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AXIOM OF CHOICE AND ZORN’S LEMMA IN
CANTOR CATEGORIES

By
Hitoshi FURUSAWA? Yasuo KAwWAHARA' and Norihiro TSUMAGARI

Abstract

This paper relationally formulates the axiom of choice and Zorn’s lemma. Based
on the formalisation, well-known equivalence between the axiom of choice and
Zorn’s lemma is proved in a manner of relational calculus.

Key Words and Phrases: Dedekind categories, Cantor categories, fixpoint theorem, axiom of
choice, Zorn’s lemma

1. Introduction

The axiom of choice in set theory was formulated by E. Zermelo [Zermelo (1904)].
Zorn’s lemma [Zorn (1935)] in order theory is known as one of the most important
equivalents [Rubin and Rubin (1963)] of the axiom of choice. This paper aims to give a
setting and proof for the equivalence between them in Cantor categories.

The calculus of (binary) relations was studied by G. Boole, A. De Morgan, C.S.
Peirce and Schroder in 19th century in order to develop a framework for calculational
reasoning about theory of relations. A. Tarski initiated the modern investigation of
theory of homogenous relations, as relation algebras [Tarski (1941)]. After that, J.
Olivier and D. Serrato, and P. Freyd and A. Scedrov developed Dedekind categories
[Olivier and Serrato (1980)] and allegories [Freyd and Scedrov (1990)], respectively, as
category theory [Mac Lane (1971)] of heterogenous relations. Since the 1970s these al-
gebraic structures have widely been applied as a conceptual and methodological base in
areas such as automata theory, graph theory, theory of fuzzy relations, data bases, and
semantics of programming languages. Examples and references can be found e. g., in an
excellent text book [Schmidt and Stréhlein (1993)] due to G. Schmidt and T. Stréhlein,
and the proceedings of the conference series Relational and Algebraic Methods in Com-
puter Science.

Calculational reasonings in the algebraic structure concerning relations are rather
formal and allow the use of interactive or automatic theorem provers [Kahl (2014),
Pous (2012), Struth and Weber (2014), Héfner and Struth (2008)]. Also manipulating
systems for concrete relations [Berghammer and Schmidt (1991), Killingbeck (2015)] are
available. Relational studies on well-known fundamental topics in mathematics like this
paper contributes for further development of such mechanised mathematical tools.

The paper organises as follows. In Section 2 we define Dedekind categories, which
serve naive framework for relational study, and basic notions in Dedekind categories, like
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univalency and totality of relations, (total) functions and domain relations. With these
relational notions three variants (AC,), (AC,) and (AC-I) of the axiom of choice will
be easily introduced. Also, maximum and supremum relations defined by using residual
compositions, simply yield a few concepts needed to state Zorn’s lemma. However, our
equivalence proof of the paper needs more algebraic mechanisms. In Section 3 we give
a relational proof for fixpoint theorem [Dugundji (1996)] concerning towers under an
additional assumption that every relation in a Dedekind category has its complement.
In Section 4 we introduce a concept of Cantor categories, which generalise Dedekind
categories so that every relation has rational representation (tabulation), and every
object has a membership relation (or, equivalent to the existence of power objects). Also
we recall the fundamental propositions in Cantor categories needed in later sections. In
Section 5 Zorn’s lemma (ZL) will be derived from the axiom of choice (AC,) by applying
the fixpoint theorem proved in Section 3. We will also prove the axiom of quasi-choice
(AC,) from Zorn’s lemma (ZL). In Section 6, as an application of (ZL), a relational
proof of Kuratowski’s lemma for cliques of relations will be given.

2. Setup in Dedekind categories

In this section we reformulate the axiom of choice and Zorn’s Lemma with using
terminologies in Dedekind categories introduced in [Olivier and Serrato (1980)].

We begin with recalling the definition of Dedekind categories which is the most
fundamental structure for this work. Note that Dedekind categories are equivalent to
locally complete division allegories introduced in [Freyd and Scedrov (1990)].

A morphism « from an object X into an object Y in a Dedekind category (which
will be defined below) is denoted by a half arrow a : X — Y, and the composite of a
morphism « : X — Y followed by a morphism 5 : Y — Z will be written as o5 : X — Z.
Also we will denote the identity morphism on X as idx.

DEFINITION 2.1. A Dedekind category D is a category [Mac Lane (1971)] satisfying
the following conditions.
DC1. [Complete Heyting Algebra] For all objects X and Y the hom-set D(X,Y) con-
sisting of all morphisms of X into Y forms a complete Heyting algebra (equivalent to a
complete distributive lattice) with the least morphism Oxy and the greatest morphism
Vxvy. Its algebraic structure will be denoted by

D(X’ Y) = (D(X7 Y)7 E7 |_|a |—|a =, OXY; V_XY)

DC2. [Converse] For all morphisms o : X — Y there is a morphism of : ¥ — X,
called the converse of a, such that for all morphisms a,a’ : X — Y and 8:Y — Z (a)
(aB)t = Btat, (b) (af)f = a, and (c) a C o implies of C o/f.

DC3. [Dedekind Formula] For all morphisms a: X — Y, 8:Y — Z and § : X — Z the
Dedekind formula (DF for short) a3 M6 C a(B M afd) holds.

DC4. [Residual Composition] For all morphisms o : X — Y and 8 : Y — Z there
exists a morphism o> 3 : X — Z, called the residual composite of o and 3, such that
0 C o> B if and only if ofé C f3 for all morphisms 6 : X — Z. O

The following example shows that the notion of Dedekind categories is a framework for
theory of relations.
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EXAMPLE 2.2. The category Rel of sets and (binary) relations and the category Rel(L)
of sets and L-valued relations [Goguen (1967)] (where L denotes a complete Heyting
algebra) form Dedekind categories. More precisely, in Rel each hom-set is a complete
Heyting algebra ordered by inclusion and for relations a: X — Y and §:Y — Z

e (y,7) € of if and only if (z,y) € a,
e (r,z) € af if and only if there exists y € Y such that (x,y) € a and (y, 2) € 8,
o (z,z) € ar fif and only if (z,y) € « implies (y,z) € fforall y € Y. O

In what follows, the word relation is a synonym for morphism of a Dedekind cat-
egory. A relation a : X — Y in a Dedekind category is univalent if afa C idy, and it
is total if idx C aaf. A univalent and total relation is called a function (tfn, for short)
and may be introduced as f : X — Y. An injection i : X — Y is a function such that
ii* = idx. The domain relation |a] : X — X of a relation a : X — Y is defined as
la] = aaf Midy. A relation « is total iff |a] = idx.

The following proposition lists a part of the basic properties of Dedekind categories
without proof.

ProproOSITION2.3. Let o, : X - Y, 8,8 Y - Z, v:Z —-W, 6 :U — Z,
C: X —=Zandn:Y — W be relations in a Dedekind category. Then the following
holds.

(a) a0yz =0xz and Oy xa = Oyy.

(b) IfaCa’ and BE B then aBEa/B and o' >BC a3,

(c) a(UxeaBr)y = Uneaafry and a(MaeaBr)y E MaeaaBry.

(d) If a and § are univalent then a(3 11 3)6% = aB6* Maf'st,
)

o

(€) a=laa,
(f) IfaC o, |a] =|d| and o is univalent, then o = /.

) la] C (] iff aVyx E(Vzx.
)

(
(h) If o and o' are univalent and |« M || = Oxy, then a U &' is also univalent,

g

(i) a>(B>v)=aB >y and (o> B)y E a> By,
() (aua)>pB=(a>p)N(d >p) andar (BNF) = (ar> )M (a>f),
(k) (a>B)(BF>n) Can,
1) a E (a>p) >4,
(m) a>p=((axp)> )b,
(n) If a is a function then a> 8 = aff and a(B>7y) = af >,
)

(o) If B is a function then af >~y = a > B,
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If 6 is a function then (a > B)6F = a > B6E. O
(p) If [ (a>pB) B

In a Dedekind category, for an injection 7 : S — Y, a function f : X — Y satisfying
fft C i bijectively corresponds to a function h : X — S: f = hi if and only if
h = fi*. This bijective correspondence is called the injection adjunction and denoted
by the following notation.

f:X—=Y {fifCit} f=hi
h:X =8 h = fif

(injection adjunction)

In addition, an object I in a Dedekind category D is called unit if it satisfies 0;; # id; =
Vir and Vx;Vix = Vxx for all objects X.

EXAMPLE 2.4. Consider the Dedekind category Rel.

e A function f: X — Y corresponds to the function h : X — S which maps x € X
to f(z) € S by the injection adjunction for any sets S such that {f(z):z € X} C
SCY.

e A singleton set is the unit. O

In the rest of this section, we assume that a Dedekind category has a unit without
explicit mentioning if its existence is necessary.

Now define some auxiliary notions concerned with axiom of choice in Dedekind
categories. Let a : X — Y be a relation. A univalent relation v : X — Y is called a
choice of « if v C « and |y] = |a]. A choice of a total relation is a function. Also
we call a univalent relation v : X — Y a quasi-choice of « if « is maximal among all
univalent relations contained in «, that is, (i) v C «a, and (ii) v C 6 C o« and 6%6 C idy
imply v = 4. A choice of « is a quasi-choice of a.

With these terminologies we may formulate the axiom of choice (AC,), the axiom
of quasi-choice (AC,) and the restricted axiom of choice (AC-I) in Dedekind categories
as follows.

DEFINITION 2.5.  (AC,) Every relation o : X — Y has a choice.
(AC,) Every relation o : X — Y has a quasi-choice.
(AC-I) Every relation p : I — X has a choice. O
Remark that (NE,) < (Tot.) A (AC-I), where (Tot.) and (NE,) are the axiom of

totality and the axiom of nonemptyness, namely,
(Tot,) every nonzero relation p: I — X is total,

(NE,) every nonzero relation p: I — X includes some function z : I — X
discussed in [Furusawa and Kawahara (2015)], respectively.

EXAMPLE 2.6. e The axiom of choice (AC,) in the Dedekind category Rel is a vari-
ant appeared as property AC4 in [Rubin and Rubin (1963)] of the axiom of choice
in set theory. The restricted axiom of choice (AC-I) on the unit I clearly argues
a trivial fact that we may choose an element of a nonempty set, and it is usually
omitted in set-theoretical argument.
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e In the Dedekind category Rel(L), equivalences (NE,) < (Tot.) <+ L = {0,1}
hold. Also (AC-I) holds in Rel(L) if L is a finite linearly ordered set. Moreover
it is proved in [Furusawa and Kawahara (2015)] that If L is a complete Boolean
algebra, Rel(L) satisfies (AC,). O

For a relation £ : X — X the maximum relation max(p,&) : V — X and supremum
relation sup(p,€) : V — X of a relation p : V. — X (with respect to &) are defined as
follows.

max(p, &) = pM(p>¢) and sup(p,&) = (p>&) M ((pr> &) > &F).

The following proposition lists some of the basic properties of maximum relations and
supremum relations.

PROPOSITION2.7. Let p : V. — X and £ : X — X be relations in a Dedekind
category. Then the following holds.

(a) sup(p,&*) = sup(p > €4, €),

(b) sup(p,§) T p> & Tsup(p,§) > &,

(c) If €€ E & and sup(p,§) is total then sup(p,§)E = p> ¢,
(d) If f: W — V is a function then fsup(p,&) = sup(fp,¢§),
(e) If¢N¢t Cidy then max(p,€) and sup(p, &) are univalent.

(f) If ¢ : V — C is a relation and i : C — X is a function then sup(oi,&)it C
sup(a, igit). O

To state Zorn’s lemma in Dedekind categories we need some basic notions related
to orders.

DEFINITION 2.8. Let £ : X — X be a relation and V' an object.
(a) A relation p:V — X is a &-chain if pfp C & U €5,
(b) & is complete on V' if sup(p, ) is total for all relations p: V — X.
(¢c) & is chain complete on V if sup(p, £) is total for all &-chains p: V — X.
(d) € is inductive on V if p > € is total for all &-chains p: V — X.

(e) A function = : V — X is &-mazimal if z€ C z. O

Obviously a complete relation is chain complete and a chain complete relation is induc-
tive. A relation £ : X — X in a Dedekind category is called a (partial) order if it is
reflexive (idx C £), transitive (¢ C &) and antisymmetric (¢ M &P C idy). Note that
¢ = ¢iff idxy C € and &€ C €. For a reflexive relation ¢ : X — X, a function
x:V — X is &maximal iff € = x.
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EXAMPLE 2.9. Consider the Dedekind category Rel. Since the unit I in Rel is a sin-
gleton set, a relation and a function from I to X may be identified with a subset and
an element of X, respectively. An order £ : X — X in Rel is a partial order on the set
X of course. Thus the residual composite p > £ of a relation p : I — X and an order
¢ : X — X may be identified with the set of upper bounds of p with respect to the order
&. Moreover, for a relation p: I — X and an order £ : X — X,

e max(p, ) and sup(p,§) respectively correspond to maximum and supremum ele-
ments of p with respect to & if they exist,

e ¢-chain p is a totally ordered subset of X with respect to &,

e totality of sup(p, &) and p > & respectively represents existence of supremum and
upper bounds of p with respect to &, and

e ¢-maximal function x : I — X corresponds to a maximal element of X with respect
to &. O

With these terminologies Zorn’s lemma (ZL) in Dedekind categories is stated as follows.

DEFINITION 2.10. (ZL) For all inductive orders £ : X — X on V there exists a
¢-maximal function z : V — X. O

As our equivalence proof of axiom of choice and Zorn’s lemma requires more alge-
braic mechanisms, three additional conditions will be imposed on Dedekind categories
in Section 3 and 4.

3. Fixpoint Theorem

In this section we will show a fixpoint theorem which is helpful for the proof that
(AC) implies (ZL). Our proof of (ZL) from (AC) follows a proof in [Dugundji (1996)]
using a notion of towers and a fixpoint theorem related to them.

The following notion plays a part of key roles in the fixpoint theorem.

DEFINITION 3.1. For a relation £ : X — X a function g : X — X is called a
&-section if g C € and €M g€ Cidx U g. O

The next example provides a set theoretical intuition of £-sections.

ExXAMPLE 3.2. In the Dedekind category Rel, for an order £ on a set X a £-section maps
x € X either to x itself or to a cover of x with respect to £&. More precisely, we intend
the notion of a {-section to be the endomap on the power set of a partially ordered set
which assigns the set S U {so} to a set S, where sq is the supremum of S. O

We show a basic property of £-sections needed later.

PrROPOSITION 3.3. Let £ : X — X be a reflexive relation. If g : X — X is a
¢-section, then the inclusion (& U EH) M (g€ L Elg) E g€ LIEY holds.
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PROOF. It is direct from

(Euen(gfgugs) £ (Enetg)ugeuet
C (gg*nehgugees {DF}
C (idxUghgUgeUet {€ngef CidxUyg}
C gUidy Ugéuél { g°g Cidx }
= géugh {idx £¢}
O
Let o : X — Y be arelation in a Dedekind category. We call a relationa™ : X — Y
satisfying a Ua™ = Vxy and alMa™ = 0xy a complement of a. The complement o™
is unique if it exists, and the identity = = a = Oxy holds.

The axiom of complements (Ba) for a Dedekind category is the following condition.
(Ba) Every relation o : X — Y has a complement.

This means that the internal structure of Dedekind categories satisfying (Ba) obeys the
classical logic in a sense that each hom-set forms a complete boolean algebra. Note that
Dedekind categories satisfying (Ba) are equivalent to Schrdder categories introduced in
[Olivier and Serrato (1980)].

Now we review some basic properties of residual compositions in Schroder cate-
gories.

LEMMA34. Let o : X — Y, 3,68 :Y - Z,v: X — Zand §6 : W — Z be
relations in a Dedekind category satisfying (Ba). Then the following holds.

(a) aBCy<afy " TR oy BiCa, (Schréder equivalence)
(b) yEar e aly>f, (Galois connection)
(c) a>p=(aB7)",

d) (axp)f=p"" >at

(e) If a and § are functions then (aB6%)~ = aB~d¥,

(f) a>(BUB)CaU(a>p).

PROOF. (a) First we will prove the implication a8 C v — afy~ C 7. Assume
af C v, which is equivalent to afM~y~ = 0xz. Then

aty"Np C of(y Nap) {DF}
= a0xz {aBny™ =0xz }
= Oygz, { zero law }

which implies afy~ C f~. The converse implication afy~ C = — o C v is a variant
of the first implication. The proof of another equivalence a8 C v <+ v~ % C o~ is
analogous.

(b) The Galois connection is clear from

yCar>fB « oy p { residual equiv. }
< Ao pr { converse }
< aCy> B {residual equiv. }
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(¢) a> B = (af™)” follows from
YyCa>pB « ofyCp { residual equiv. }
< afT Ty { (a) Schroder }
< yLC(af7)". { complement }

(d) (> B)* = B~ ¥ >a~* holds by

(>fF = (@F)F ()
AN Sl
= pivat {(0)}

(e) If @ and 0 are functions, then

acdfVxwiost  { a,d:total }

aVy 76t {a*VxwdCVyz }
a(BUBT)F  {BUBT =Vyz}
afét U ap~ ot

Vxw

[

and
aBfNnap=6t C a(fNataf6%)s* {DF }
C «a(Bnp7)st { @, B : univalent }

Oxw {pNp= =0yz }

hold. Hence a3~ 6% = (a36*)~ by the uniqueness of complements.
(f) a> (BUB) CafU(ar> ') is equivalent to (a> (U B)) M (af)” E a3 by the
Horn rule and the latter follows from

(ax(BUB)) N (af)”
= ( > (Bup))n (aDB) {()}
= a>((BUp)NL7) {230) }
C aDB/ {(Bup)np e}

O

In a Schroder category, letting &, = £ MidYy, a function g : X — X is a &-section if
and only if gM&.& = 0xx by

EMgefCidx Ug & g¢ffng C¢& Uidy { Horn rule }
o g(¢nidy) E(ENidy)” {g~ =gidx }
o gt e { & =¢nidy }
< L& BEgm { Schroder equiv. }
< gMé&eo =0xx. { complement }

In addition, the following two properties hold in any Schroder categories.

ProproOSITION3.5. Let £ : X — X be an order, g : X — X a function, and
o,u:V — X relations. If 0 T p > (g€ LIEY), then sup(o, &) T p > (g€ LI EY).
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PROOF. (1) o> ¢ C oélgf > g€ and (2) p C o€t L (0 > €) hold by

o>& = offing {e=¢r>c}
C offglgé {g'gCidx }
= o&fgf>g¢. { g: function }
and
p C oo (&ghug)  {oCpup>(gfueh)}
C o' u(or>¢€). {34()}
Thus we have
sup(c,€) = (o>&)M((o>8) >
C (o€ > g&) M ((o>¢) > &) {(@)}
C (06" > (g€ UEN) N ((0> &) > (g€ UEY)
= (o€'g* U (o> &) > (g LUEY)
C pr(ggueh). {2}

PROPOSITION 3.6. Let v : C'— X be a univalent relation and £ : C — C' an order
such that ¢ = e > € for a relation € : C — X. If a function g : C — C satisfies
ge = e Uy, then g is a &-section.

PROOF. g C £ follows from

g C exelg  {efgCelg}
C ep(ge)fg {eCely=ge}
C epef {g*'g Cide }
= & {exef=¢}

Next (1) € Mqet C g€, (2) €gf T eyf L€ and (3) €M g€* C g€ Uide hold by

£ Myet En(y>ef) {yyCidx }
(eUn)>et {E=epet}
ge > el {eUy=ge}
g€, {g:th, e>el=¢1

e D> efgh {¢=cpéf, gt}
e>(fFUAf)  {ge=cUn}
efu(e>ef) {34(f)}

eyt U, {epet=¢}

1 1m

&gt

e

and

EN (yef LEF) {2}
(Enyef)uene)

g Uide. { (1), ¢ : antisymmetric }

Engét

M1

Therefore we have

£ gt (g€ uide) Mg {(3)}
(g€ Mg&*) Uide
géneh)uide  { g : function }

gUide. { ¢ : antisymmetric }

101 m
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A relational version of the concept of towers [Dugundji (1996)] will be defined in a
Dedekind category as follows.

DEFINITION 3.7. Let £ : X — X be a relation and g : X — X a function. A
relation 7: V — X is called a (£, g)-tower if it satisfies the following conditions.

(T1) sup(o,&) C 7 for all &-chains 0 : V' — X such that o C 7,

(T2) Tg C 7. O
The next example provides a set theoretical intuition of (£, g)-towers.

ExXAMPLE 3.8. In the Dedekind category Rel, if V is a singleton set and £ is an order
on a set X, a (&, g)-tower T

e contains the supremum of every &-chain p included by 7 and
e includes image of 7 under g,

with identifying 7 with a subset of X. Moreover, let X be the power set of a set, £ the
inclusion and g|, the restriction of g to 7. Then, if 7 is a (&, g)-tower and contains the
empty subset of X, 7 is a g|,-tower in the sense of [Dugundji (1996)]. O

The universal relation Vy x is a (£, g)-tower and so (£, g)-towers do exist. It is trivial
that the meet of all (£, g)-towers 7 : V — X is also a (&, g)-tower and is the minimum
(&, g)-tower. Hence for each object V' the minimum (&, g)-tower 75 : V' — X exists. The
minimum tower will play an important role to prove a fixpoint theorem below. Although
it is possible to define towers and the minimum tower exists in any Dedekind categories,
the next theorem is satisfied by a Schroder category.

THEOREM 3.9. Let £ : X — X be an order, g : X — X a&-section and 19 : V — X
the minimum, (€, g)-tower. Set p = 1o > (E8UE) and i/ = 1o M (u> (g€ UER)). Then the
following holds.

(a) p' is a (£, g)-tower,

(b) p is a (€, g)-tower,

(c) 7o is a &-chain,

(d) sup(7o,&)g C max(7o,£),

(e) If € is chain complete on V, then sup(7y,&)g = sup(7o,&).

PrROOF. (a) (T1) Let 0 : V — X be a &-chain such that o C g/, Then it is clear
that o C ¢/ C 79 and sup(o, &) C 79 by the condition (T1) for 75. On the other hand,
since 0 C p/ C > (g€ U EP), we have sup(o, &) C > (g€ U €*) by Proposition 3.5 and
s0 sup(, £) C .
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(T2) We will see ¢//g C /. By the definition of 1 and Galois connection 79 C > (£LJEF)
holds. Hence we have

1y (oM (nr> (g€ LEY)))g

Tog T (n > (gg L Erg)) {23()}

7o M (1> (g€ U EHg)) {m9Cm,gC
(L (U N(u> (gEuéig)) {mnCu>(EU

70 M (p> ((EUE) N (e UEhy))) {23()}
(> (g€ ugh) {33}

e

£}
&) }

I im
3
|

(b) (T1) Let 0 : V — X be a ¢-chain with 0 C = 79 > (€F U €). Then by Proposition
3.5 (note g = idx) we have sup(o, &) C p.

(T2) We will see ug C p. As p/ is a (€, g)-tower by (a) and 79 is the minimum (&, g)-
tower, it holds that 7o C p/ C pu > (g€ U&¥) and so p C 79 > (€8gF LI €) by the Galois
connection. Hence we have

(10> (&FgP LIE))g
o> (EPgfgUgg) {23

0> (EFLE) {g'gCidyx,gC ¢}
L.

Hg

A

(¢) Since p is a (€, g)-tower from (b), the inclusion 79 C p holds by the minimality of 7o,
which means that 7y is a £-chain.

(d) As the minimum (¢, g)-tower 7 is a &-chain by (c¢) we have sup(79,£)g C 709 C 7o
by the conditions (T1) and (T2), and so

C 7o Msup(ro,£)§ { sup(r0,€)g CE 70, g
C 1M (r0>¢) { sup(0,§) C o> ¢
= max(7g,&).

sup(7o, £)g

(e) By the result of (d) we have sup(7p,&)g C max(70,&) T sup(7o, ). Because of the
chain completeness of £, the supremum sup(7g, £) is a function and so the desired equality
holds by Proposition 2.3 (f). O

4. Cantor categories

Roughly speaking, a Cantor category is a Dedekind category possessing rational
representations and membership relations. A rational representation (or tabulation) of
a is a pair of functions f : R — X and g : R — Y such that a = ffg and ff*MNgg* = idg.
If a universal relation V xy in a Dedekind category has a rational representation, we call
the pair projections and the domain of the projections is denoted by X x Y analogously.
An object p(Y) and a relation 3y : p(Y) — Y satisfying

(M1) (3y >24) M (3y > 25! Cidy vy,
(M2) idx C (o> Bg/)(SY > af) for all relations a: X — Y

are called a power object of an object Y and a membership relation for an object Y,
respectively.



22 H. Furusawa, Y. KAWAHARA and N. TSUMAGARI

DEFINITION 4.1. A Dedekind category is called a Cantor category if it satisfies the
following two conditions.

(Rat) Every relation a: X — Y has a rational representation,

(Pow) Every object Y has a membership relation 3y : p(Y) — Y. O

The above conditions (Rat) and (Pow) are called the axiom of rationality and the axiom
of power objects, respectively. Note that a Cantor category has units without any
assumptions.

ExXAMPLE 4.2. The Dedekind category Rel is a Cantor category since

e each relation o € Rel(X,Y’) has a rational representation ip : « — X and iq : @ —
Y, wherei:a — X xY istheinclusionand p: X XY - X andg: X XY =Y
are the projections, and

e the power set p(Y) and the membership relation 3y = {(S,y) € p(Y)xY |y € S}
satisfy (M1) and (M2) in Rel. O

For all relations o : X — Y in a Cantor category define a relation a® : X — (V)
by
a® = (a>3L)N 3y > ab)t
Then a® is a function, that is, it is univalent by (M1) and total by (M2). Moreover a'®
is a unique function such that «®3y = «, and this leads the power adjunction in a sense
that a relation a : X — Y bijectively corresponds to a function f: X — p(Y): a = f3y
if and only if f = a®. This correspondence is denoted by the following notation.

a: X =Y a= foy
FiXop) f=a®

(power adjunction)

For a relation a : X — Y define a function p(a) : p(X) = p(Y) by p(a) = (53x a)®.

By the power adjunction p(«) is a unique function such that the following diagram
commutes.

o(X) 22 o(v)

9XJ Jay

X——Y

[e3

For an object X, p(idx)>x = dxidx = id,(x)2x holds. Thus g preserves identities
by the uniqueness. Also, for relations « : X — Y and 8:Y — X, p(af)dz = dxaf =
p(a)dy B = p(a)p(B)>z holds. Therefore, again by the uniqueness, g preserves com-
position. The power order Zx : p(X) — ©(X) is defined by

Ex = 2x > 3%.
Obviously the power order Zx is in fact an order, since it is reflexive and transitive by
the definition, and antisymmetric by (M1).

ExAMPLE 4.3. Consider the Dedekind category Rel. Then,
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e a relation o : X — Y corresponds to the relation a® : X — @(Y) defined by
(x,8) € a® if and only if S = {y € Y| (z,y) € a} by the power adjunction,

e p(a): p(X) = p(Y) maps Ato {b€Y | Ja € A.(a,b) € a}, and
o Zx ={(5,5) € p(X) x p(X) | S C S} is the power order. O
The power order satisfies the following properties in any Cantor categories.

ProprosSITION 4.4. In Cantor categories the following statements hold.

= (p>x)® for all relations p: V — p(X).

w0
=
=
>

[
b

=x 1s complete on all objects V.

PROOF. (a) 3,(x) > Ex = p(>x)Ex follows from

Fp(x) P Ex = Jp(x) B> (Bx > )
= 3,x)2x > 3% {23(3)}
= p(3x)3x > 3%
= pex)Gx>3%) {23}
= p(Bx)Ex.

(b) sup(34(x), Ex) = p(3x) follows from

sup(3¢(x), Ex) p(5x)Ex N(p(ex)Ex > %) { (a) }
= p(ex)ExNp(x)Ex>EY) {23()}
= p(3x)Ex Np>x)=% { Ex :order }
= p(3x)ExNEY) {23(d) }
= p(=x). { Ex : order }
(c) sup(p,Ex) = (p>x)® follows from
sup(p,Zx) = sup(p®3,x),Ex) {p=p"3px) }
= p¥sup(34(x),Ex) {27(d)}
= p%p(>x) { () }
= (pax)°.
(d) It is a corollary of (c). O

For relations a: X — Y, :Y — Z and v : Z — W in a Dedekind category two
sided residual composite o> 3 <1y : X — W is defined by a > 8 <1y = a > (7F > B%)E.
The two sided residual composite is characterised by an equivalence

SCa>fayafiryfCp

for all relations § : X — W. Remark that the identity a > 8 <1y = (a8~ 7)™ holds in
Schroder categories.
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The next lemma gives a construction of chain complete orders from the power order.
The construction extends a well-known fact that the set of all chains in an ordered set
forms a chain complete ordered set. Note that the relation i ZExi* : C — C'is an order
on C for the power order Zx and an injection i : C' — p(X).

LEMMA4.5. Let 6 : X — X be a relation. If i : C — p(X) is an injection such
that it = idoxyM(Gx >0 Bg(), then the induced order Z; = i ZExit is chain complete
on all objects V.

PROOF. Let 0 : V — C be a =;-chain.

By 4.4 (c) s = sup(ci,Zx) is a function such that s3x = ¢idx. The totality of si
follows (1) and (2) below.
(1) s*s C 4%

Shstssxy = hiloloinx  {sax =oidx }
C shitEElisx {oloCEUECEE)
C shitisx {Ehisx Ciax }
C 4 {i*iCax>d<adl}
(2) sit is total:
idy C ssfss® { s:function }
= sifist. { (1) sfs Cifi }
Hence sup(o, Z;) is total, since sif C sup(o, Z;) holds by 2.7 (f). O

The following proposition gives a relational construction of the set of all chains in an
ordered set.

PROPOSITION 4.6. Let £ : X — X be a reflexive relation and i : C — p(X) an
injection such that i*i = id,(x) M (3x > (EUE) < BﬁX) Then

(a) For all univalent relations s : V. — C' the composite sidx is a £-chain.

(b) For all univalent relations f : C' — X satisfying f € i2x >¢ there exists a function
g:C — C such that gisx =i5x U f.

PROOF. (a) Let s: V — C be a univalent relation. Then

Bg(i”s”siax
ag(i”iax {s*sCide }
guet, {*Coxp(Eueh) sy}

(Si9x)n(8iax)

11
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which shows that si3x is a £-chain.
(b) Set h = (i>x U f)®: C — p(X). Then h*h C i*i follows from

shhihax = (iaxUf)iisxUf) {hax =isxUf}
= (’L.Sx)ﬁiax u(iax)ﬁfl_lfﬁiaxl_lfﬁf
C cu&u(dx)ffuffiaxUfif { (iox)fiox CEUE }
C ¢cuetuidy {fCidx>¢}
= Ut {idx C¢}
Hence by the injection adjunction there is a unique function g such that gi = h. This
completes the proof. O

In the rest of this paper, we abbreviate Cantor categories satisfying the axiom of
complements (Ba) (or equivalently Schroder categories satisfying the axiom of rationality
(Rat) and the axiom of power objects (Pow)) just as Cantor categories.

5. The equivalence

With the fixpoint theorem stated in Section 3 we are ready to prove (ZL) from
(AC,) in Cantor categories.

The next lemma shows a fundamental idea how to construct &-maximal function
for an order £.

LEMMA5.1. Let £ : X — X be an order and 0 : V — X a relation. If o> & is total
and o > & C o holds, then o > & is a §-mazximal function.

PROOF. Assume that o> ¢ is total and o> & C o. Then the equation max(c, &) =
oM(o>§) = o0& holds. Since ¢ is antisymmetric, max(o,§) is univalent by 2.7 (e).
Hence o > ¢ is a function. Moreover, it follows from 2.3 (i) and the transitivity of £ that
(c>€)ECo>EECo>E, which proves that o > € is {-maximal. O

THEOREM 5.2. In Cantor categories (AC,) implies (ZL).

PROOF. Assume that an order £ : X — X is inductive on V. By the axiom
of rationality (Rat) and id,x) M (2x > (U &) < 9&) C idy,(x) there is an injection
i:C — p(X) such that

i*i = idyxy) M (3x B (ELEY) < 2%).

The induced order Z; = iExi* : C — C is chain complete by Lemma 4.5. Define a
relation o : C — X by

a=(>x>&N(E3x)".
Then by (AC.) there is a univalent relation v : C' — X such that v C o and [v] = |«].

p(X)
T
V—=C——=X
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As v C i3x > &, by Proposition 4.6 (b) there exists a function g : C' — C such that
gidx =13x U~. Moreover, g is a Z;-section by Proposition 3.6. Hence by the fixpoint
theorem 3.9 (e) there exists a function s : V. — C such that s¢g = s. The identity
sa = Oy x follows from

sa = slaja {a=laja}
C syyfa {la]=[v]En*}
C (sgioxNs(iax) )fa {vCgidx, yCaLl (i3x)" }
= (siox N (sid3x) " )Y'a {sg=s, s:function }

Ovx- {sv=0vx}
On the other hand we have

sa = s((1dx>&N3GE>x)") { Def. of a }
= (siax>€&) MN(sidx)", { s:function }

which shows sis>x > & C sidx. Also sidx is a &-chain by Proposition 4.6 (a) and
st2x D> € is total since £ is inductive on V. Hence by the virtue of Lemma 5.1 si5x > &
is a &-maximal function. This completes the proof. O

Next we will show that Zorn’s lemma conversely implies the axiom of choice in
Cantor categories. The relational proof exposes a construction of an object representing
the set of all graphs of univalent relations, and the restricted axiom of choice (AC-I)
guaranteeing to pick up a point of a nonempty set.

In the rest of this section we assume that o : X — Y is a relation in a Cantor
category and a pair of functions p: R — X and ¢ : R — Y is a rational representation
of a, which exists by the axiom of rationality (Rat): a = pfq and pp® M ¢q* = idg. Also
for relations v : X — Y such that v C « and v : I — R relations ¢(y) : I — R and
Y(v) : X — Y are respectively defined by ¢(7) = Vix (p*ryg?) and o (v) = (VxvMph)q.

PROPOSITION 5.3. The following statements hold.

(a) A relation v : X —Y such that v C « bijectively corresponds to a relation v : I —
R: v =4¢(v) if and only if v = ¢(7).

v:X—=Y {yEa} y=4@)
v:l—R v=¢(v)

(b) ¢ and ¢ are isomorphisms of Boolean algebras, that is, ¢(0xy) = Org, ¢(a) =
Vir, ¢(yU7) = o(y) Ue(y') and ¢(yM17') = ¢(v) M o(v').

(¢) A wunivalent relation v : X — Y such that v T « bijectively corresponds to a
relation v : I — R such that viv C pp* = idgr: v = ¥(v) if and only if v = ¢(7).

v:X =Y {yCa vy Cidy } v=v({)
v:l—R {vivCppl=idr} v=0o¢()

PrROOF. Let v: X — Y, §: X — Rand v : I — R be relations and let v C «
and 0 C p*. Defining ¢o(7) = p* Myg* and ¢1(8) = Vx4, we have ¢(y) = ¢1(do(7))-
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Similarly, defining 1o(8) = d¢ and 1 (v) = Vx v M pf we have ¢(8) = dq C piq = «
and ¥(v) = ¢o(¢1(v)). Using these decompositions, we show (a), (b) and (c).
(a) It is sufficient to show that the following bijective correspondences

7: X =Y {yCa} ~v=1(0)
§:X—R {dCpt} &=¢o(v)

and
5:X R {6Cp} d=pa(v)
v:I—R v=:¢1(6

hold. 1o (¢o(7)) = (v¢* M p*)q = ~ follows from

~

v = 7MNplg {vEa=piq}
C (y¢*nph)q {DF}
C  vd'q
C 9. {¢*¢Cidy }

On the other hand ¢g (1 () = dqq* M p# = 6 follows from

5 &M p* {o6Cp*}

Sqq* 1 p? {idy C q¢* }
d(gq* Né*p*) { DF }

S(qq* Mpp*) {0Cp'}

é. { pp* Nqg* =idp }

AT

So, the first bijective correspondence holds. For the second 11 (¢ (8)) = Vx1Vixdnpt =
¢ follows from

§ = onpt {oCp*}
C Vxxdrp {idx CVxx =Vx/Vix }
C (VxxNphs*)s {DF}
C pipd {6Cp}
C o { p: function }

and ¢1(¢1(v)) = Vix(Vx v Mp*) = v follows from

v = vNVixpt {Vir=Vixp'}
C ij(VX[I/I_Ipﬁ) {DF}
E VixVxv
E Vv {VixVxrC Vi }

V.

(b) It trivial that ¢o(0xy) = Ox g, do(YLY') = do(¥)Udo(7'), do(YT1Y') = ¢o (7)Mo (7Y'),
$1(0xR) = O0rg, and ¢, (5 U ") = ¢1(0) LI g1 (). Also ¢1(p?) = Vg follows from

Vir Virpp* {idg Cpp* }
Vixp?
¢1(pﬁ)7

[
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and ¢1(6 M) = ¢1(6) M p1(7) follows from
VixdMVixd CE ij(éﬂVXIVIX(S/) {DF}
= Vix(0NVxxd') {VxiVix =Vxx }
= Vix(6MNp*NVxxd) {sCp*}
C Vix(6r (pu(w MVxx)d) {DF}
C ij((sl_lpﬁp(s/) {5’ pﬁ }
C Vix(drd). {p'pCidx }

(c) Let ¢(y) = v. Then it is sufficient to show the following equivalence.
YE aAyiy Cidy < viv Cppf = idg
To see it we need to prove vy = ¢ (v*v M pp*)q. This equation follows from

v¥y = 9o(9o (7)) 0 (90 (7)) = (do(M)a)*do(v)a = d*do(7)FPo(7)a

and
b0 (7) o (7)

= ¢o(7)*o(y) M pp* { do() Ep* }

C ¢0(7)*VxrVixeo(y) Mpp? {Vxx =Vx:Vix }
= tho(do())*o(¢o(7)) M pp* { Def. of g }

= ¢o(7)*Vxx¢o(y) M pp* {Vxx =Vx/Vix }
E o) (Vxx Moo(pp*do(7)*)¢o(y) { DF }

C  do(0)*p'ppipdo(7) { do() Ep* }

C ¢o(7)¢o(7)- {ppCidx }

O

If v C a, there exists a unique relation v : I — R such that v = ¢(v) by the last
proposition and |v| = Vx;vpMidx holds by

7] ()]

[(Vxrv ﬂpﬁ)(JJ

| Vv pt { ¢ : function }
= VxvpNidy.

Next, applying Lemma 4.5, we construct an object in a Cantor category, which
generalises the set of univalent relations included by a given relation (cf. Corollary 5.5).

In what follows let j : G — p(R) be an injection such that
7% =idgry M (3R > (pp* = idg) < 35%).

Recall that the pair of the injection j and itself is a rational representation of the relation
idg(r) M (3R > (pp* = idgr) < 3R8%).

PROPOSITION 5.4. In Cantor categories the following statements hold.

(a) The induced order Z; = jEgj* : G — G is inductive on all objects V,
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retation v —7 sSuc at v'v L pp =1 R Obuyjective corresponas 1o a
b) A relati I — R such that Vv C pp! idg bijectively ds t
function x : I — G: v = xj3g if and only if x = vjt.

v:l—R {vvCppt=idg} v=uxjdr

PROOF. (a) Z; is chain complete by Lemma 4.5 and so inductive by Proposition
2.7 (c).
(b) The desired correspondence is given by the composition of bijective correspondences

v:l—R v=13R
t: 1 —p(R) t=0v°

(power adjunction)

and
t: 1= p(R) {tHCj4} t=uj

z:I— G x = tjt’

(injection adjunction)

Also, if v = t3r, we have the equivalence viv C pp! = idgr < tit T j%j by

Vv Cppt = idg < 2%Lttsr Cppf = idg {v=t3gr}
& T o> (ppf = idg) < 34
& tht T4t { "t Cidyry }
This completes the proof. O

COROLLARY 5.5. A wunivalent relation v : X — Y such that v C « bijectively
(

corresponds to a function x : I — G: v =(xj>Rr) if and only if x = (¢(7))?s*.

v:X =Y {yCa 7"y Cidy } v=v(zj>R)
2 I>G == (607"

PROOF. It is a just a combination of Proposition 5.3 (¢) and 5.4 (b). O
Now we are ready to deduce (ZL) from (AC,).

PROPOSITION 5.6. If @ function x : I — G is Zj-mazimal, then v = ¥(xj3R) :
X — Y is a quasi-choice of a.

Proor. By Corollary 5.5 v = ¢(xj3g) is a univalent relation such that v C «.
We will show that 7 is a quasi-choice of . Assume that 4’ : X — Y is a univalent
relation such that v C v/ C a. Again by Corollary 5.5 there exists a function y : I — G
such that v/ = ¢ (yj>g). Then it holds that

zjor = ¢(Y(2j2R)) = 6(7) T ¢(7') = d(¥(yj>r)) = ¥i>r

and .
y T 2j5r>3%5" {2j3rCyjidr }
= zI; { z : tin, jBRDB%jﬂ:Ej }
C oz, { z: Ej-maximal }

which implies x = y. Therefore one concludes
v =Y(xj>Rr) = (yior) =7,

which proves that v is a quasi-choice of a. O
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The next proposition shows that a quasi-choice and a choice are equivalent under

(AC-T).

PROPOSITION 5.7. Suppose the restricted axiom of choice (AC-T). FEvery quasi-
choice of a relation oo : X — Y is a choice of «.

PROOF. Let v: X — Y be a quasi-choice of a. We will prove |y] = |«a], which
is equivalent to @M (yVyy)~ = Oxy. Set v/ = aT (yVyy)~. As 7/ is included in
a, we obtain ¢(v') : I — R which bijectively corresponds to 7' by Proposition 5.3 (a).
Also, by (AC-I), there exists a univalent relation v : I — R such that v C ¢(vy') and
|lv] = |#(7")]. The univalency v#v C idg implies the condition v*v C pp* = idg, and
so 1(v) is a univalent relation such that ¢ (v) C « by Proposition 5.3 (¢). Since

YY) © YN Vyy)~ {v) CY(s(y) =9"}
C aVyyN(aVyy)™ {idy CVyy }
= Oxy,

v U (v) is a univalent relation contained in «. Hence by the maximality of 7, we have
~ U1 (v) = . Finally one can deduce v/ = Oxy as follows:

v=vUY(v)

Y(v) =vNY(v) =0xy

v=0rr { % : bijection }
lo(v)] = [v] =0m1

(') =01r

/

v =0xy. { ¢ : bijection }

A

This completes the proof. O
Finally we summarise the main results in the paper.
COROLLARY 5.8. The following three statements are equivalent.
(a) (AC.),
(b) (ZL) A (AC-I),
(c) (AC,) A (AC-I).

PROOF. It is direct from the last propositions: (a) implies (b) by Theorem 5.2,
(b) implies (¢) by Proposition 5.6, and (c¢) implies (a) by Proposition 5.7. O
6. Kuratowski’s lemma

As an application of (ZL) we will give a relational proof of Kuratowski’s lemma in

Cantor categories satisfying the axiom of totality (Tot.,).

For a relation 6 : X — X, a relation p: V — X is a 6-clique if p*p C 6. Note that
(€ L &Y)-cliques are ¢-chains and idx-cliques are univalent relations.
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PROPOSITION 6.1. Let j : D — p(X) be an injection such that
jﬁj = idp(X) 1 (BX >4 3?;() [ v@(x)IO'(()@Ex,
where § : X — X is a relation and oq : I — X is a §-clique.
(a) For all relations o : I — X the following equivalences hold:
(00 o)A (ag C o) < (0% C j%j) & (094" : tin).

(b) Suppose the aziom of totality (Tot.). The induced order Z; = j=xj*: D — D is
chain complete on I.

PROOF. (a) The first equivalence follows from (1) and (2) below:

(1) olo T 6+ 09eC EBXD5<9§(:
oo C§ 9’;0@%@9)(;5 {o0%x =0}
& 0%0® Cox>d sk,

(2) 0g C o & 0%e® C Vp(X)IO'(;@EX :

oo Co < o9Co%x {o=0%x}
< o9 Co%>ox { 0@ : function }
< 0% Cogb BﬁX { Galois conn. }
< 09 CoYEx { o : function }

Q Q —_ .
& 0% TV x)05Ex. {1 :unit}

The second equivalence follows from (3) and (4) below:
(3) 0®85® C jj — 0©4¥ : function :
Assume 0®#5® C j%j. Then

jo®ta®t E jjtiit {0t T}
= idp. {jjt=idp}

id; T 0% @ %% {0t}
C 0%t {o%0® L%}
Hence 0@ is a function.
(4) 0@5% : tfn — 0@ 8@ C j%5 -
0%t thh — 095t = 0@ {09 C0®}
- %9 = U@ﬁa@jﬁj
— %@ C 4t { 0@ : function }

(b) We will show that for all =;-chains A : I — D the supremum sup(\, Z;) is total. Let’s
begin with the case that A = 0;p. Note that sup(0rp,Z;) = Vip > Eg by O;p > E; =
Vip, and Jo@jti CVip> Eg =sup(0;p, Z;) follows from

Vip = Vipjj*jj* {jj*=idp }
c vIDjvéo(X)IO'O@EXjﬁ { 7% C Vo) 108Ex }
C oyExj { VipjVeex) Cidr }
= o> Ex {of :tfn }
C o004% > Exj* { % Cidyx) }

odj* > 2. { j : function }
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Hence sup(0;p, Z;) is total, since o§’5* is a function by (a). Next the case that A # Orp
will be shown. Note that A is total by the assumption (Tot,). Then A\j>x is a J-clique
such that o9 C Aj2x by

(\ax)fajax T ohitEEljax {MAaCZu=icEE!)
R ES {Elj3x Cjox }
C {o%i%5x C6}

and
%o (o0 > 3% ) > 3x
()\jvp(x)[(ao > Bg()) >>o5x A )\jvp(x)] Cid; }
{4 € Voni(oo> %) )
AJ > 3x {jj*=idp }
AJjIx. { A, j:total }

M1 e i
>
.
.
3T
\Y
w
b

Hence, by (a), (A\j3x)@j? is a function. Moreover, by
(\j2x)%* = sup(Nj,Ex)j* {44(c) (\j3x)® =sup(\j,Ex) }
Cosw(NE) {27(0)

sup(A, E;) is total. O
Kuratowski’s lemma in Cantor categories with (Tot,) is stated as follows.

COROLLARY 6.2. For all relations § : X — X every 6-clique o9 : I — X is con-
tained in a mazximal §-clique.

PROOF. By the axiom of rationality (Rat) there exists an injection j : D — p(X)
such that j#j = id,x)yM(3x>0< Bg() M Vp(x)laé@EX. The induced order Z; is chain
complete on I by Proposition 6.1 (b), and so it is inductive. Hence by Zorn’s lemma
there exists a Z;-maximal function x : I — D. It follows from (1) and (2) below that
xj3x is a maximal J-clique such that oy C xj>x.

(1) zjox : I — X is a d-clique such that o9 C xj2x.

First recall (2j2x)® = xj and (j2x)?j* = 2jj* = x is a function. By Proposition 6.1
(a) j3x is a d-clique such that o9 C zj>x.

(2) If 0 : I — X is a d-clique such that zj>x C o, then o0 = zj>x.

By (1) o is a d-clique such that o9 C o, and ¢©4* is a function by Proposition 6.1 (a).
Hence

o = U@BX
= 09%'j>ox { 095" : thn }
C (o>23%)j%3x {o®Cor2% )
C (zjax>3%)%5x {zj3xCo}
= 2jExjtiox {zj:thh}
= =E5;j3x {jExj*=5; }
C zjox, { z : E,-maximal }

which proves that ¢ = xj>x. O
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7. Conclusion

We gave a relational proof in Cantor categories satisfying (Ba) to the known equiva-
lence of axiom of choice and Zorn’s lemma, based on a classical proof [Dugundji (1996)].
The result is illustrated as follows.

(AC,) A (AC-I) (ZL) A (AC-T)

5.6

A relational proof of Kuratowski’s lemma in Cantor categories satisfying (Ba) and (Tot,)
was also given as an application of (ZL). In set theory the equivalence of (AC) and (ZL)
is recently deduced by using theory of ordinal numbers, and so the relational study of
ordinal numbers in Dedekind categories may be an interesting future work.
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