MATH1050 Partial orderings defined by the subset relation, and Zorn’s Lemma.

0. (a) This handout is a continuation of the Handout Partial orderings, total orderings and the Handout Well-order
relations and the Well-ordering Principle.

(b) Although the theoretical tools (definitions and results) introduced in this Handout are formulated for the
general situation, our focus will be on their application in partial orderings defined by subset relation.
1. Definition.
Let A be a set, and T be a partial ordering in A with graph G. Write u < v exactly when (u,v) € G.
Let B be a subset of A.

greatest

Let A € B. Wesay A is a { least

} element of B with respect to T if the statement (GL) hold:

Tz <A
(GL): ForanyxeB,{ v A }

Remark. A subset of A has at most one greatest/least element with respect to T. Hence it makes sense to refer
to such an element of A as ‘the’ greatest/least element with respect to T, if it exists.
Further remark. As stated in the Handout Partial orderings, total orderings and well-order relations, the notion
of greatest/least element for arbitrary sets with respect to general partial orderings is generalized from the notion
of greatest/least element for subsets of R.
2. Terminologies on partial orderings defined by the subset relation.
Suppose M is a set.
Recall that the partial ordering in B(M) defined by the subset relation is the relation in PB(M) with graph
{(U,V)| U,V eRB(M)and U C V}.
Suppose A is a subset of P(M). The restriction of the above partial ordering to A will be referred to as the partial
ordering ‘subset relation inside A’
3. Example (al).
Regard 0,1, 2,3 as distinct objects.
Let m = {2}, n={1,2}, 0 ={2,3}, p=1{0,2,3}, ¢ = {1,2,3}, r = {0,1,2,3}.
(a) Let Ay = {m,n,q,r}.
A is totally ordered by the subset relation inside Aj.

m is the least element with respect to the subset relation inside A;.
r is the greatest element with respect to the subset relation inside Aj.

(b) Let A2 = {man70apaq7r}'

The subset relation inside A can be visualized through a display of ‘all’ possible ‘chains of inequalities’ for the
elements of A below:

e mCnCqCr, e mCoCpCr, e mCoCqCr.

A, is not totally ordered by the subset relation inside As.
m is the least element with respect to the subset relation inside As.
r is the greatest element with respect to the subset relation inside As.
4. Example (b).
Regard 0,1, 2,3 as distinct objects.
Let m = {0}, n={1}, 0= {3}, p={0,1}, ¢ ={1,2}, r ={0,1,2}, s = {0,1,3}, t = {1,2,3}.
Let A= {m,n,o,p,q,r,s,t}.

The subset relation inside A can be visualized through a display of ‘all’ possible ‘chains of inequalities’ for the
elements of A below:



e mMmCpCr, e NCpCr, e NCqCr, e 0C s,
e mCpCs, e nCpcCs, e nCqCHt, e 0Ct.

(a) A has no least element with respect to the subset relation inside A. Reason:

o If it were true that A was a least element, then A C x for any x € A.
However, for any u € A, there exists some v € A such that u ¢ v.

Similarly A has no greatest element with respect to the subset relation inside A.
(b) For each € A, we define the set C[z] by Clz] ={y € A:x Cyory C x},
We may call C[z] the set of comparable’s with « in A. (y € C[z] iff x,y are comparable with respect to the
subset relation inside A.)
i. Note that C[m] = {m,p,r,s},and m CpCr,m CpC s.

Then m is the least element of C[m] with respect to the subset relation inside A.
What happens can be described in plain words as:

e Amongst elements of A which are comparable to m with respect to the subset relation inside A, none
will precede m.

ii. Note that C[r] = {m,n,p,¢,7},and mCpCr,nCpCr,nCqCr.
Then r is the greatest element of C[r] with respect to the subset relation inside A.
What happens can be described in plain words as:

¢ Amongst elements of A which are comparable to r with respect to the subset relation inside A, none
will succeed r.

The way m,r stand out in Example (b) illustrates the idea of the notions of maximality and minimality for partial
orderings.

. Definition.

Let A be a set, and T be a partial ordering in A with graph G. Write u < v exactly when (u,v) € G.
Let B be a subset of A.

maximal

.. } element of B with respect to T if the statement (M M) holds:
minimal

Let 1 € B. Wesayuisa{

) L) opz _
(MM): ForanyaceB,n”{ fpug }then,u—;v.

Remark.

(a) The notion of greatest/least element and the notion of maximal/minimal element coincide for totally ordered
sets (which we call chains), in which the Law of Trichotomy holds.

The notion of maximal/minimal element becomes relevant for partially ordered sets which are not totally
ordered.

(b) The greatest/least element of a set B with respect to a partial ordering T is automatically the (unique)
maximal/minimal element of B with respect to T

(c¢) A maximal/minimal element of a set B with respect to a partial ordering 7' is not necessarily the greatest/least
element of B with respect to T.

In fact, even when B has a maximal/minimal element with respect to T, B does not necessarily have a
greatest/least element with respect to T'.

. Example (b) re-visited.

Regard 0,1, 2,3 as distinct objects.

Let m = {0}, n = {1}, o= {3}, p={0,1}, ¢ = {1,2}, r = {0,1,2}, s = {0,1,3}, t = {1, 2, 3}.

Let A ={m,n,o,p,q,r,s,t}.

The subset relation inside A can be visualized through a display of ‘all’ possible ‘chains of inequalities’ for the
elements of A below:



e mMmCpCr, e NCpCr, e NCqCr, e 0C s,
e mCpCs, e nCpcCs, e nCqCHt, e 0Ct.

A is not totally ordered by the subset relation inside A.

A has no least element with respect to the subset relation inside A.

A has no greatest element with respect to the subset relation inside A.

m,n, o are minimal elements of A with respect to the subset relation inside A.

r, s,t are maximal elements of A with respect to the subset relation inside A.

7. Example (c).
Regard 0,1 as distinct objects. Let M = {0, 1}.
(a) Note that P(M) = {0,{0}, {1}, M}.
The subset relation inside (M) is not a total ordering. (Reason: {0} ¢ {1} and {1} ¢ {0}.)

PB(M) has a greatest element with respect to the subset relation iside P(M). It is M.
PB(M) has a least element with respect to the subset relation iside B(M). It is 0.

(b) Define the subsets S1, Sa, S35, S4 of P(M) by
S =A{0,{0}, M}, S ={0,{0},{1}}, Ss={{0}, {1}, M}, Si={{0},{1}}.

We list the respective least element, greatest element, maximal elements, minimal elements (if exist) of each of
S1, 89,53, 54 with respect to the subset relation inside (M ):

least element? | minimal elements? | greatest element? | maximal elements?

S1 1] 1] M M
S 0 0 nil {0}, {1}
S, nil {0}, {1} M M

Sa nil {0}, {1} nil {0}, {1}
8. Example (d).

For each z € Z, define (z) = {y € Z : y is divisible by z}. The set (z) is called the ideal in Z generated by the
integer x.

Note that (0) = {0} and (1) = (—1) = Z. For each x € Z\{—1,0,1}, (z) is the set of all integral multiples of x.
Let A={Se€PB(Z):S = (x) for some x € Z}.
The subset relation inside A is not a total ordering.

A has a greatest element with respect to the subset relation inside A. This is (1). It is also the unique maximal
element of A with respect to the subset relation inside A.

A has no least element with respect to the subset relation inside A.
There is one minimal element of A with respect to the subset relation inside A. This is (0).

Remark. What seems to prevent A from having any minimal element other than (0) is the lack of ‘boundedness’.
Such a lack of ‘boundedness’ allows for a non-terminating chain of strict inequalities, obtained by ‘shrinking’ an
arbitrary element of A\{(0)}, say, (x), in which = is a non-zero integer, to ‘smaller and smaller’ elements of A:

(r) 2 (22) 2 (d0) 2 (80) 2+ 2 (270) 2 (2"F1a) 2 -

9. Example (e).

There exist some s,t € R such that
Let A= {IG‘B('R)~ s+1<t<s+2 and I=][s 1. }

(In plain words, A is the set of all closed intervals in IR of length at least 1 and at most 2.)

The subset relation inside A is not a total ordering.

A has no least element with respect to the subset relation inside A.



10.

11.

12.

A has no greatest element with respect to the subset relation inside A.
The minimal elements of A with respect to the subset relation inside A are exactly all closed interval of length 1.

The maximal elements of A with respect to the subset relation inside A are exactly all closed interval of length 2.
Example (f).
There exist some s,t € R such that
Let A= {Iefﬁ('R)~ s+l<t<s+2 andI=]s 1. }
(In plain words, A is the set of all closed intervals in IR of length greater than 1 and less than 2.)
The subset relation inside A is not a total ordering.
A has no least element with respect to the subset relation inside A.
A has no greatest element with respect to the subset relation inside A.
A has no minimal elements with respect to the subset relation inside A. (Why? Fill in the detail.)

A has no maximal elements with respect to the subset relation inside A. Reason:

e Suppose I were a maximal element of A with respect to the subset relation inside A.
By definition, there exists some s,t € IR such that s+ 1 <t < s+2and I = [s,¢].

Define u = w

Define J = [s,u]. We have J € A and I & J. Contradiction arises.

.Sincet<s+2, wehavet<u<s+2 Thens+1l<t<u<s+2.

Remark. What seems to prevent A from having maximal elements is the lack of ‘boundedness’ Such a lack of
‘boundedness’ allows for a non-terminating chain of strict inequalities, obtained by ‘expanding’ an arbitrary element
of A\{(0)}, say, [s,s+ 2 — 4], in which s is a real number and § is a positive real number less than 2, to ‘larger and
larger’ elements of A:

) 0 ) 0 0
[s,5+2—0] & [S,S+2—2] G {5,34-2—4} G [878—1—2—8] GG {5,8—1-2—%] G {3,8—1-2—%] G-

Definition.
Let A be a set, and T be a partial ordering in A with graph G. Write u < v exactly when (u,v) € G.
Let B be a subset of A.

Let 8 € A. We say B is a(n) { lll(fvf/)(j: } bound of B in A with respect to T if the statement (UL) holds:

(UL): ForanyxEB,{ i;g }

above

In this situation, we say that B is bounded
below

} in A by 8 with respect to T.

Remark.

(a) The greatest/least element of a subset B of A with respect to T (if it exists) is automatically an upper/lower
bound of B in A with respect to T.

(b) A subset of A which is bounded above/below in A with respect to T' does not necessarily have a greatest/least
element with respect to 7.

Further remark. The notion of upper/lower bound for arbitrary sets with respect to general partial orderings
is generalized from the notion of upper/lower bound for subsets of R.

Example (g).

Let A = {I € P(R) :

There exist some s,t € IR such that
s<t<s+1,and I =[s,t]. ’

(In plain words, A is the set of all closed intervals in IR of length greater than 0 and of length at most 1.)



13.

14.

(a) A has (many) maximal elements with respect to the subset relation inside A. They are exactly the closed
intervals of length 1.

(b) Coincidentally, it happens that every chain in A is bounded above in A with respect to the subset relation
inside A. Reason:

e Suppose C is a chain with respect to the subset relation inside A.
Define K = {s € IR : There exists some I € C, ¢t € R such that I = [s,t]},

L = {t € R: There exists some I € C, s € R such that I = [s,t]}, and J = U I

IeC
After some work, we deduce that K has an infimum in R, L has a supremum in IR, and J is an interval of
length at most 1 whose left endpoint is the infimum of K in IR and whose right endpoint is the supremum
of L in IR.
Denote by J the closed interval with the same endpoints of J. (This is the closure of J in R.)

Then J € A,and I C J C J for any I € C.

Therefore J is an upper bound of C' in A with respect to the subset relation inside A.

(Note that J is not necessarily an element of C. This is the point of its being an upper bound of C' with
respect to the subset relation inside A.)

Remark. This coincidence turns out to be not something by chance, if we choose to believe the validity of Zorn’s
Lemma.

Zorn’s Lemma.

Let A be a set, and T be a partial ordering in A. Suppose every chain in A with respect to T is bounded above
with respect to T. Then A has a maximal element with respect to T.

Theorem (1).

The statement of the Well-ordering Principle and the statement of Zorn’s Lemma are logically equivalent.

Remark. Hence we can only choose between believing Zorn’s Lemma and not believing it.

Appendix: An application of Zorn’s Lemma in linear algebra.

Refer to the Handout Spanning sets, linearly independent sets, and bases for the definitions and basic results
concerned with linear algebra.

We are going to apply Zorn’s Lemma to prove that every vector space (over whatever field) has a base.

Theorem (2).

Suppose V' be a vector space over a field IF. Then V has a base over IF.

Proof of Theorem (2), with the help of Zorn’s Lemma.

Let V be a vector space over a field IF, and J be the set of all linearly independent subsets of V' over IF.
By definition, J is a subset of 3(V'), which is partially ordered by the subset relation inside 7.

Here we verify that every chain in J with respect to the subset relation inside J is bounded above in J with respect
to the subset relation inside J.

Let C be a chain in J with respect to the subset relation inside J.
Define H = U S. By definition, H is a subset of V. We check that H is an upper bound of C in J with respect to

Se¢
the subset relation inside J:

(a) For any T € C, we have T C H. (So, if it indeed happens that H € J, then B will be an upper bound of C' in
Jwith respect to the subset relation inside J.)

(b) [We now check that H is a linearly independent subset of V' over IF.]
Pick any k € N\{0}. Pick any vi,va,---,vy € H. Suppose vy,va,---,Vy are pairwise distinct. Pick any
o1,09, 0 € I
Suppose a1vy + agve + - - + ap vy = 0.
For each j € [1, k], there exists some S; € C such that v; € S;.



Since C'is a chain, there exists some jo € [1, k] such that S; C S}, for any j € [1, k].
Therefore, we have vi,va, -+, vy € Sj,.
By definition, S}, is a linearly independent set over IF. Since ayvi +aava+---+agpvy = 0, we have ap = o =
o= =0.
It follows that H is a linearly independent subset of V' over IF. Hence H is an upper bound of C' in J with
respect to the subset relation inside J.
We have verified that every chain in J with respect to C is bounded above in J with respect to the subset relation
inside J.
According to Zorn’s Lemma, J has a maximal element, say, M, with respect to the subset relation inside J.

By definition, M is a linearly independent subset of V' over IF. We verify that Span(M) = V:

By definition, we have Span(M) C V.

Suppose it were false that Spang(M) = V. Then Spang(M) G V. There would exist some y € V\{0} such
that y ¢ Spany(M).

By definition y ¢ M.

Define M’ = M U {y}. By definition, M C M’. Moreover M’ € 3. (Why?)

Since M is a maximal element of J with respect to the subset relation inside J , we have M = M’. But then
y € M’ = M, which is a contradiction against the statement ‘y ¢ M.

Hence we have Spang(M) =V.

It follows that M is a base of V over [F.



