

AcA
Proof. In order to show that a4 p) is natural in (A, B), we need to show that for any A,A" € A, B,B’ € B and
F((f.9)
F((A,B)) L)F((AQB’))
(f,9) e Ax B ((A, B), (A, B’)), the square a(A,B)l la(AlﬁB” commutes. Fix any objects 4, A’ € A and
G((A,B)) e )G((AQB/))

B, B’ € B. Fix any morphism (g, f) € A x B ((4, B), (A, B’)), where g € A(A,A’) and f € B(B,B’).
(I) We will show that F4 is a functor from B to C. It respects composition:
FA(f)o FA(g) = (1a,f) o (1a,9) = (1a, fog) = F4(fog).

And it respects identity as:
FA(1g) = F(14,1p) = 1, , = Lpa(p)-

G4 is shown a functor in the same manner.

Fp(4) 222 Fp(a))
(IT) Condition (ii) gives us that the square aA,Bl laA/’B commutes. By the definition of Fp and Gp, this
Gp(A) Gnlo) Gp(4')
F(4,B)" P, B)
square can be written as aA,BJ( JQA/’B

(N

FA(B) Y par gy

(IIT) Condition (i) gives us that the square o, l J/aA/‘B/ commutes. By the definition of F4 and G*, this
A’ Ay
G* (B) m G*(B')

FA, B U Dpy pry
square can be written as aA/’Bl J/aA/’B/ .

G(A',B)—— G(A', B

)G((lA/ )



(IV) Composing the squares from (IT) and (III), we get that the following rectangle commutes:

F(A,B) F((g,1B)) F(A/,B) F((Lar,f)) F(A/,B/)

OéA,BJ O‘A/,BJ JO‘A’,B’ . (1)

’ Y
G(4,B) G((9:1B)) G(4', B) G((1a7,1)) G4’ B)

Using (1), we get that:

aa,p o (F((lar, f)) o F((9.18))) = (G((Lar, f)) 0 G((g, 1)) © oar 1, (2)
And as F and G are functors, (2) gives us that:
OéA/’B/OF((g,f)) :G((gaf))OaA’,B’~ O

2 Yoneda Lemma

This section starts with a proof of Yoneda Lemma, and then uses it to derive Cayley’s Theorem. After that, we mention
a proof of Yoneda Embedding.

Throughout this work, the notation (_) occurs as a placeholder for the element a map is applied to. That is, (_o f)(k)
is defined to be ko f.

Theorem 2.1. Yoneda Lemma If A is a locally small category then, for any object A € A and X € [A°P, Set],
there exists an isomorphism,

[A%P Set|(Ha, X) = X(A) which is natural in A and X. (1)

Notation:
e We denote the category of presheaves on A by C.
e For the map “, instead of writing “(a) = b, we use @ = b to denote a — b.
e For the map 7, instead of writing ~(a) = b, we use a = b to denote a — b.

TN

o [A°P Set](Ha,X) denotes the collection of morphisms a: A ﬂa Set .

w

Remarks:

1. For a locally small category A, the functor category [A°, Set] is not in general locally small, and so the left hand
side of (1) is a priori a class and not necessarily a set. However, when we prove Yoneda Lemma, we set up a bijection
between this class and RHS of (1), which certainly is a set. Hence, the LHS of (1) is a set too.

2. We shall prove the theorem in two steps. First, we show that [A°, Set](Ha,X) is isomorphic to X(A) as a set.
Second we will show the isomorphism is natural in X and A.

3. In a way, Yoneda Lemma gives us that every functor from a locally small category A to Set, is either a representable
functor, or it has a natural transformation to it from a representable functor.

Proof. Let A be a locally small category. Fix an object A € A and a presheaf X on A.

I Showing isomorphism between [A°P, Set](H4,X) and X (A)
Define " : C(Ha,X) = X(A) forany a: Hy — X, as & := aa(la). As 14 € Set(A, A) = Ha(A), definition of a4
gives that aa(14) € X(A).
Define ™ : X(A) — C(H4,X) for any x € X(A) as the natural transformation # : H4 — X whose K-component is
the function mapping each morphism p € A(K, A) to (X(p)) (x). That is, Zx(p) == (X(p)) (x).



We are going to show that & is a natural transformation. Fix objects K, L € A and morphism ¢ € A°?(K, L).

Ha(K) 2% g1 A(K, A) —2%5 A(L, A)
Need to show that the square ;. le , that is iKi FL commutes .
X(K)WX(L) X(K)WX(L)

So, for any f: K — A, need that Z(f o q) = X(q) o Zx(f). Using the definition of Z gives the following.
LHS = 1(foq) = (X(foq)) ()
RHS = X(q) 0 (f) = (X(@)) (X())(@)) = (X(a) 0 X(f)) (@)

And as X is a contravariant functor, X (f o ¢) = X(q) o X(f), giving that LHS=RHS. Now going to show that ~
and ~ define an isomorphism. Need to show that ~ and ~ are mutually inverse.

(i) For any z € X(A), & = 4(14) = (X(lA)) (@) = 1x(a) (@) = 2.

(ii) For any a € C(H4,X) , need to show that & = a. So, it’s required that each of their component are equal.
As both & and « are natural transformations between functors that go to the category Set, each of their

components is a function. So, need to show that for any f € A(K, A) = H(K), (&)K(f):aK (f). Using first
the definition of ~ and then that of & gives:

LHS = ax(f) = (X(N) (@) = (X(N)(@a(14)) (1)
And as f € A(K, A), we also have the following.
RHS = ag(f) =ax(laof) (2)

Because « is a natural transformation, the following square commutes for 1 4:

A4, A) =L Ak, A)
aAl lom : (3)
(A

which gives that ax (14 o f) = (X( f)) (aa(14)). Hence, from (2) and (3), we get that RS = LHS.

II Showing naturality of this isomorphism
By Using Lemma 1.4 and 1.5, it’s enough to show that " is natural in X and natural in A.

(i) We are going to show the above isomorphism to be natural in X. Fix any A € A. Need, for presheaves X, Y € C
and natural transformation g € C(X,Y), the following square to commute:

C(Ha, X) 2275 C(HA,Y)
X(4) —5— Y(4)

So, for any a : Hy — X, we need that ("o (80_))(a) = (Bao")(a). Using the definition of (Bo_) and " gives:

LHS = ("o (B0 ))(a) = ((Fo)(@) = (Foa) = (Boa) (1) ()
RHS = (Bao")(a) = Ba(@) = (Baoaa)(la) (5)
As a € C(Ha,X) and B € C(X,Y) are morphisms in C, composition in C gives (8o a)s = Sa o as. Hence

RHS =LHS.

(ii) We are going to show that the isomorphism defined in I is natural in A. Fix any X € C Need that for objects
A, B € A and morphism f € A°(A, B), the following square commutes:

C(Ha, X) =% C(Hp,Y)

| |
X(4) o X(B)



Where Hy denotes (f o). So, for any o : Hq — X, we need that (" o Hy)(a) = ((X(f)) o A)(a). Using
definition of H; and ", we get:

LHS = ("o Hy)(a) = a0 Hy = (a0 Hy)p(1) = ap(fo 1p) = ap(lao f) (©)
RHS = ((X(H) 2 )(0) = (X(£)(@) = (X()) (@a(12)) “

By using equality of (1) and (2), for f € A(B,A), we get that (X(f)) (2a(14)) = ap(lao f). Hence,
RHS =LHS. O

A non-technical way of thinking about Yoneda Lemma can be as follows. There are things that are so small, that we
can’t directly observe them. So, physicists use particle accelerators, to collide observable things with the particles that
they wish to study. In a similar manner,locally small categories can also have a very complicated structure. They could
have objects, that are extremely hard to study directly. So, mathematicians use Yoneda Lemma to find out properties
such objects by looking at what various functors do to them. As the above proof indicates, for an object A, H, turns
out to be a very useful functor (we will see an illustration of this in the next theorem as well). Hence, in a sense, the way
a physicist uses a particle accelerator is similar to the way a mathematician uses Yoneda Lemma.

2.1 Cayley’s Theorem

Informally, given a locally small category.A, we can fix a presheaf X on A, and for any object A € A, study the set X (A)
and gain information about all possible natural transformations between H4 and X. Moreover, by part I(ii) of the proof
of Yoneda Lemma, each of the natural transformations is determined by its action on the identity of A in A. Thus, no
matter how complicated A is, if we choose X carefully, we can hope to understand the structure of A by looking at how
X (A) changes as we vary the chosen presheaf and object.

In group theory, Cayley’s theorem says every group G is isomorphic to a subgroup of the symmetric group on G.
Thus, instead of having to study a complicated group directly, we can study a subgroup of the symmetric group on it.

Cayley’s theorem and Yoneda Lemma are similar in the sense that both allow us to change the environment that we
study in by putting few restrictions on what we are allowed to study. Cayley allows us to change setting for groups, and
Yoneda allows us to do that for locally small categories.

Also, as groups themselves can be considered as small categories, we can apply Yoneda Lemma to any group. In fact,
we can get Cayley’s theorem as a consequence of Yoneda Lemma by a suitable choice of X and A.

Definition 2.2. Symmetric group on a set X is the set of all bijections on X, with the binary operation defined as
composition of bijections.

We will now use Theorem 2.1 and parts of its proof to prove Cayley’s theorem. We use the notation g.f to mean the
composition of g and f in the group.

Theorem 2.3. Cayley’s Theorem Every group, G is isomorphic to a subgroup of symmetric group on G.

Proof. Let G be a group. Define category A with a single object x. And precisely one morphism in A for each element
of G, with the composition of said morphisms being as that of elements of G. That is, for morphisms f and g in A, fog
is defined to be the morphism f.g. Then, G and A(,*) have the same elements and rule of composition, so there exists
a group isomorphism v : A(*,x) — G.

I Natural transformations from H, to H, are bijections on G.

SN

As A°P is a category with a single object, each natural transformation o : A°P ﬂa Set has only one compo-
Nt S

nent, that is a,. Therefore, we can identify o with «a,. Using naturality of o, we get that

H, () 9 g, (4 A(x, %) =215 A(x, %)
the square a*J( J{a* , that is Q*J( J{a* commutes for any f € A(x,*). (1)
H,(x) o H, (%) Al x) —77 Aleox)

Applying the identity of x in A in (1) gives us the following equation:

((*Of)oa*)(l*) = (a*o(,of))(l*) = Oé*(f) :a*(l*)of = Ot*(f) :Oé*(l*).f, (2)

where the RH S of last implication is given by the definition of composition in A. Thus, every natural transformation
« is defined in terms of its value at 1,. This can be considered as left multiplication by . (1) in G, which we know
is an automorphism of G. Thus, «,, and hence « can be thought of as a bijection on G.

So far we have shown that the collection [A°P, Set](H,, H,) of all « : H, — H, is a collection of bijections on G.



IT The collection [A°P, Set|(H,, H,) is a group.

We will show that the collection [A°P, Set|(H,, H) is a group with respect to composition in the category [A°P, Set].
As [A°P, Set] is a category, we have that the composition is associative. Also, because this collection contains
morphisms with the same source and destination, it is closed under composition. Identity of [A°P, Set](H., H,) will
act as the identity for its group structure.

We will now show closure under inverses. Fix any v : H, — H,. Since 7,(1,) belongs to A(x,*), let us call
¥(74(14)) = h € G. Thus, there exists h=! € G. As 1 is onto, there exists a € A(*,*) such that 1(a) = h~L.
From (2), we know that any natural transformation « is defined in terms of ay(1,) € A(x,*). Thus, we define
d: H, — H, with 6,(1,) = a. Giving us that h=! = w(d*(l*)). And as 1 is a group isomorphism,

Lo =97 (hh™h) =7 ) 7 ATY) = (1(10)) . (04(14)).

This gives us that § and ~ are inverses, as

for any k € A(x,*), (vod), (k)= (6.()) = 1 (6:(1:)-k) = (7(10)).(64(10)) ko = Lok = k.
Thus, the collection [A°P, Set](H,, H,) is a group.

IIT Applying Yoneda Lemma.

As the collection of elements of G form a set, A(x,*) is also a set. Hence, A is a locally small category. Because
A°P has the same number of morphisms as A, it is also a locally small category, and we may apply Yoneda Lemma
to it. Taking A = and X = H, in Theorem 2.1 (1), we get:

[AP, Set](H,, H,) = H,(%), 3)
where the isomorphism " is between sets.

IV Showing that ~ is a group isomorphism.
From the proof of Theorem 2.1, we know that the map " acts as o — «,(1,). Hence, for any «, 8 : H, — H,,

—

008 = (a0 B).(1) = (@) (D)) = (@) (1) (A1) = .3, @)
where the second-last equality is due to (2) being applicable as ((6)*(1*)) is an element of A(x, *).

Using I and II, we get that [A°P, Set](H,, H,) is a group with all of it’s elements being bijections on G. Thus, it is a
subgroup of the symmetric group on G. Using III we have shown that, the isomorphism ~ in (3) is between groups, with
the LHS being the above mentioned subgroup. And RHS being A(*,x), which is further isomorphic to group G:

kd

G = Ak, %) = [A, Set|(H,, H,) < Sym(G).

This is precisely the statement of Cayley’s theorem. O

2.2 Yoneda Embedding

Definition 2.4. A category A is said to be embedded in a category B if and only if there exists a functor F': A — B
such that F' is full and faithful.

Lemma 2.5. If a functor is full and faithful, then it is injective on objects upto isomorphism.

Proof. Let functor F' : A — B be full and faithful. Suppose, for objects A, B € A that F(A) = F(B). We are going to
show that A = B. As F is full, there exists f € A(A, B) such that F(f) = 1pa) € B(F(A), F(B)). Similarly, we also
have that there exists g € A(B, A) such that F(g) = 1pp) € B(F(B), F(A)). Because F is a functor,

F(gof)=F(g9)oF(f) =1p) o lpa) = 1pa) o lr) = 1ra) = F(la); (1)
F(fog)=F(f)oF(9) =1p)olrm) =1lrm olrm = lrm = F(ls). (2)

As F is faithful, (1) gives us that go f =14 and (2) gives us fog = 1. Hence, A = B.

We are going to define a functor H,, from locally small category A to the presheaf category on A, as taking any
object A € A to the functor H4. And for any X, Y, K € A, taking morphism f € A(X,Y) to the natural transformation
whose K*"-component is defined as taking any k € Hx (K) to fok € A(K,Y).

Proposition 2.6. H, is a functor from A to [A°, Set].
Proof. Fix any objects K, L, M € A.



I (Composition) Let f € A(K,L)and g € A(L,M). As Ho(go f) and He(g) o He(f) are natural transformations
from Hy to Hps, need to show that their X-components are equal for any X € A%. Fix X € A°? and k € Hg(X),
and using the definition of H,, we get that

LHS = (Ha(go )(k) = go f ok
and RHS = (Ha(g) o Ha(f)) (k) = (Ho(9)) (Fo k) =go f o k.
IT (Identity) We will show that for any g € A(K, L), H, respects the identities of K and L in A. Thus, for any
object X € A, we need to show that (H.(g) o H.(lK))X = <H.(g)>X = (H.(lL) o H.(g))X. Fix any morphism
p € Hig (X). Using the definition of H,, we get the following equations.
Right Identity: ((Ha(9)) o (Ha(1x)) ) (p) = (Ha(9))(1xc ) = (Ha(9)) (?)

Left Identity: ((H.(lL)) o (H.(g))) (p) = (He(11))(gop) =1 ogop=gop= (Hd(g))(p)

Hence, H, is indeed a functor. O
Theorem 2.7. Yoneda Embedding Any locally small category can be embedded in the presheaf category on it.

Proof. We will show that the functor from Proposition 1.10 is full and faithful. Fix any objects X,Y in a locally small
category A.

I To show that H, is a full, we need to show that for every a € [A°P, Set|(Hx, Hy), there exists a morphism
f € A(X,Y) such that He(f) = . Thus, we need to show that their K-components are equal for every K € A.
Using the definition of He(f), this amounts to showing that

for any morphism k € Hx (K), (H.(f))K(k) = ak(k), that is fok = ax(k). (1)

Because ax goes from Hx(X) to Hy(X), ax(lx) is a morphism in A(X,Y). We will show that choosing this
morphism to be f will give us the required result, that is (aX(IX)) ok = ak(k). Using the naturality of a,

Hx(X) ™ By (K) AX,X) =55 A, X)
we get that axl laK , that is axl laK commutes. Thus, for the identity mor-
Hy (X) R Hy (K) AX)Y) —— A(K,Y)

phism 1x € A(X, X), we get the following;:

(Fy (k) 0 ax ) (1x) = (ax o Hx(k))(1x) = ax(1x) ok = ax (k).
Thus, we have that H, is a full functor.

IT Fix any morphisms f,g in A(X,Y") and suppose Ho(f) = He(g). In order to show H, is faithful, we need to show
that f = g. As Ho(f) and He(g) are equal natural transformations, we have that the action of their X-components
is equal. Thus, in particular, for the identity of X, (H. (f))X(lx) = (H. (g))X(lx). Using the definition of H,, we
get that folyxy =golyx. And as both g and f are morphisms from X, we get that f = g.

O

3 Prorelations

Definition 3.1. A prorelation is a partially ordered, down-directed, up-set of relations X — Y.
That is, P C P(X x Y) is a prorelation if it satisfies the following conditions:

(i) Partial Order: Containment of relations defines a partial order. That is, » C s meaning that for any (z,y) € X x Y,
if (z,y) € r then (x,y) € s.

(ii) Down-directed: For any r,s € P, there exists t € P such that ¢t Cr and ¢ C s.
(iii) Up-set: For any relation u : X — Y, if there exists p € P such that p C u then u € P.

Example 3.2. We will define a prorelation on real numbers. For any positive real number ¢, define a relation on R as
A ={(z,y)| |z — y| < €}. The collection of all relations on R that contains some A, will be a prorelation, K on R. That
is, K ={a:R—=R| a2 A, for some € >0 } forms a prorelation. If k,! € K, then there exist d, € > 0 such that k D A;
and [ D A.. Thus, the relation A age is in both k and [. Moreover, K is an up-set by definition.



Definition 3.3. A prorelation P : X — Y can be composed to a prorelation @ : Y — Z by taking composition of the
relations belonging to them. Then, the set Q.P is defined as Q.P ={qop:p € P and q € Q}.

Lemma 3.4. Composition of two prorelations is a prorelation.
Proof. For prorelations P: X — Y and Q : Y — Z, need to show that Q.P is a prorelation.

(i) (Partial Order) Inclusion of relations gives a partial order.

(ii) (Down-Directed) If k, k' € Q.P, then k = gp and k' = ¢’ p’ for some ¢,q' € Q and p,p’ € P. Because @ and P are
prorelations, and hence down-directed sets there exists, a € @ such that a C ¢,¢' and b € P such that b C p,p’.
Thus, giving an element, a o b of .P such that aob C k, k'

(iii) (Up-Set) Let I : X — Z be a relation, and k € Q.P such that [ D k. Define relations p: X - Y and ¢: Y — Z as,
p={(z,y) :x € Dom(l) and y € Y} and ¢ = {(y,2) : y € Y and z € Ran(l)}. Because k € Q.P, there exist ¢ € Q
and p’ € P such that k = ¢/ o p’. Thus by definition of p and ¢, we get that p 2 p’ and ¢ 2 ¢’. Hence p € P and
q € Q because P and @ are up-sets, which gives us that gop € Q.P. For any (x, z) € [, by definition of p and ¢,
we get that for every y € Y, (x,y) € p and (y, z) € ¢. By definition of composition, this gives that (z,z) € g o p,
giving that [ C g o p. And, by definition of ¢ o p we get that [ D g o p. Finally giving that [ = qop € Q.P. O

Definition 3.5. For prorelations P,Q : X — Y, if for each ¢ € @, there exists p € P such that p C ¢, then we write
P <Q.
Definition 3.6. For a relation r» : X — Y, it’s opposite relation r° : Y — X is defined as
(y,x) € r° if and only if (z,y) € r for z € X and y € Y.
Lemma 3.7. For any function f: X =Y, f°o f=Ax.

Proof. As f is a function, it must be defined on every element of it’s domain. Thus, for every & € X, there exists some
(z,y) in f. By definition of f°, (y,) is in f°. Hence, by definition of composition, (z,x) is in f° f. O

Lemma 3.8. For any relation r : X — Y, the composition 7 o r° is contained in Ay.

Proof. Suppose there exist x € X and y € Y such that xry. By definition of r°, this gives us that y r° x. Using definition
of composition, yr°zry gives that y (r o r°)y. O

Lemma 3.9. For relations r,s: X Y and ¢t:Y — Z,if r C sthen (tor) C (tos).

Proof. Suppose relations r, s and ¢ are as given above, and let = (¢r) z. By definition of composition, there exists, y € Y
such that xry and ytz. Using the hypothesis, as r C s, xry gives xsy. And via composition of x sy with yt z,
we get x (ts)z. We started with any element of (¢ o r) and showed that it must also be in ¢ o s and thus have that
(tor) C (tos). O

Lemma 3.10. For relations r: X — Y and s,¢t:Y — Z,if s Ct then (sor) C (tor).

Proof. Suppose relations r, s and t are as given above, and let x (s) z. By definition of composition of relations, we get
that there exists some y € Y such that xry and ysz. Because s C ¢, y sz implies that ytz. Taking the composition,
xrytzyields x(tr)z. We started with any element of (sor) and showed that it must also be in ¢ or and thus have that
(sor)C(tor). O

4 Quasi-Uniform Spaces

Definition 4.1. A prorelation P on a set X is said to be a quasi-uniformity if it satisfies the following conditions:

(i) Every relation in P is reflexive. That is, for each p € P, if © € X then (z,z) € p.
(ii) For each p in P, there exists p’ in P such that p’ o p’ C p.

Example 4.2. We will show that the prorelation K, defined in Example 3.2 is a quasi-uniformity. The definition
Ae = {(z,y)| |z — y| < €} implies that each A, is reflexive. And as every relation in K contains some A, it must be
reflexive as well, hence definition 4.1 (i) holds for K. Now we are going to show that definition 4.1 (ii) holds for K. Fix
any relation a € K, so, by definition of K, there exists € such that b O A.. Using |z — y| = |y — z| we get that A, is
symmetric. Thus, for any ¢, Ac 0o Ac C A Cb.

Definition 4.3. If X is a set, and A is a quasi-uniformity on X, then (X,A) is a quasi-uniform space.

Definition 4.4. A function, f : (X, A) — (Y, B) is said to be uniformly continuous if and only if f.A < B.f. That is,

x 1.y

for each b € B, there exists a € A such that foa C bo f. Meaning that AJ, < J{B .

XT>Y

Lemma 4.5. If A is a quasi-uniformity on a set X, then A.A = A.

Proof. Fix any a € A, as A is a quasi-uniformity, 3b € A : bb C a, we get that A.A < A. And as A is a prorelation, and
is hence down-directed, 3¢ € A : a.a 2 ¢, giving that A.A > A. O



4.1 Categories QUnif and ProMod

We define a category called QUnif as having quasi-uniform spaces as objects and uniformly continuous maps between
them as morphisms. With the composition of morphisms defined as that of functions, and identity of object (X, A) being
the identity function on set X.

Proposition 4.6. QUnif is a category.
Proof. (i) (Associativity) The composition of functions is associative by definition.

(ii) (Identity) For each object (X, A), the identity function Ax : (X, A) — (X, A) is uniformly continuous as Ax.A =
A< A=AAy. 0

Definition 4.7. A prorelation, ¢ : X —e—» Y is called a promodule ¢ : (X, A) —e» (Y, B) if it satisfies:
¢.A < ¢ and B.¢p < ¢.

Now, we define a 2-category called ProMod as having quasi-uniform spaces as 0-cells and the promodules between
them being 1-cells. The promodule A will work as the identity of (X, A).

Let promodules P, Q@ : (X, A) —e» (Y, B). Then, there is a 2-cell from P to @ if and only if P < @ as prorelations.
The identity 2-cell of P is the 2-cell corresponding to P < P. For the definition of 2-category, we have referred to [4].

Proposition 4.8. ProMod, as described above is a 2-category.
Proof. In order to show that ProMod is a 2-category, need the following:

(a) (1-Identities) For each quasi-uniform space (X, A), A : (X, A) —» (X, A) a promodule because A.A = A by Lemma
4.5.

(b) (1-Composition) Need composition of promodules to be a promodule.
Let ¢ : (X,A) —» (Y,B) and ¢ : (Y, B) -+ (Z,C) be promodules. To show that .¢ : (X, A) -+ (Z,C) is a
promodule, need it to be a prorelation that satisfies the two conditions required to be a promodule:

(i) By Lemma 3.4, prorelations are closed under composition. Hence, ¥.¢ is a prorelation

(ii) Need to show that 1).¢.A < ¥.¢. So, Fix p € ¢ and ¢ € ¢. As ¢ is a promodule, ¢p.A < ¢ gives that there
exists ¢’ € ¢ and a € A such that ¢’ a C q. Thus, pq¢’a C pq.

(iii) Need to show that C.4p.¢ < ¥.¢.Fix p € ¢ and ¢ € ¢. Because v is a promodule, C.¢p < ¢ gives that there
exists ¢ € C' and p’ € ¥ such that ¢p’ C p. Thus, cp’ ¢ C pq

(¢) (2-Identities) As every promodule is contained in itself, always have ¢ < 1. Define this comparison to be the
identity 2-cell for 9 and denote it by <y

(d) (Vertical 2-composition) For promodules v, ¢, : (X, A) —o» (Y, B), if there is is a 2-cell from ¥ to ¢ and another
one from ¢ to d i.e. Y < ¢ <6, then by transitivity of the partial order, ¢ < § i.e. there’s a 2-cell from ¥ to 4.

(e) (Horizontal 2-composition) If there are promodules ¢, : (X, A) —e» (Y, B) and ¢, ¢ : (Y, B) -~ (Z, C) such that
P < 9 and ¢ < ¢, need to show that . < ¢'.¢/. Fixp’ € ' and ¢ € ¢/. Asp <¢', Ip e :p Cp and as
Y <, 3q€¢p:qCq. Thus,pgCp'q

(f) (1-Identity) Need to show that for any promodule ¢ : (X, A) —e» (Y, B), ¢.A = ¢ = B.¢. By quasi-uniformity of
A, every a € A, is reflexive. Thus, for any p € ¢ and a € A, p = p.Ax C pa giving that ¢ < ¢p.A. And as ¢ is a
promodule, ¢ > ¢.A. Hence, by anti-symmetry of the partial order, ¢ = ¢.A.

Similarly, By quasi-uniformity of B, every b € B, is reflexive. Thus, for any p € ¢ and b € B, p = Ay.p C bp giving
that ¢ < B.¢. And as ¢ is a promodule, ¢ > B.¢. Hence, ¢ = B.¢.

(g) (1-Associativity) As composition of relations is associative, so too is the composition of prorelations directly giving
that composition of promodules i.e. 1-cells is associative.

(h) (Vertical 2-Identity) Let <: ¢ — ¢ be a 2-cell i.e. ¢ < ¢. By our definition of identity 2-cell, <, . <; means
precisely that ¢ < 1) < ¢, and by transitivity, this is equivalent to 1) < ¢. Similarly, <; . <4 means exactly that
1 < ¢ < ¢, and this is equivalent to ¥ < ¢.

(i) (Vertical 2-Associativity) Associativity of the partial order on promodules directly gives the associativity of com-
position of 2-cells in ProMod.

(j) (Horizontal 2-Identity) Let ¢, ¢ : (X, A) —e» (Y, B) be promodules. For any 2-cell <: ¢) — ¢, need to show that the
2-cell given by the horizontal composition, < x <4 is equal to <, as well as equal to <p * <. So, it’s required that
PA<PA < p < ¢ < B.p < B.¢. And this holds as a direct consequence of (f).

(k) (Horizontal 2-Associativity) As there’s a unique 2-cell between any two promodules, and composition of promodules
is associative, horizontal composition of 2-cells is associative.



(1) (2-Identity) For promodules ¢ : (X, A) —e+ (Y, B) and : ¢(Y, B) —e=+ (Z,C) need (<y * <4) =<y.4. Both sides of
the required equality are 2-cells <: 1. — 1.¢. Thus, they are equal by the uniqueness of 2-cells between any two
1-cells.

(m) (2-Interchange) Let ¢, 4,9 : (X, A) —» (Y, B) and ¢, ¢', 0" : (Y, B) —e» (Z,C) be promodules. For 2-cells <;: 1) —
$,<o: ¢ = 9, <1 = ¢ and <p: ¢’ — ¢ need to show (<p . <) * (<o . <) = (Kp * <9).(<4 * <1). Both RHS
and LHS are 2-cells from 1.9’ to §.0" and are hence equal. O

4.2 Functors between QUnif and ProMod

We now define a functor from the category QUnif to ProMod, as fixing objects and taking uniformly continuous maps
f:(X,A) — (Y,B) to B.f.

Proposition 4.9. The mapping defined above, (_). : QUnif — ProMod as:
(a) for (X, A) € QUnif, (X, A). :=(X,A) € ProMod,
(b) for f:(X,A) — (Y,B) in QUuif, f. := B.f,

is indeed a functor.

Proof. We will first show that B.f =bo f:b € B is a promodule, and then that (), defines a functor.
(i) (Partial-Order) Inclusion of relations acts as the partial order.

(ii) (Down-Directed) Fix any k, k¥’ belonging to B.f. Thus, there exist b,b’ in B such that k =b f and ¥’ = b f. Using
down-directedness of B, there exists ¢ € B such that ¢ C b,0’. Hence, by Lemma 3.10, ¢ f C k, k'

(iii) (Up-set) Let k belong to B.f and [ : (X, A) — (Y, B) be a uniformly continuous function such that ! D k. Define
a relation b’ = {(f(d),{(d)) : d € Dom(l)}. By definition, for any x € X and z € Y such that (z,z) € I, we get
that (f(z),z) € . And 1 2 k = b f implies Dom(l) 2 Dom(f), giving (z, f(x)) € f. Therefore, by definition of
composition, (x,z) € b'.f. Conversely, suppose (z,z) € V/.f. By definition of composition, there exists f(z) € Y
such that (f(z),z) € ¥'. Again using the definition of ¥, we get that z = I(z) i.e. (z,z) € . Hence, l = b f. Now
we will show that & D b. Because b/ f =1 D k = b f, for any x € X we have that b’(f(:r)) D) b(f(x)) Thus,
V|f(@) 2 blz). By down-directedness of B, b|s(,) C b implies b(z)|s,) € B. Finally, 0" D 0'|fz) 2 blsa) gives
b € B. Hence, v'.f € B.f.

(iv) Need to show that (B.f).A < B.f. So, fix any b € B, we will find ¥’ € B and a € A such that ¥ fa C bf. By
quasi-uniformity of B, there exists b’ € B such that b’ b C b. Using Lemma 3.10, we get that b'b' f C b f. As f is
uniformly continuous, f.A < B.f gives that there is some a € A such that fa C ¥ f. Using this in the previous
inequality, we get ¥’ fa C V'V f Cbf.

(v) Need to show that B.B.f < B.f. Fix any b € B, we will find ¥’ € B such that b’ b f C b f. By quasi-uniformity of
B, there exists b € B such that b’ ¥’ C b. Using Lemma 3.10, we get o' b’ f C bf.

Thus, B.f is a promodule. We now proceed to show that (), defines a functor.

(i) (Composition) Need to show that (go f). = g« f« i.e. C.g.f = C.g.B.f.

In order to show C.g.f < C.g.B.f, fix any b € B,c € C. We will show that cgf C cgbf. As f is uniformly
continuous, f.A < B.f gives that there exists a € A such that fa C b f. Using Lemma 3.9, we get (cg)fa C (cg)b f.
Now, using reflexiveness of a, we get cg f C cgb f.

Now, to show that C.g.f > C.g.B.f. Fix any ¢ € C, we will find ¢/ € C and b € B such that cgf D cgbf. By
quasi-uniformity of C, there exists ¢ € C such that ¢ D ¢ ¢’. Using Lemma 3.10 gives that ¢(g f) 2 ¢ ¢ (g f).
Because g is uniformly continuous, C.g > ¢.B gives us b € B such that ¢’g D bg. Using this in the previous
inequality gives that cg f D ¢’ gb f.

(ii) (Identity) Let (X, A) be an object of QUnif and 1(x 4y : (X,A4) — (X, A) be the identity of (X, A). That is,
1(x,4) is defined as x +— 2. Need to show that (1(x a))« = 1(x 4),. Using functor’s definition, LHS = (1(x,4))+ =
A.(l(X“A)) = A.l(X,A) = A and RHS = 1(X,A)* = 1(X,A) Using PI‘OpOSitiOD 4.8 (f), we get that A = 1(X,A) =
RHS. 0

Similar to the above functor, we define a contravariant functor from the category QUnif to ProMod, as fixing objects
and taking uniformly continuous maps f : (X, 4) — (Y, B) to f°.B.

Proposition 4.10. The mapping defined above, (_)* : QUnif”” — ProMod as :
(a) for (X, A) € QUnif?, (X, A)* := (X, A) € ProMod,
(b) for f: (X, A) = (Y, B) in QUnif, f* := f°.B,

is indeed a functor.
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Proof. Showing that f°.B: (Y, B) —e» (X, A) is a promodule.
So, need to show f°.B a prorelation Y — X and that (f°.B).B < f°.B and A.(f°.B) < f°.B
To show prorelation,

(i) (Partial-order) Inclusion of relations is the partial order.

(ii) (Down directed) for k, k" € f°.B, need that 3l € f°.B such that | C k, &’
Fix k,k' € fo.B = 3,0’ € B: k= f°oband k' = fool/
By down-directedness of B, there exists ¢ € B such that ¢ C b,V’, define | = f° o ¢. Now, using Lemma 3.9 gives
l=f°0ccCkkK.

(iii) (Up-set) for a relation ! :Y — X and k € f°.B such that [ D k , need | € f°.B

Let b € B be such that k = f° o b and define b’ := {(y,y') : y € Dom(l) and y' € (f°)~*(I(y))}

Asl D k= f°0b, Dom(b') = Dom(l) 2 Dom(b)

and Ran(l) 2 Ran(f°ob) = Vy € Dom(b), Ran(t') = (f°)"1(I(y)) 2 (f°)~(f° o b) = Ran(b).

Now, by definition of &', f°od’ D 1. To show f¢ob Cl

(x,y) € foll = Fz€Y :(x,2) €l and (z,y) € f° = z € Dom(l) and z € l(z) i.e. (z,2) €.
(iv) To show (f°.B).B < f°.B, need that Vb € B,3' € B: feob/ ob' C f°ob,

Fix any b € B, as B is a quasi-uniformity, 30’ € B: b ot/ Cb = fCob ob/ C fo0b.

To show A.(f°.B) < f°.B, need that Vb € B, 3b' € Bja€ A:ao f°ob C f°ob.

As f is uniformly continuous, f.A < B.fie. Vbe B,dJa€ A: foaCbof = a= f°ofoaC fobo f.

Fix any b € B, so, 3V’ € B : b'b/ Cb. And, for this &',3a : a C foUf = af°b C fo0'ffo0 C fob'l C fb —
afey C fob.

Now, need to show that (_)* respects composition and identity.

(i) (Composition) let f, g be uniformly continuous, (X, A) ER (Y,B) % (Z,C) need that (go f)* = f*.g*

LHS=(go f)* = (g0 f)?.C = (f°0y¢°).C and RHS=f".¢g" = (f°.B).(9°.C)
For equality, showing that LHS>RHS and LHS<RHS:

To show (f° 0 ¢°).C > (f°.B).(¢°.C), need that Ve € C,3b € B,¢' € C: f°g°c D f°bgc
Fixany ce€ C, s0,3c € C: o Cec = [f°¢°% D fg°(c') = f°g°(d Azc) D f°g°c'(gg°)c
By uniform continuity of g, for ¢/ € C,3b € B : gb C /g

Thus, f2g°c 2 f°g°(c'g)g°c 2 [°(g9°9)bg°c’ = fobg’c’.

To show (f°0¢°).C < (f°.B).(g°.C), need that Vb € B,c € C,3c € C: f°g°c C f°bg°c

Fix any ¢ € C,b € B will show that ¢ := ¢ works:

As B is a quasi-uniformity, Ay Cb = f°Ayg°c= f°g°c C f°bg°c = f°bg°c

(ii) (Identity) let (X,A) € QUnif ®, and 1(x 4y : (X,4) = (X,A) as ¢ — 2z need that (1(x4))* = 1(x a)
LHS:(I(X7A))* = (1(X7A))O.A = 1(X,A)~A = A.
And as RHS = 1(x a)- = 1(x,4) Using Proposition 3.2(f), we get that A = 1x 4y = RHS. O

A quasi-uniform space (X, A) defines a topological space as given by the following proposition that we borrow from
[2]. A subfamily B of quasi-uniformity A is called a base for A if each relation in A contains a relation in B.

Proposition 4.11. Let B be the base for quasi-uniformity A on X. For z € X, define B(z) = {B(z)|B € B}. Then
there is a unique topology on X such that for each x € X, B(x) is a base for the neighborhood of z in this topology.

We skip the proof as we have no requirement of it. But refer the interested reader to [2] for similar results.

Definition 4.12. For any quasi-uniform space (X, A), an element x € X is said to belong in the topological closure of
set M C X if and only if for each a € A, there exists y € M such that zay and yazx.

Definition 4.13. Let f: (X, A) — (Y, B) be a uniformly continuous function.
I fis said to be fully faithful if and only if f*.f. = A.
IT fis said to be fully dense if and only if f..f* = B.
IIT fis said to be topologically dense of and only if m =Y.
Proposition 4.14. Let f: (X, A) — (Y, B) be a uniformly continuous map.
(a) fis fully faithful if and only if A = f°.B.f, that is A > f°.B.f.
(b) fis fully dense if and only if for any b € B, 3b’ € B such that & C b f f°b.

(c) fis topologically dense if and only if for any b € B, b f f°b is reflexive.
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(d) fis fully dense if and only if f is topologically dense.

Proof.

(a) (i) (=) Let f be fully faithful i.e. f*.f, =A = f°.B.B.f = A.
Need to show that A = f°.B.fie. A< f°.B.f and A > f°.B.f.
By hypothesis and quasi-uniformity of B, A > f°.B.B.f > f°B.f.
To show A < f°.B.f, need that Vb € B,Ja € A:a C f°bf.
Fix b € B, hypothesis gives that f°.B.B.f < A so,
Ja € A:a C fobbf and also, by quasi-uniformity of B, for b,30' € B: bt/ Cb = foU'b' f C fobf.
Combining the above two inequalities, we get a C f°bbf C fobf.

(ii) (<) Let A = f°.B.f need to show A= f°.B.B.fie. A> f°B.B.f and A< f°B.B.f.
To show A > f°.B.B.f, need to show that Va € A,3b,b' € B:a D fobb'f.
Have that A > f°.B.f and B.B < B.
So, fix a € A, now 3b € B : a C f°bf and for this b, 3’ € B : V'b’ C b. Therefore, a D f°bf D fob'V f. To
show A < f°.B.B.f, need Vb,b' € B,Ja € A:a C f°bb'f.
Before that, uniform continuity of f along with Lemma 2.1.1 gives that f.A < B.f implying A = f°f.A <
fo.B.f. So, fix b,b’ € B, now, as ,
A< fe.B.fgivesus da€ A:a C f°bf and da’ € A:a’' C foU'f — Ax C fo0'f.
Hence a = aAx C (fobf)(f°b' f) C fobb' f

(b) (i) (=) Let f be fully dense i.e. B = f.f* = B.f.f°.B. Showing that Vb € B,30' € B : b’ C bf f°b.
So, fix b € B, as B < B.f.f°.B, there exists b’ € B such that & C bf f°b.
(ii) (<= ) Suppose Vb € B, € B : V' C bf f°b. This gives B < B.f.f°.B, in order to show equality, also need
B > B.f.f°.B. By quasi-uniformity of B, for any b € B, 3b’ € B : t’b/ C b. Now, by Lemma 3.8,
ffPC Ay = Vffoy CYAyY =b'b Cb.
(¢) (i) (=) Let f be topologically dense. We will show that for any b € B,y € Y, (y,y) € bff°b. Fix any b € B
and y € Y. As f is topologically dense, f(X) =Y, implying that y € f(X), by definition giving that:

Jr € X such that (f(x),y) € b and (y, f(z)) € b.

Re-writing the above statement in terms of relations, and considering f as a relation:
(f(x),y) € b gives w(bo fly ie. y € (bo f)(x), 1)
(y, f(x)) € b gives f(z) C b(y). (2)
Repeatedly applying Lemma 3.9 to (2),

fl@) Soly) = (fof)(f(x) S (fof)bly) = (fofof)(x)<S (fof od)(y)
Applying Lemma 3.7 to the final inequality in the above statement gives that

flx)=(folAx)(x) S (fofoof)(x) S (fof ob)(y).
Applying Lemma 3.9 and then using (1) on the above inequality completes the result:

f@@) S (£f0)(y) = (bo f)(x) C (bffD)(y) == y € (bffb)(y) ie. y(bffD)y.

(ii) (<) Fixany y € Y and b € B. Also, suppose that Ay < bf f°b. As the domain of f is X, f°: Y — X, and
as b is reflexive, ¢ # (f°ob)(y) C X. So, fix z € (f°ob)(y), going to show that (f(z),y) € b and (y, f(x)) € b.
Again, while viewing f as a relation:

Ay <bff°b = Ay(y) Cbffby) = (0f)(f7b(y)).

Last inequality of the above statement gives y € (bf)(x) i.e. (f(z),y) € b. Applying Lemma 3.8 to f, and then
using Lemma 3.10,
fI°CAy = ffbC Ayb=b.

Thus °b(y) C b(y) and hence f(z) C b(y) => (3, f(x)) €.
(d) (i) (=) Let f be topologically dense. As B is a quasi-uniformity, for any b € B,
W ecB: Y Chband Ay CV = b =bAy CHVY CO (3)

By the characterization of topologically dense in (c), have that Ay C V' ff°b'. Now, using the (3) and Lemma
3.9,

Ay CH OV = b =bAy CHVFFOV Chffop Cbffob
Hence, we have b’ € B : b/ C bf f°b giving us that f is fully dense (from (b)).

(ii) (<= ) From (b), we have for b € B, the existence of i’ € B such that b’ C bf f°b. As B is a quasi-uniformity,
Ay CbV. So, Ay Cbff°b, and from (c), this gives us that f is topologically dense. O
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5 Yoneda Lemma in Quasi-Uniform Spaces

In this section, we will prove Yoneda Embedding and (a weak version of) Yoneda Lemma for quasi-uniform spaces. We
use 1 to denote the quasi-uniform space with one element, that is, the quasi-uniform space ({*},{(*,*)}). Also, when
unambiguous, we also use 1 to denote the quasi-uniformity of the quasi-uniform space 1.

Definition 5.1. The set PX is defined to be the collection of all promodules from the quasi-uniform space (X, A) to
the quasi-uniform space 1.

PX :={¢: (X, A) - 1|3 is a promodule}

Proposition 5.2. For any a € A, a is defined to be a relation on PX as:

for ¢, € PX, ¢a if and only if ¢ < v.a .

The set, A := {a: a € A} defines a quasi-uniformity on PX.

Proof. First need to show that A is a prorelation,

(i)
(i)

(iii)

(Partial order) For any two relations a, b: PX — PX, define a < b to be true if and only if a C b.

(Down-Directed) Need for any a,b € A, the existence of some & € A such that ¢ C a,b. If @,b € A then by definition,
a,b € A. By down-directedness of A, there exists ¢ € A such that ¢ C a,b. Now the deﬁmtlon of A gives that ¢ € A.
And the definition of the partial order on A ensures ¢ < @, b.

(Upset) For any relation, [ : PX — PX |, need that if k belongs to A such that | > I~c, then [ € A.
Fix any k : PX — PX, and k € A such that [ > k. As k is a relation between promodules X —e— 1, it can be
thought of as a relation a on X, defined as:

a:={(z,y): x € Dom(v) and y € Dom(¢) whenever F,p € PX : 1lo}

So, I > k gives that @ > k i.e. a D k. And as A is an upper-set, we get a € A. Now, by definition of A, [ € A.

Secondly, we need show that the two conditions from Definition 4.1 hold for A.

(i)

(i)

For all @ € A, need a to be reflexive i.e if ) € PX then ¢ a.
By definition of @ , need to show that ¥ < .a. So, fix a p € 9, we will show that p C p.a. Quasi-uniformity of A
gives that Ax C a. Hence, by Lemma 3.9, p=pAx C pa .

For all a € A, need to find b € A such that bb < a.

Before showing the result, proving that for any z,y € A, g < 2y ie. Vy,0 € PX , (2§)¢p = ayeo. If
P1(a. b)wg, then, the definition of composition gives that Jib, such that ¥y bibs dvs. NOW the definition of b gives
1 < 1ha b and that of @ gives 1 < 13 a. Combining these inequalities, 11 < 92.b < 93.ab. Hence, by definition of
ab, 11 (ab) ¥s.

Now, to show the result, fix any a € A. Therefore,a € A, and by quasi-uniformity of A, 3b € A : bob C a. Thus,
by the partial-order defined on A, bb < a. Hence, transitivity of the partial order gives us the required result,
bb < bb < a. O

Proposition 5.3 (Yoneda Embedding).
For a quasi-uniform space (X, A), function yx : X — PX is defined by x — a* for x € X.

(a) yx
(b) yx

. (X,A) — (PX, A) is a uniformly continuous map.
(X, A) = (PX, A) is fully faithful.

Proof.

(a)

In order to show that yy is uniformly continuous, need to show that y.A < fl.yX. By definition of < | we need
that for each a € A, there exists b € A such that yx ob C @ oyx. Applying the relations to some element, x of the
set X gives:

(yx 08)(2) € (@oyx)(2) = yx(b(a)) C ala"). (1)

So, for the condition given by (1) to hold, if y € b(x), then it’s required that y* = yx (y) € a(z*) i.e. z*ay*. Using
the definition of z*,y* and a,

rray* <= 1°. A<y’ Aa < Va' € A,Ja" € A:x2%" Cy°da (2)

Now, fix any a € A, x € X. Thus, quasi-uniformity of A, gives a”’ € A such that a”a” C a.Also, choose some
y € a’’(x). Hence, in order to show that the condition from (2) holds, need that Vb € A, z°a” C y°ba. Applying the
relations to an element z € X gives the following condition:

Vb e B,Vz € X , (2°d")(2) C (y°ba)(2). (3)
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Examining the left side of (3) gives:
¢ ifxédad(z)

(xoa") (2) = 2°(d"(2)) = {* it €a’(2)
Thus, to show that (3) holds, need to show that (for any b € A and z € X):
read (z) = z(y°ba)* ie. y € (ba)(z) (4)

To show that (4) holds, fix any z € X : « € a”’(z). Also, by our choice of y, have that y € a”(z). And asb € A4, it’s
reflexive, giving that y € b(y). So, by composition of relations, we get:

za"z | xa"y and yby = z(a"a"b)y = z(ab)y i.e. y € (ba)(z).

By using Proposition 4.14 (a), need to show that A > y%.A.yx i.e. Ya € A,3b € A:a D y% byx. Applying the
relations to an element, € X gives the condition:

(4% b ux ) (@) Cale) = (v b)) = 2 (ba")) € ala). (5)

Thus, if y* € PX such that z*by*, then y € 3 (5(3:*)) For (5) to hold, need that y € a(x), that is, zay. Thus,
need only to show that for any a € A, there exists b € A such that for any z,y € X, 2*by* implies zay. So, fix
a € A, and take b € A : bb C a. Now, let z*by* i.e. 2°. A < y°.A.b. Hence, 3¢ € A : 2°c C y°bb. And as c is

reflexive,
zex = z(cx®)x = z(bby’)x = z(bb)y = =zay . O

Theorem 5.4 (Yoneda Lemma). The following statements hold for any ¢ € PX:

(b) ¥ eyx(X) = ¥ <¢".(yx)«
Proof. (a) By definition, (yx), = A.yx, and ¢* = ¢)°.A. Need that ¢ > (yx)..0* = ¥°.A. A.yx. Applying Lemma 4.5

to A, the required condition becomes 1) > °.A.yx Fix p € ¢, we will find @ € A such that p D ¢°ayx. Examining
the right side of the condition,

¢ ife ¢ a(z)

(for any a € A, z € X) (1/10.Zz.yx> (z) = v°.a(z") = ¢°(a(z")) = {* e ae) (1)

In case 9 ¢ a(xz*), the condition holds trivially. As 1 is a promodule, ¥.A < 4 gives 3q € 1,a € A : ga C p. Thus,
fix z € X and ¢ € PX such that x*ay. We will now show that xpx. Using the definition of a,

vray) = 2 A<v.a = Fbe A:2°0C qa = Vz e X, (2°)(2) C (qa)(z). (2)
Thus, in particular for z = x, as b is reflexive, zbzx, gives:
(2°b) (2) C (qa)(z) = 2°z C (qa)(z) = * € (qa)(@). ()

But, as ga C p , (3) gives that zp.

Suppose ¥ € yx(X), need to show ¢ < ¢*.(yx). = V°.Ayx ie. fora e A, Ip € : p C Y°a.yx. For any
x € Dom(p), the condition requires:

p(z) C ¥°.a.yx(z) = ¥°(a(z")) (4)
By definition of p, for (4) to hold, need that zpx = ¢ € a(z*). Fix any a € A, we will find p € 9 such that
(4) holds. By quasi-uniformity of A, 3b € A : bb C a. From Proposition 5.3 (a), we know that yx is uniformly
continuous, that is, yx.4 < A.yx. Thus, we get that 3¢ € A : y,c C byx. Hence, for any z,w € X such that zcw,

(yxc)(z) € (?)yX)(z) — yx(c(2)) Ch(z*) = w* € b(z*) ie. 2*bw* . (5)

As A is a quasi-uniformity, 3d € A : dd C c. Also, because A is a down- directed set, 3a’ € A : ' C b,d. This along
with (5) gives that for any z,y € X,

z(d'a)y = z(dd)y = zcy = z*by* . (6)

Now, because ¢ € yx(X), we get Iz* € yx (X) such that 1a’z* and z*a’1). Using the definition of a, from a’z*,
we get:
Y <z2°Ad = Ipec:pCadd. (7)

Fix any z € X such that zpx, using (7) and (6) gives:
zpx = z(x%’a’)x O z(a'a" )z O (8)

Finally, the definition of the partial order on A, gives us that ' C b — a Cb. Therefore, rray = x*l;w.
Now, using (8), we get z*bx* and z*Inp. Hence, giving us the desired result, that is, z*bz*. O
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Corollary 5.5. For ¢ € PX, ¢ € yx(X) if and only if ¥ is a right-adjoint.
Proof. Fix any ¢ € PX.

(i) (=) Let ¢ € yx(X), from Theorem 5.4, we get that ¢ = ¥*.(yx),. In order to show % is a right-adjoint, we will
show that ¢* is a right adjoint and that (yy ), is an equivalence.

I In order to show that (yy), is an equivalence, we need that A = (yx)*.(yx )« and A = (yx)«.(yx)*
From proposition 5.3 (b), we have that yy is fully faithful, and by Proposition 4.14 (a), this gives us that

A= (yx)"-(yx)« ~

e We are now going to show that A < (yy)«.(yyx)*. Fix any a,b € A, we need to find ¢ € A such that

¢Cayyy%b.
(@yx -y b) () = (ab)(v) 2 ee(¥) 2 &(v)

In the above equation, the equality holds because ¢ € y(X), gives the existence of z* = 13(1/1) And the
first inequality is given by down-directedness of A, whereas the second one holds because é is reflexive, as
Ais a quasi-uniformity.

e To show that A > (yx)+-(yx)*, fix any a € A. By quasi-uniformity of A, there exists b € A such that
bb C a. We will show that @ 2 l;yX Y& b:

U(byx yk ) = v(bb)¢ = vas.
I In order to show that ¢* is a right adjoint to 9., due to the 2-categorical structure of ProMod, we need to
show that A > ,.0* and ¢,.¢p* > 1.
e To show that A > v, .4* = 1, .1°. A, fix any a € A. We will show that ,.4°.a C a. Using definition of
s, for any ¢ € y(X), we get:

¢ if a(¢) # ¢
=) ifa(e) =
The above equation gives that cb(w*.wo.&)w implies ¢ay. Hence, we have that a D 1,.1°.a.
o We will show that ¢,.10* > 1, that is x(¢°.a.1,)*. Using definition of 1.,
(v.a..) (%) = (¥°.0) (¥ (%) = (¥°.a) () = ¢°(a()).
By the quasi-uniformity of A, we get that a is reflexive, and hence, ¥a. So, from the above equation, we
have that * € ¥°(¢) C (¢°.a.1).) (*).

(ii) ( <= ) Suppose ¥ is a right adjoint. Need to show that for any a € A, Jx* € yx(X) such that Ypaxz*ay. Fix
a € A. Because 1 is a right-adjoint, there exists a promodule ¢ : 1 —e+ X such that ¢.7) < A and 1 < 9¥.¢. From
o < A, we get that:

(Vi1p%.a) (¢) = ¥urp®(a(0)) = {

Jp € ¢,q € ¥ such that a 2 p.q . (1)

Because ¢ and v are promodules,
A.¢ < ¢ gives the existence of p’ € ¢ such that p D a'p’, (2)
A.p <4 gives the existence of ¢’ € 1) and a” € A such that ¢ 2 a”’¢" . (3)

Now, from 1 < 1.¢, we get that ¢’ p’ is reflexive i.e. x(¢’ p')*. By the definition of composition we get the existence
of an x € X such that xp’ x ¢’ x. Now, considering x as a map, x : 1 — X defined as * — z,

xq * i.e. x € ¢ (x) gives that ¢ D 2°, (4)

xp' xie x €p(x) gives that p’ Dz . (5)
Thus, by using inequalities (1),(2) and (3), we get:

adpg2adypqa. (6)
By definition of @, to show i @ x*, we need that ¢ < z*a = z°. A. a. We are now going to show that for any b € A,
°ba D q':
2°baD2°ba’ p' ¢ Da’bd’ xqgd Dxxqd =4 .

Where the first inequality comes from (6) by using reflexiveness of a” and then left-multiplying by x°. The second
inequality comes from (5), third one from reflexiveness of b and o/, and the last one is given by Lemma 3.7.
In order to show x* @1, by definition of @, need that z°.A = z* < ¢ a. Fix k € 1. We will now show ka 2 z°a’:

o /11 /0 I (7)

a2apqga 2pqga 2pzia.

Where the first inequality is given by (6), second one is due to reflexiveness of @’ and the third inequality comes by
using (4). Left-multiplying (7) with k gives the following:

ka D kp'2°ad” that is, for any z € X, z(ka)x = z(kp'2°ad")* . (8)
As 9 is a right adjoint to ¢, we have 1 < 1.¢, giving that *(kp')*. So, using the implication in(8), we get that

z(k a)* implies z(z° a”’) * (k p')*, which in turn gives that z(z°a”)*. Hence, we get that ka 2 z°a” O
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