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Abstract

This paper follows the footsteps from the appendix of Chapter 1 from Rudin’s Principles of Mathematical
Analysis to construct real numbers from the rationals using Dedekind cuts, going significantly beyond the
content in the text and filling all gaps in the proofs. It also covers the notion of completeness and non-
denumerability of the reals, considering various equivalent descriptions, without the requirement of any
knowledge of topology. The author hopes, that the paper will be used as an introduction to the reals that
does not lose rigor, but is accessible to dedicated students with little knowledge of the topological principles,
and that the knowledge that one gains from this paper can then be further strengthened and reinforced by a
more complete, topological introduction to analysis. The choice of certain sources for certain proofs reflects
what the author thought as the most illuminating proof that does not uses topology, and yet manages to
capture the essence of the theorem being proven.
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1 Introduction and Definitions

We, unlike Rudin [1], use the notation C to denote “is a subset of”, and reserve C for proper subsets; but like
him, assume that the reader has an understanding of the rationals, Q.

Definition 1.1. Let S be a set. A (total) order on S is a relation < C S x S with the properties:

1. Trichotomy. If z,y € S then exactly one of z < y, x =y and y < z holds. If y < x we write z > y.

2. Transitivity. For z,y,z € S, (z <y)AN(y<z) = z < z.
An ordered set is a set S on which an order is defined. We take < to mean “either < or =”, and define >
similarly.

Definition 1.2. Suppose S is an ordered set, and let £ C S. If 38 € S s.t. Va € E,x < 5 then we say that F
is bounded above, and we call 8 an upper bound of E. Lower bounds are defined the same way with > in place
of <. An F C S is said to be bounded if it is both bounded below and bounded above.

Definition 1.3. Suppose S is an ordered set, and that £ C S is bounded above. Suppose Ja € S with the
following properties:

1. « is an upper bound of F.

2. If v < « then + is not an upper bound of E.
Then « is called the least upper bound or supremum of E and is written as a = sup E. That it is unique is
obvious. The greatest lower bound or infimum is defined similarly, and is written as o = inf E. We note that F
may or may not contain its supremum or infinum.

Definition 1.4. An ordered set S is said to possess the least upper bound property (shortened to LUBP) if the
following is true: if E C S, E # () and E is bounded above, then sup E exists in S.

Remark. Q does not possess the LUBP. Consider, for example, E C Q given by E = {p|p* < 2}.

Theorem 1. Suppose S is an ordered set with the LUBP. Assume that B C S,B # () and that B is bounded
below. Then inf B exists in S.

Proof. Let L be the set of all lower bounds of B. By definition, L C S. Since B is bounded below, L # (). Since
Vr € B,Vy € L,y < z, hence L is bounded above and every = € B is an upper bound of L. Since S possesses
the LUBP, sup L exists in S; call it . We show that a = inf B.

We know that all members of B are upper bounds of L. If 3b € B s.t. b < a = sup L, this contradicts the
fact that « is the least upper bound. Hence, Vb € B, a < b, implying that « is a lower bound of B.

Suppose 38 € 5,58 > a s.t. §is a lower bound of B. Then, by definition, 8 € L. But « is an upper bound
of L, implying 8 < «, a contradiction. Hence, if 5 € S, 8 > « then B is not a lower bound of B. Therefore, by
definition, a = inf B. [

2 Archimedean Property

In short, the Archimedean Property when possessed by an algebraic structure means that it does not contain
any infinitely large or infinitesimally small elements. We see what algebraic structures here have this property.
We begin first with the Well-Ordering Principle.

Well-Ordering Principle. For SCNy=NU{0}, S#0 = Ja€ Ss.t. Vb€ S,a<h.

Corollary 1. By appropriate translation, any non-empty susbet of integers that is bounded below has a least
element.

Theorem 2 (Archimedean Property for Natural Numbers). Va,b € N;3n € N s.t. na > b.

Proof. Assume to the contrary that Vn € Nyna < b. Then S = {b — na|n € N} C Ny. By the Well-Ordering
Principle, S has a least element, say b — ma. But because b — (m + 1)a € S and b — (m + 1)a < b — ma, we
arrive at a contradiction to the minimality of b — ma. O

Theorem 3 (Archimedean Property for Positive Rationals). Va,b € Qs,3n € N s.t. na > b.

Proof. Clearly, both this theorem and the previous one are equivalent to the following: Vb/a € Qso,3In € N s.t.
n > b/a. O

Corollary 3.1 (Archimedean Property for Rationals). If a,b € Q and a > 0 then In € N s.t. na > b.

It turns out that the real numbers also possess the Archimedean Property, as we shall demonstrate after we
have a rigorous construction of the real numbers using Dedekind cuts.



3 Field Structure

Here, we discuss the definition of a field and its consequences.

Definition 3.1. A field is a set F with two operations +,- : F2 — F, called addition and multiplication
respectively, which satisfies the following field axioms:
(A) Axioms for addition: (F,+) forms an abelian group.
A0) Closure. Vx,y € F,x+y € F.
1) Associativity. Vx,y,z € F,(x +y) + 2z =x + (y + 2).
) Existence of Identity. 30 € F s.t. Vx € F,0+ 2 = .

(M) Azioms for Multiplication: (F \ {0},-) forms an abelian group.
(MO) Closure. Va,y € F,x-y € F. x -y is also written as zy for brevity.
(M1) Associativity. Vx,y,z € F, (zvy)z = 2(yz).
(M2) Euzistence of Identity. 31 € F s.t. 1 =0 and Vz € F, 1z = x.
(M3) FEzistence of Inverse. Yo € F\ {0},31/z € F s.t. - (1/z) = 1.
(M4) Commutativity. Va,y € F,xy = yz.

(D) Distributivity. Vx,y,z € F,x(y + z) = zy + zz.

Proposition 3.1 (Field Structure - Addition). The axioms for addition imply the following. We omit the
proofs and encourage the reader to try them.

1. Cancellation Law. x+y=x+ 2z = y = z.

2. Uniqueness of Identity. x +y=x — y =0.

3. Uniqueness of Inverse. x +y=0 — y = —x.

4. Pairing of Inverses. —(—z) = x.

Proposition 3.2 (Field Structure - Multiplication). Similarly, the axioms for multiplication imply the following.
1. Cancellation Law. x Z0ANzxy =22 — y = 2.
2. Uniqueness of Identity. x #0Nzy =02 — y=1.
3. Uniqueness of Inverse. t #0ANzy=1 = y=1/z.
4. Pairing of Inverses. 1/(1/x) = x.

Proposition 3.3 (Field Structure - Distributivity). For any z,y,z € F,
1. 0z =0.
2. Null Factor Law. zy =0 — =0V y=0.
3. (—z)y = —(zy) = x(-y).
4. (—z)(=y) = zy.

Definition 3.2. An ordered field is a field F' which is also an ordered set, such that:
1. Ve,y,2€e Fly<z = z+y<z+z.
2. Vz,y € F,(x >0)A(y >0) = zy > 0.

If x > 0 we call x positive; if x < 0 we call it negative.

Proposition 3.4 (Ordered Field Structure). Let F' be an ordered field. For z,y,z € F, the following hold.
The proofs are omitted, but can be found in any standard text, e.g. Rudin.
1. If z > 0 then —x < 0 and vice-versa.
Ifx>0theny <z = zy < xz.
Ifx <0theny <z = zxy > zz.
x#0 = 22> 0. In particular, 1 > 0.
O<z<y = 0<1l/y<1/x.

DAl

The set of rational numbers, Q, follows the axioms of Definitions and as is readily checked. Hence,
Q is an ordered field.

4 The Real Field - Dedekind Cuts

Theorem 4. There exists an ordered field R, with the LUBP. Moreover, it contains Q as a subfield.

The second statement means that Q C R, the operations of addition and multiplication coincide with the
usual ones on rationals, and that the positive rationals are the positive elements of R. The members of R are
called the real numbers.

Proof. We construct, stepwise, the field R from the rational numbers. We do so with the full gory details.



Step 1 The members of R will be certain subsets of Q, called cuts. A cut is a set o C Q with the following
properties:
(I) a#0 and o # Q.
(IT) « is closed downward. If p € o,q € Q and ¢ < p then ¢ € «. This implies that: (a) p € a A g ¢
a = p<qand (b)r¢anr<s = s¢a.
(ITII) « has no largest element. Formally, p € @ = Ir € as.t. p <.
The letters p,q,r,... are used to denote rationals and «, 3,7, ... are used to denote cuts.

Step 2 Define “a < 8”7 to mean o C . Let us check that this satisfies the requirements of Definition [1.1
Trichotomy. 1t is clear at most one of the following hold: a < 8, = 3,8 < «. To show that at least one
holds, assume that the first two fail. Then a ¢ 8 = Ipcast. p¢ . ThenVge B,p¢ 8 = ¢ <p,
hence ¢ € a, by (II). Thus 8 C «. Since 8 # «, we conclude § < a.
Transitivity. It is obvious that (o < B) A (8 < v) = «a < 7, since a proper subset of a proper subset is
a proper subset.
Thus R is now an ordered set.

Step 3 The ordered set R has the LUBP.

To prove this, let A C R be nonempty and let 8 € R be an upper bound of A. Define v = |J a. We
acA
show that v € R and that v = sup A.

We show that v € R.

(I) A#0 = 3ag € A. Since ay is cut, ag # 0 and ag C « implies that v # . Next, Va € A,a C
B = ~v C B and hence v # Q.
To prove (II) and (III), pick any p € .

(IT) By definition of v, Ja; € Ast. p€ ay. Forany € Qq<p = g€ a3 = g €.

(III) We know that 3r € a; s.t. 7 > p. Then the same r lies in v as well.

Hence, v € R. Now we show that v = sup A.

It is clear that Va € A, a0 < .

Suppose § < . Then Js € y s.t. s ¢ 6. Since s € v,Ja € A s.t. s € a. Hence, § < a and thus 0 is not an

upper bound of A. Hence, by definition, v = sup A.

Step 4 For «, 5 € R, define a4+ 8 = {r + s|r € a, s € B}. We define 0* = {s|s € Q,s < 0}. Clearly, 0* € R. We
verify that the axioms for addition from definition hold, with 0* being the identity for addition.

(A0) We have to show that o + 8 € R.

(I) Clearly, ) C a+8C Q. Let ' ¢ o, s’ ¢ 8. ThenVr+s € a+8,r+s <r'+s = r'+s ¢ a+p.
Consequently, a + 5 # Q.
For (II) and (III) pick any p € a« + 8. Then Ir € a,s € B s.t. p=r+s.
(II) If g <p,theng—s<r,s0¢q—s€a,and ¢g= (¢ —s) + s € a+ .
(ITI) Chooset € as.t. t >r. Then p<t+sandt+s € a+ .
Hence, a + 3 satisfies the definition of a cut.

(A1) Follows trivially from associativity in Q.

(A2) If s € 0* and r € a, then s+ 7 < 7, hence s +r € a. Thus 0* + @ C «. For the other side, pick
p € a, and pick r € a,r > p. Then p—r € 0* and p = (p —r) +r € 0* + @, implying a C 0* + «.
Therefore, we conclude that 0* + a = a.

(A3) Fix o € R. Define = {plp € QAIt > 0s.t. —p—1t ¢ a}. We show that 5 € R and that o+ = 0*.
(I) For some s ¢ o, letp=—s—1. Then —p—1¢ o = p € B, hence B # 0. If ¢ € a then —¢q ¢ 3,

so 3 # Q.

For (II) and (III), choose p € 3, and choose t > 0 s.t. —p—1¢ & .
(Il) g<p = —q—t>—p—r, hence —q —t ¢ a so that g € S.
(III) Put w =p+ (t/2). Evidently, © > p and —u — (t/2) ¢ a so that u € §.
Hence, 5 € R.
Ifreaandsée€ fthen —s¢a — r<—s = r+s <0sothat a4+ C 0*. Now pick v € 0* and
let w = —v/2. Then w > 0. Now consider the set E C Z given by E = {m|mw ¢ a}. Pick a ¢ a.
Since w > 0, by the Arhimedean property for rationals, I3n € N s.t. nw > a¢ = nw ¢ a =
n€FE = E #0. Now pick b € a. Again, I € Nst. lw>-b = b> (-)w = —-1l¢FE
and l ¢ E)k <1 = k ¢ FE so that E is bounded below. Therefore, by Corollary |1, F has
a minimal element; call it n + 1. Then nw € a but (n + 1)w ¢ a. Put p = —(n 4+ 2)w. Then
—-p—w=Mn+Nwé¢a = pef,andv=nw+p € a+ F so that 0* C « + 5. Conseqeuntly,
a+ 8 =0*. We denote such S, of course, by —a.

(A4) Again, this follows trivially from commutativity in Q.

Step 5 Now that the addition defined in Step 4 satisfies the axioms for addition from Definition [3.1} Proposition
[3.1]is valid in R. Hence, we can prove the first of the requirements of Definition We have to show
that Va, 5,y e R, < v = a+ [ < a+ ~. Indeed, it is obvious from the definition of + in R that
a+ B Ca+n~. If we had o+ 8 = a+ v, the cancellation law from Proposition [3.1] would imply 8 = 7,



Step 6

contrary to the hypothesis.
It also follows that a > 0* «<— —a < 0*.
Multiplication is a little more bothersome than addition in our context because products of negative
rationals are positive. For this reason, we confine ourselves first to Rs¢ = {a € R|la > 0*} C R.
For a, 8 € Ry, define af = {p|Fr € a,s € 8,7 > 0,5 > 0 s.t. p < rs}. Define 1* = {¢lqg € Q,q < 1}.
Then we show that the axioms for multiplication and distributivity hold in Ry with 1* as the identity
for multiplication.
Observe closely what o € Ry means. 0* C o = Jp € a s.t. p ¢ 0%, i.e. p > 0. By (III), Ir € a s.t.
r>p>0. Iffora € R, Ir € as.t. r >0 then Vg € 0*,g <r = 0* C . Since r ¢ 0*, 0* < . Hence,
a€Ryg <= aeRATIreast. r>0.
(MO) We have to show that af € Rsg.
(I) Obviously a8 C Q. Choose any r € a,s € 8,7 > 0,5 > 0. Then p =rs € af = aff # 0.
Now choose r’ ¢ a, s’ ¢ 3. Then necessarily ' > 0 and s’ > 0. Consider p’ = +’s’. Since Q is an
ordered field, using Proposition and the fact that Vr € a,s € 8,7 > 0,5 > 0,r <71',s < &'
we get that rs <r's <r's’ = pé¢af = af #£Q.
For parts (IT) and (III), pick a p € o and choose r, s as specified such that p < rs.
(IT) Let ¢ < p. Then the same choice of r, s shows that ¢ € af.
(III) Choose t € as.t. t > r. Then p <rs < ts and ts € af.
This shows that a8 € R. From (I), 3rs € af s.t. rs > 0 so that o € Rsg.
(M1) Tt follows from associativity in Q. Here’s a sketch of why: we wish to show that Vo, 8,7 € Ry, (af)y =
a(By). Now (af)y = {p|3r € af,s € v, > 0,s > 0s.t. p<rs}. Bt r € af = 3Tq € a,t €
B,q > 0,t > 0s.t. r < gqt. Hence, (af)y = {p|3q € a,t € B,s € v,q,t,s > 0s.t. p <rs < gts}.
Hence, defining a8y as {p|3¢ € a,t € 8,5 € v,q,t,5 > 0 s.t. p < gts} is consistent with the previous
definition (choose r = ¢t) and makes it obvious why multiplication is associative.
(M2) Clearly, 1* # 0*. We have to show that Yo € Ry, 1*a = a.
By definition, 1*a = {p|3r € 1*,s € a,r > 0,5 > 0 s.t. p < rs}. Since Vr € 1*,r < 1 and s > 0,
p <rs < s. Hence, by (Il) in «, p € a so that 1*a C a.
Now pick any ¢ € a. We show that ¢ € 1*«, i.e. Ir € 1*,¢' € a,7 > 0,¢’ > 0s.t. ¢ < 7r¢g. If
q < 0, any choice works. If ¢ > 0, then by (III) in «, 3¢’ € a s.t. ¢ > ¢ > 0. Let r = ¢/¢’. Then
0<r<1l = rel*and q=rq¢ € 1*a. Hence a C 1*a. Combining, 1*a = a.
(M3) Pick o € Ry and define 8 = {pl¢ € aAg >0 = 3Ft > 0st. p < (1/q) —t}. We show that
B € Ry and that aff = 1*.
(I) Choose t =1/(2q) to see that 0 € 8, so that 8 # 0. Let p € o, p > 0. By (III) in «, choose q € «
st. ¢ >p>0. Then 1/p > 1/¢g >0 = Pt >0st. 1/p<(1/qg)—t = 1/p ¢ 3. Hence,
B+Q.
For (IT) and (III), pick p € 5.
(IT) Since Vg € o, ¢ > 03¢t > 0 s.t. p < (1/q) — ¢, using the same ¢ for any p’ < p shows that p’ € j.
(III) Let w=p+ (t/2) > p. Then Vg € a,q¢ > 03(t/2) > 0s.t. u < (1/q) — (t/2) = w e p.
Hence 5 € R. Since 0 € 3, 5 € Ryg. Now we show that af = 1*.
Suppose p € af. p <0 = pe 1*. If p> 0, we know that Ir € a, s € 5,7 > 0,8 > 0s.t. p <rs.
Now s € § = 3t > 0s.t. s < (1/r)—t. Therefore, p <rs<1l—rt <1 = p € 1*. Consequently,
af C 1.
For the other direction, we first prove three preliminary lemmas.
Lemma 4.1. For any « € R, we have that Ve € Qso,Ip € a,q ¢ as.t. g—p <e.

Proof. Pick any p € a,q ¢ a. If ¢ — p < &, we are done. Hence assume that ¢ —p > ¢ > 0. Now, by
the Archimedean property on positive rationals, we can pick an N € Ns.t. N > (¢—p)/e. Pick such
an N and define p; = p+ (¢ —p)/N for i =0,1,..., N. We notice that pg = p and py = ¢q. Consider
the set S C Ng N[0, N] given by S = {n|p, ¢ a}. Because N € S, we see that S is a nonempty
subset of nonnegative integers. Therefore, by the Well-Ordering Principle, it has a minimal element;
call it r. Since 0 ¢ S,r > 0. Hence we find that p,_1 € a,p, ¢ a« and p, —p,—1 = (¢ —p)/N < ¢ as
needed. O

Lemma 4.2. For any o € Rsq, we have that Ve € Qs¢,Ip € a,p > 0,9 ¢ a s.t. ¢ — p < pe.

Proof. Fix at € as.t. t > 0. (We can do this because a € Rsq). Now define ¢’ = 2(157;), so that
0<e < 1%5 < t. Now by Lemma pick p € a, ¢ ¢ « such that 0 < ¢ —p < €’. Since t € a but
q ¢ «, we have t < ¢ so that we get 0 < t—¢&’ < g—¢’ < p and hence 0 < % < # < t_ls/. Then these

. o, . . . o, . q—p q—p /
p, q satisfy the condition because we get the chain of inequalities 0 < 7 <i= < — <& O
Lemma 4.3. If o € R5¢ then Vv € (0,1),7, = va = {vp|p € a} C a.

Proof. Tt is obvious that 7, C «a, hence it suffices to demonstrate a p € a\ 7. Let ¢ = 1 — v so that



0 <e < 1. Using Lemma pick a p € a,p > 0,q ¢ « such that ¢ < p(1 +¢). Now Vp' € a,p’ < ¢
implying that vp’ = p'(1 —¢) < q(1 —¢) < p(1 —&2) < p so that p ¢ 7. O
Now pick v € 1*. If v < 0 then picking any positive r € a, s € 3 shows that v € af8. Hence assume
that 0 < v < 1. Define v' = (14 v)/2. Then 0 < v < v’ < 1. Now define v,» = v'a = {v'plp € a}.
Using Lemma choose a r € a'\ 7, and define s = 2 > 0. Then Vg € a,q > 0,7 > v'q <= s=
< ”7/ < % Hence, we see that Vq € o, ¢ > 0,3t = ”/2;” >0st s<(l/g)—t = s € . Finally,
v =rs € aff so that 1* C af. This completes the proof that af = 1*. Naturally, we denote such a
B by 1/ca.

(M4) Follows trivially from commutativity in Q.

(D) To show that Vo, 8,7 € Rsg,a(8 +7) = af + ay.

Suppose that p € a(8+ 7). Then Ja € a,s € B+ v,a > 0,s >0st. p<as. s€e f+~v = T e€
B,c € yst. s =b+c¢>0. We may WLOG assume that b,c > 0. To see why, first notice that
atmost one of b, ¢ is nonpositive. WLOG, if b < 0, replacing it by a ¥’ € a s.t. 0 < b’ < ¢ (such a
b’ exists because a € Rs() and replacing ¢ with ¢ — b’ does not change the sum. Then we get that
p < a(b+c) =ab+ac. Since ab € aff and ac € ay, ab+ ac € aff + ay and thus p € o + ay. Hence,
we get that a(8+v) C af + ay.
To proceed in the other direction, let p € afS + ay. Then 3t € aff,s € ay st. p =t+s. Now
Jda; € a,b € B,a1 > 0,b > 0s.t. t < aib and Jas € a,c € v,a0 > 0,¢c > 0 s.t. s < age. Let
a = max{a1,az} € @. Then p < a1+ ase < ab+ ac = a(b + ¢) so that p € a(8 + 7). Hence, we get
that af + ay C a(B + ), finishing the proof.

Step 7 We can now prove the second of the requirements of Definition [3.2] We have to show that if o, 8 > 0*

Step 8

then a8 > 0*. But this is obvious because if we choose r € a,s € 8,r > 0,s > 0 then rs > 0 and rs € af.
We complete the definition of multiplication by setting a0* = 0*«a = 0* and by setting

(~a)(—B) a<0%,5<0°
af ={ ~[(~a)8] a<0",5>0°
~[a(-B)] @>0"5<0",

where the products on the right were defined in Step 6. Similarly, if & < 0%, we define 1/a = —[1/(—a)].
To complete the definition of multiplication, all that remains to be shown is that the axioms (M) and
(D) hold not just in R+ but in R. In this part the casework becomes tedious, but we highly encourage
the reader to at least follow the working carefully, if not try to work through it themselves. To organize
the cases below, whenever we have three variables (M1 and D), we let Cn, N = 0,1,...,7 to denote the
case where a, 3, have signs according to the digits in the binary representation of N, with 0 indicating
positive and 1 indicating negative. For instance, C> means o > 0%, 8 < 0%,y > 0* because 2, = 0105.
We repeatedly use (a) the above definition of multiplication for negative reals, (b) properties from Step
6, and (c¢) the fact that Va € R, —(—«a) = «, which comes as a part of Proposition which we have
proven for the reals.
(MO) It follows immediately from the definition that if a, 8 € R then a8 € R.
(M1) We have to show that Va, 8,7 € R, a(f8v) = (af)y. If any of «, 3,7 were to be 0%, both sides would
be 0* and hence equal. Hence, we can assume «, 5 # 0* split into Cy,Cs, ..., Cr.

(Cp) Follows from Step 6.

(C1) a(By) = a[ = B(=)] = —[a(B(—))] = —[(@B)(=7)] = (aB)r.

(C2) a(By) = a = (=B)y] = —a[(=B)] = —[a(-B)]y = [~ a(=B)]7 = ().

(C3) a(By) = a[(=B)(=7)] = [a(=B)](=7) = (—aB)(—7) = (aB).

(C1) a(By) = =[(=a)(BY)] = = [(~a)B]y = [ = (~a)B) ]y = (aB).

(Cs) a(By) = (—a)(=B7) = (=) [B(=)] = [(-a)B] (=) = (—aB)(—) = (aB)r.

(Co) a(By) = (—=a)(=B7) = (=) [(=B)] = [(=a)(=B)]¥ = (aB).

(Cr) a(By) == [(=a)(B7)] = = [(=)((=B)(=7)] = = [((=a)(=B)) ()] = = [(aB) ()] = (aB).
Therefore, in all cases, we get associativity.

(M2) If o > 0* then by Step 6, 1*a = a.
If « =0* then 1"a = 1*0* = 0* = «.
If a < 0% then 1*a = —[1*(—a)] = —[(—a)] = o
Therefore, in all cases, 1*a = a.
(M3) If o > 0* then by Step 6 we are done.
If & = 0* then we need not show an inverse, and indeed none exists in this definition.
If o < 0* then, by definition, 1/ = —[1/(—a)] so that a-1/a = a[— (1/(-))] = (—)[1/(—a)] =
Therefore, in all cases where o # 0%, we get an inverse.
(M4) To show that Vo, € R, af = Ba. If either of «, 8 were to be 0%, both sides would be 0* and hence
equal. Hence, we can assume «, 8 # 0* and split into the below cases.



If a > 0*, 8 > 0* then by Step 6 we are done.
If @ > 0%, 8 < 0* then af = —[a(—0)] = —[(-8)a] = Ba.
If a < 0%, 8 > 0* then aff = —[(—a)f] = —[f(—a)] = Pa.
If @ < 03,8 < 0% then a, B = (—a)(—fB) = (—8)(—a) = Ba.
Therefore, in all cases, we get commutativity.
To show that Va, 8,7 € R, a(8+7) = af+ay. Again, if any of «, 3,y were to be 0%, it is easy to verify
that both sides would be equal. Hence, we can assume «, 3,7 # 0* and split into C1,Cs,...,C7. To
simplify our analysis, we can see that by commutativity of addition (which we have proven above
holds for reals), C; <= (3 and C5 <= (§ so that we only need to prove one of each pair.
However, we need to break C; further as shown below.
(Cp) Follows from Step 6.
(C1) We break further. Recall that in this case o > 0%, 8 > 0%,y < 0*.
a. If B+~ >0* then a(B+7v) —ay=a(B+7) +a(—y) = a(B +7—7) = af. Adding ay to
both sides we get the result.
b. If 4+~ < 0* then —a(B+7) +af =a[-(B+)]+aB =a[-B-7]+af =a[-—-7+p] =
a(—v) = —ary. Adding a(B + v) + ay to both sides we get the result.
This finishes C; and, by the equivalence, Cs.
(C3) —a(B+7) =a[-(B+7)] = a[-B-9] =a[(-B) + (—7)] = a(-B) + a(—7) = —af — ay. Adding
a(B+v) + af + ay to both sides we get the result.
(C1) a(B+7) = —[(—a)(B+7)] = —[(a)B + (—a)] = —[(-a)8] — [(~a)] = af + ar.
(Cs) a(B+7) = ~[(=a)(8+7)] = —[(—a)8 + (—a)] = —[(~a)8] — [(~a)] = aB + ay. In the
distributive step, we used C].
(C7) a(B+)] = (—)[=B+7)] = ()-8 =] = (=)[(=8) + (-=7)] = (=a)(=B) + (=a)(—7) =
af + avy.
Therefore, in all cases, we get distributivity.

This completes the proof that R is an ordered field with the LUBP. Now it remains to be shown that Q
is isomorphic to a subfield of R.

Step 9 We

associate with each r € Q the set r* C Q defined by r* = {p|p < r}. It is clear that each r* is a cut;

that is 7* € R. Then these “rational cuts” satisfy the following properties:

()
(b)
(¢)

4+ s = (r+s)*
r*s* = (rs)*
r*< st = r<s.

Proof. We use the properties of R developed above, and prove the statements in a convenient order.

(c)
(a)

(b)

If r < s then r € s*\ r* so that r* < s*. If * < s* then Jp € s* \ r*. Hence r < p < s so that r < s.
Choose p € r* + s*. Then p = u + v where u < r, v < s. Hence p < r + s, which says that
p € (r + s)*. Conversely, suppose that p € (r +s)*. Then p <r+s. Let t = (r +s —p)/2 and put
r"=r—t<r,ss=s—t<s Thenr' er*,s es*and p=1r'+5s €r* + s*.

If either of r or s is 0, then the conclusion is obvious since then both sides are 0* (this follows from
the first result of Proposition which we know to hold for R). Hence, assume that r,s # 0. First
we show the result for r, s > 0.

By definition, r*s* = {p|3a € r*,b € s*,a > 0,0 > 0 s.t. p < ab}. Choose p in r*s* and such a,b.
Since 0 < a < r and 0 < b < s, we have that p < ab < rb < rs so that p € (rs)*. For the other
direction, assume that p € (rs)*. Then p < rs. We have to show a,b such that 0 <a < r,0 < b < s
and p < ab. If p <0, choosing a = r/2,b = s/2 suffices. Hence assume that 0 < p < % < rs. Then
let € = 1 min{r, “5E}. Now because r, s > 0 and rs —p > 0, “5-2 > 0 so that 0 < & < min{r, 57}
This means that we can choose a = r —e and b= 25 since 0 < e <r = 0<r—¢e < r and

2(r—e)
5<§?=:;ﬂ;<&
We now show that (—r)* = —r*. Now —r* = {p|3t > 0st.—p—t ¢ r*} and —p— 1t ¢ 1" —

—p—t>r < p+t < —r. Hence, we see that such a ¢ exists iff p < —r, that is iff p € (—r)*.
The rest is just casework using (c).
If r > 0,5 <0 then r* > 0*,s* < 0" so r*s* = —

s .
If r < 0,5 <0 then r* < 0%, s* < 0* so r*s* = (—r*)(=s*) = (—r)*(=s)* = [(—r)(=s)]* = (rs)*.
Therefore, in all cases, we get that r*s* = (rs)*.

This shows that the set of rational cuts Q* is a subfield of R and that it is isomorphic to Q. This iso-
moprhism allows us to regard Q as a subfield of R. It is, in fact, isomorphisms that allow us to embed
NcQcRcC.



Rudin then states, without proof, that any two ordered fields with the least upper bound property are isomoprhic;
so that the first part of this theorem characterizes the real field completely. We, thus, finish the construction. [J

5 Is /2 real?

It is a standard proof in any mathematics textbook that v/2 is irrational. Here, we use the above construction
of the reals to show that there is indeed a real (in fact, two of them), whose square is 2.

Theorem 5. There exists a positive real number whose square is 2.

Proof. Let a C Q be defined as a = {p|p <0V (p > 0 Ap? < 2)}. We show that a € R~ and that a? = 2*.
MHo0ea = a#Pand2¢ a = a#Q.
For (IT) and (III), pick a p € a.
(II) f p<Otheng<p = ¢<0 = g€a Ifp>0and ¢ <0theng<pandqé€a If0<qg<pthen
0 < ¢? <p? <2sothat ¢ € a.

(ITI) If p < 0 then 0 € o works. If p > 0 then define, as Rudin does, ¢ = 2;”%22. Then it is an easy exercise to

check that p? < 2 <= p < q <= ¢? <2 so that ¢ € a is a greater element of a.
This means that o € R. Since 0 € a, @ € Ryg. Now, we show that a? = 2*.
Let p € a. Then Ja,b € a,a,b > 0 s.t. p < ab. Such a pair, by definition of o, must satisfy a? < 2,5 < 2, so
that . If p>2then 0 <2 <p<ab = 0 < 4 < p? < a?b? < 4, a contradiction. Therefore, p < 2 and p € 2*.
This means that o? C 2*.
Now assume that p € 2*, i.e. p < 2. If p < 0, choose any positive element ¢ of & € Ry so that p < 0 < t2

implying that p € o?. Hence assume that 0 < p < 2. Define ¢ = %min{l—lo, 10(221;”)}. Then 0 < & <
min{ 55, 10(221;1’)} so that e(2+¢) < e(2+ 15) = 3¢ < 2%1’. Multiplying both sides by p > 0, we get that

pe(2+¢e) <2—p = p(1+¢)? < 2. Since a € R+, by Lemma we may choose t € o, t > 0,s ¢ « such that
s —t < te. For these s,t, we have that p < ﬁ < ﬁ < t2 < 2. Hence we see that for this t € o, t > 0, we

have p < t? and hence p € «?, implying that 2* C o?. This concludes the proof that a? = 2*. O

6 Archimedean Property for Reals

As promised, we now follow give two proofs of the Archimedean Property for the real numbers, using the fact
that it is an ordered field with the LUBP.

Theorem 6 (Archimedean Property for Reals). If a,b € R and a > 0 then 3n € N s.t. na > b.

Rudin mentions that “with very little extra effort”, we may derive this from the construction we have
developed above. This is the “very little extra effort” from the part of the author. To integrate the use of the
symbols we developed above for the reals into the context we usually use them in, we now overload the usage
of < operator and use the same notation for the rational numbers as both numbers (when compared with each
other) and for the rational cuts (when used with reals). In understanding the meaning from the context, one
can develop an appreciation for the choice of symbols.

Proof 1. If b < 0 then 0 € a \ b so that b < a and n = 1 works. Hence assume that b > 0. Now choose ¢ ¢ b,
then ¢ > 0. Since a > 0, It € a,t > 0. By the Archimedean Property on the Rationals, we may choose an
n € N\ {1} so that (n — 1)t > ¢. Then (n — 1)t € na \ b and so for this n, na > b. O

The second proof is taken from Rudin, and with this proof he wishes to show how powerful the LUBP is.

Proof 2. Assume to the contrary that ¥n € N;na <b. Then () C S = {naln € N} C R is bounded above by b.
Since R has the LUBP, @ = sup S exists in R. Now z > 0 = «a — 2 < a so that a — z is not an upper bound
of S. This means that Im € N s.t. o — 2 < ma. But then o < (m + 1)z, which is impossible since « is an
upper bound of S. O

It is interesting to observe how this proof is similar to that of the Archimedean Property for natural numbers.
In both the cases, we assume the contrary and show a violation of the minimality of a bound.



7 Completeness of Reals

The rationals, despite being “dense” on the number line, are incomplete in the sense that there are still gaps in
them (in fact, uncountably many of them). For example, it is possible for a continuous function on the rationals
to change sign without hitting a zero (consider p(x) = 22 — 2). The reals are, in this sense, complete, and form
a continuum. This “completeness” has various equivalent formulations. We develop some of them as simple
consequences of the LUBP.

7.1 Dedekind Completeness

An ordered field is said to be Dedekind complete if every Dedekind cut in that field is generated by a number of
that field. The rationals are clearly not Dedekind complete, since the cut corresponding to v/2 is not generated
by a rational number. The reals are Dedekind complete, and that means that creating more Dedekind cuts will
not give further structure.

Theorem 7 (Dedekind Completeness of the Reals). Let o C R be such that:
(1) a#0 and a #R.

() Ifpe a,q € R and ¢ < p then q € a.

(Ill) peca = Ircast p<r.

Then Ja € R s.t. a={zx e R:z < a}.

Proof. This is a trivial consequence of the LUBP. (I) and (II) collectively imply that « is a nonempty subset
of the reals that is bounded above (by any b ¢ «). Hence, a = sup « exists in R. Since a is an upper bound
of a, we must have that « C {# € R: 2z < a}. If a € a, by (III) we would obtain some r € a s.t. a < 7,
a contradiction to a being an upper bound of «. This means that & C {x € R: z < a}. We now show that
{reR:2 <a} Ca Pikany ¢ <aandlet 0 <e=a—gq. Since a is the least upper bound of «, exists
p€an(a—3,a),else a — 5 would be a smaller upper bound. Then for this p, p € a and ¢ < p so that by (II)
q € «, thus concluding the proof. O

7.2 Monotone Convergence Theorem

Definition 7.1. A sequence {ay}nen of reals is a mapping a : N — R that assigns to each natural number n
a real number a,, = a(n). A sequence {a,} is said to be weakly increasing if Vn € N,a,, < a,41 and is said
to be weakly decreasing if Vn € N,a,, > a,+1. We drop the term “weakly” when we drop the condition that
equality be possible between successive terms in the above definition. A sequence is said to be monotone if it is
either weakly increasing or weakly decreasing. . A sequence {a,} is said to be bounded above or bounded below,
according to whether the set {a, : n € N} is (sometimes, the set of elements of the sequence is also denoted by
{an}). A sequence {a,} is said to be bounded if the sequence {|a,|} is bounded above.

Definition 7.2. A sequence {a,} of reals is said to converge if 3L € Rs.t. ¥e > 03N € Nst. n > N =
|an, — L| < e. We then call L the limit of {a,} and write lim a,, = L, sometimes also as lim a,, or simply lim a,,.
n—oo n

Lemma 7.1. Every sequence {a,} with finite limit L is necessarily bounded.

Proof. Pick any € > 0. By definition, 3N € N s.t. Vn > N,|a, — L| < €. This means that, by the triangle
inequality, Vn > N, |a,| < |L| + |an, — L| < |L| + € so that max{|ay|, |az|,...,|an—1],|L| + €} is an upper bound
of {|an| : n € N}. O

Lemma 7.2. Let set A s.t.  C A C R be bounded below. Define —A = {—z|z € A}. Then sup (—A) = —inf A.

Proof. ) CACR = () C —A CR, and A is bounded below implies that —A is bounded above, so that both
sides are defined. Let o = inf A, then by definition, (a) Vz € A,a <z and (b) a <z = Ty € As.t. y <.
Multiplying everything by —1, we get that (a)Vzx € A,—a > —z and (b) —a > —z = Jy € As.t. —y > —=x,
which is exactly the definition of sup (—A). O

Theorem 8 (Monotone Convergence Theorem). If {a,} is a monotone sequnce of reals, then it has a finite
limit iff it is bounded.

Proof. For the sufficiency, assume first that the sequence {a,} is weakly increasing and bounded above. Then
by the LUBP of the reals, ¢ = sup{a,} exists finitely. We show that lim a, = ¢. By definition of supremum,
n n—oo

Ve > 0,3IN € Nst. ay > ¢ — ¢, else ¢ — ¢ would be an upper bound of {a,}, a contradiction. Since {a,} is

weakly increasing and ¢ an upper bound, we get that 0 < ¢ —ay < ¢ and that Vn > N, |c —a,| < |c—an| < &.

Therefore, by definition, lim a, = ¢. Now if {a,} were to be weakly decreasing in stead, then the sequence
n—oo

{—ay} would be weakly increasing and bounded so that it would have a finite limit; call it —c. Then it is easy
to see using Lemma [7.2] that lim a, = ¢ here as well. Lemma [7.1] establishes the necessity. O

n—oQ



7.3 Bolzano-Weierstrass Theorem

The following is taken from Bartle and Sherbert|[2].

Definition 7.3. Given a sequence {a,}, consider an increasing sequence {nj} of positive integers. Then the
sequence {ay, } is called a subsequence of {a,}. If it converges, its limit is called a subsequential limit of {a,}.

Lemma 7.3. Every sequence {a,} of reals has a monotone subsequence.

Proof. We call the mth term a,, a “peak” if Vn > m,a, < a,,. Note that in a decreasing sequence, every term
is a peak and in an increasing sequence, no term is a peak. We split into cases:

Case 1. {a,} has infinitely many peaks. Then we list the peaks by increasing subscripts n; < ng < -+ <np < «--.
Since each term is a peak, an, > an, > -+ > ay,, > --- so that {ank} is a weakly decreasing subsequence.
Case 2. Suppose there are only finitely many (possibly zero) peaks. List them out by increasing subscripts:
GpysQny, - 5 0p,. Let 81 :=m, + 1. Since a,, is not a peak, Iso > s1 s.t. a5, < as,. Since a,, is not a

peak, 3s3 > sg s.t. as, < as,. Continuing this way, we get that the subsequence {as, } is increasing.
O

Theorem 9 (Bolzano-Weierstrass Theorem). If {a,} is a bounded sequence of reals, then it has a convergent
subsequence.

Proof. By Lemmal7.3] {a,} has a monotone subsequence {a,, }. Since {a,} is bounded, {a,, } must be bounded
too. Then by the Monotone Convergence Theorem, {a,, } is such a convergent subsequence. O

7.4 Cauchy Completeness
This section is taken from Pugh|3].

Definition 7.4. A sequence {a,} is said to be a Cauchy sequence if Ve > 03N € N st. n,m > N =
lan, — am| < €.

Clearly, every convergent sequence of real numbers is a Cauchy sequence. To prove this, consider a convergent
sequence {a,} with limit L. For given ¢ > 0, we may choose N € Ns.t. n> N = |a, — L| < 5. This means
that for m,n > L, by the triangle inequality, |a, — am| < |an, — L| + |am — L| < € as required. The converse of
this statememnt is, along with the Archimedean property, equivalent to the other definitions of completeness.
Here we only prove one direction of the equivalence.

Theorem 10. R is complete with respect to Cauchy sequences. That is, every Cauchy sequence of reals is
convergent.

Proof. We first show that {a,} is bounded; indeed, the proof is similar to that of Lemma Pick any
e > 0. By definition, 3N € N s.t. Vn > N,|a, — any| < e. This means that, by the triangle inequality,
VYn > N, |an| < |an|+|an —an| < lan|+ € so that M = max{|a1], |az], ..., |an—1], |an| + €} is an upper bound
of {|an| : n € N}. Now consider the set S = {x € [-M,M]:3Im € N,|{n € N: a, < z}| = m}, that is the set
of all z € [-M, M] such that 3 infinitely many n € N for which a,, > z. Clearly, —M € S and S is bounded
above by M so that by the LUBP, b = sup S exists finitely in [—-M, M]. We claim that lim a,, = b.

Given € > 0 we must show that 3N € Ns.t. n > N = |a, — b|] < €. Since the sequence {a,} is Cauchy,
dN; € Nsit. m,n > Ni = |am — an| < 5. Since b is an upper bound of S, b+ § ¢ S meaning that there are
only finitely many n s.t. a, > b+ 5 and thus 3N, > Ny s.t. n > Ny = a, <b+ 5 = |a, —b| < §. Since
b is the supremum of S, the smaller number b — 5 cannot also be an upper bound meaning that 3z € S s.t.
a, > x> b— 5 infinitely often. In particular, 3N > N3 s.t. ay > b— 5. Since N > Ny we have that ay < b+ §

2
so that ay € (b— §5,b+ 5]. Hence for n > N, we have that |a, — b < |a, —an|+ lany — b| < € as desired. [

7.5 Cantor’s Nested Intervals Theorem

Definition 7.5. We define intervals of reals as follows. For a,b € R and a < b, define the closed interval
[a,b] = {z]z € R,a < z < b}. Define the open interval (a,b) = {z|r € R,a < x < b}. We define half-open or
half-closed interval [a,b) and (a,b] with the appropriate equality on one side only. We define the unbounded
interval [a, +00) = {z|z € R,a < z} and we define (—o0,al, (a,4+00), and (—oo,a) analogously. We consider
[a, +00) and (—o0, a] to be closed, and (a, +00) and (—o0, a) to be open. For x € R and given a § > 0, we define
the d-neighborhood (shortened as d-n.b.d.) of x as Ns(z) = {t: |t —z| < d} = (z — §,z + 9).

Theorem 11 (Cantor’s Nested Intervals Theorem). Given a nested sequence of closed, bounded intervals of

o0
real numbers Iy 2 Iy D -+ D I, D -+, we must have that (| I, # 0.
n=1
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Note that both the terms closed and bounded are very important, for we see that there are counterexamples

o0 oo
whenever either term is missing: (] (0,1) =0 and () [n, +00) = 0.
n=1 n=1
Proof. Let the n'" interval I,, be given by I,, = [an, by] for some ay,, b, € R. Note that this captures the fact that
these are both closed and bounded. Consider the sequence {a, }. Then this sequence is weakly increasing because
of the nesting, and is also bounded by max{|ai|, |b1|}. Therefore, by the Monotone Convergence Theorem, it
o0
has a finite limit which is its supremum; call it ¢ = sup{a,,}. We show that ¢ € [\ I,,. Pick any n € N. Because
n n=1
¢ is an upper bound of the sequence {a,}, we must have a,, < c¢. Now since by nesting b,, is also an upper bound
of the sequence, ¢ being the least upper bound means that ¢ < b,,. Combining, this means that ¢ € [a,, b,].
o0
Since this is true for each n, we get that ¢ € (0 [an, bn]. O

n=1

A more leisurely and complete treatment can be found in Bartle and Sherbert[2].

7.6 Heine-Borel Theorem for R

The Heine-Borel Theorem is one of the standard results in topology that a student learns early on. Here we
state the general Heine-Borel theorem, but only prove a small special case of it that is a direct consequence of
the completeness of the reals.

Theorem 12 (Heine-Borel Theorem). For any S C R™, S is closed and bounded iff it is compact, i.e. every
open cover of S has a finite subcover.

Definition 7.6. A set S C R is called compact if every open cover of S has a finite subcover. This means
that for an index set A such that if for o € A, U, are open intervals and S C |J U,, then 3 finitely many
acA

n
a1,09,...,00 € Ast. SC | U,,.
k=1

Theorem 13 (Special Case of Heine-Borel Theorem). Any [a,b] C R must be compact.

Note that any singleton set {a} for a € R must be compact, since only one open interval containing a suffices.
Hence, we may assume that a < b.

Proof 1. Let A be an index set such that for each a € A, U,, is an open interval and [a,b] C |J U,. Now for this
acA
open cover, consider the set S = {z € [a,b] : [a,z] can be covered by finitely many U,}. We show that b € S.

Now obviously a € S and b is an upper bound of S, so that ¢ = sup S exists. Further a < ¢ <b = ¢ € [a,].
Now {Uq }aca covers [a,b] = Jag € As.t. a € Uy, = (p1,q1) for some p1,q1. Then [a,a + £52] C Uy, can
be covered by finitely many (just one) U, and so a + 45* € S. Since c is an upper bound of S, a < a4 5% <
c — a<e¢c.

Again, since {U,} covers [a,b],3as € A s.t. ¢ € U,, = (p2,¢2) for some p2,qs € R. Let 0 < § = %min{c —

a,c — pa,qa — ¢} so that Ns(¢) C U,,. Since ¢ is the supremum of S, 3t € SN (c — ¢, ¢, else ¢ — ¢ is a smaller

[
2 2

n
upper bound. Then [a,t] is compact = 3 finitely many as,aq,...,a, € A st. [a,t] € |J Uy,. Then
k=3
n
[a,c] C [a,t] U Ns(c) € |J U,, meaning that ¢ € S.
k=2

Now assume that ¢ < b. Let 0 < & = fmin{d,b — ¢} so that Nj(c) C Ua, N (a,b). This means that

’ n !
[a,c+ %] Cla,c] UNs(c) C kL_JQ Us, = c+ % €5, a contradiction to ¢ being an upper bound. O

The following alternative proof, which beautifully uses the Nested Intervals Theorem, is taken from [4].

Proof 2. Assume that [a,b] is non-compact. Then 3 an open cover {U,} of [a,b] such that it has no finite
subcover of [a,b]. Then, it cannot be covered by finitely many intervals from {U,}. Divide the interval
[a,b] = [a,3(a + b)] U [i(a+b),b]. Not both of these can have a finite subcover of {U,}, else so does
[a,b]. Pick one which does not have a finite subcover and call it [a1,b1]. Repeat this construction to get
a nested sequence of closed, bounded intervals [a,b] 2 [a1,b1] 2 [a2,b2] 2 ---, none of which is compact.
The width of these intervals b, — a, = %(b — a) approaches 0. By Cantor’s Nested Intervals Theorem,

de € N [an,bn], where [ag, bg] = [a,b]. Since {U,} covers [a,b], AU,, = (p,q) € {Us} s.t. ¢ € U,,. Then for
n=0

0 < 6 = 2min{c — p,q — ¢} we have that Ns(c) C U,,. Now pick n € N s.t. n > log, b_T“. This means that
0< Z’TT“ <2" = 0<b,—a, <6 = [an,bn] C Ny, —q, (c) C Ns(c) C U,, meaning that [a,,b,] has a finite
subcover of {U,}, a contradiction. O
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7.7 Extreme and Intermediate Value Theorems

Definition 7.7. Given a function f : Domy € R — R and S € Domy, define the image of S under f as
f(S) ={f@)t € S}.

Definition 7.8. Given a function f: Domy C R — R, we define the function to be continuous at x € Dom; if
Ve > 0,36 > 0s.t. f(Ns(z)NDomy) C N(f(x)). We define a function f to be continuous on a set C'y C Domy
if f is continuous at all x € CY.

Theorem 14 (Boundedness Theorem). The set of values achieved by a continuous function on a closed interval
forms a bounded subset of R. Mathematically phrasing, given a,b € R,a < b and a continuous function
fila,b) = R,Im, M € R s.t. Vo € [a,b],m < f(z) < M.

The following is, in essence, from Pugh|3].

Main Proof 1. For © € [a,b], define S = {z € [a,b]|3m, M € R, f([a,z]) C [m,M]}. We show that b € S.
Clearly, a € S and b is an upper bound of S. Since S is non-empty and bounded above, by the LUBP, ¢ = sup S
exists finitely and a < ¢ < b. Now pick some ¢ > 0. By continuity of f at a, we have that 30 > 0 s.t.
z € [a,a+8) = f(z) € (f(a) — ¢, f(a) + ). This means that a + § € S. Since ¢ = sup S, we must have that
a+ g < ¢ implying that a < c.

This collectively means that ¢ € (a,b], and hence f is continuous at ¢. Fix any € > 0, and choose § > 0 s.t.
|t —c] <§ = |f(x) — f(c)] < e. Nowlet 0 < § = min{d,c — a}. Since ¢ is the least upper bound of
S, 3t e Sn(ec— %,c}, else ¢ — %/ would be a smaller upper bound. Then by definition of S, Im, M € R
s.t. f(la,t]) C [m, M]. This means that f([a,c]) C f([a,]) U f((c — &.¢]) C [m, M] U N-(f(c)), which is
bounded since it is a union of two bounded intervals. This proves that ¢ € S. Now if ¢ < b, we could pick
0 < ¢” = L min{¢’,b — ¢} and then f([a,c + 6"]) would still be a subset of [m, M]U N.(f(c)), meaning that
c+ 6" € S, a contradiction to ¢ being an upper bound of S. O

The following alternative proof that uses the Bolzano-Weierstrass Theorem is from Bartle and Sherbet[2].
We first prove a preliminary lemma.

Lemma. If a convergent sequence {x,} is such that Vn € N,a < z,, <b, then a < limz,, <b.

Proof. If that were not the case then either z := limx,, < aor z > b. If x < a then letting 0 < ¢ = %(afx), dn €
Nst. m>n = |z, — 2| < ¢, a contradiction since N.(z) N [a,b] = @. Similarly, if z > b then we obtain a
contradiction by letting 0 < & = (x —b). O

Main Proof 2. Suppose that f is not bounded on [a,b]. Then Vn € N,3z,, € [a,b] s.t. |f(z,)] > n. Since
[a, b] is bounded, the sequence X := {z,} is bounded; hence, by the Bolzano-Weierstrass Theorem, there is a
subsequence X’ = {z,,.} of X that converges to a number x. By the preliminary lemma, we have that = € [a, b].
This means that f is continuous at . We claim that, by continuity, lim f(z,,.) = f(z).

Pick € > 0. Then by continuity of f at z,35 > 0 s.t. Vo’ € Ns(z) N[a,b] # 0, |f(z) — f(2')] < e. Since
limz, =, 3s € Nst. Vr > s,|z,, — 2| <0 = |f(zn,.) — f(x)] < e. This means that Ve > 0,3s € N s.t.
Vr > s, |f(zy,) — f(x)] < e, which is precisely what is meant by lim f(z,,) = f(x). Now since = € Domy, f(x)
exists finitely. By Lemma this means that the sequence f(z,,) is bounded, a contradiction to |f(x,,.)| >
Ny > 7. O

To see that each of the hypotheses of the theorem statement is necessary, consider the following counterex-
amples whenever one is missing:

1. The domain must be bounded. For f : [0, +00) — R given by f(z) =, f([0,+00)) is not bounded.

2. The domain must be closed. For f: (0,1] — R given by f(z) = 1/z, f((0,1]) is not bounded.

3. The function must be continuous. For f : [0,1] — R given by f(z) = 0 z=0, , £([0,1]) is not

1/z x €(0,1]
bounded.

Now we prove two of very important theorems in the analysis of continuous functions. But first, we prove a

lemma.

Lemma 7.4. If A, B are nonempty bounded subsets of R then
(i) ACB = supA <supB,
(ii) sup A,sup B < sup(A U B) < max{sup A, sup B}.

Proof. For (i), note that A C B means that every upper bound of B is an upper bound of A. In particular,
sup B is an upper bound of A so that sup A < sup B. The first part of (ii) is true because A, B C AU B. For
the second part, assume that x € AU B. Then © € A or « € B. In either case, < max{sup A,sup B} so that
max{sup A, sup B} is an upper bound of AU B. This means that sup(A U B) < max{sup A, sup B}. O
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Now we proceed to the main theorems, again essentially following Pugh|3].

Theorem 15 (Extreme Value Theorem). A continuous function on a closed domain takes its absolute min-
imum and maximum values. That is, given a continuous function f : [a,b] — R,3zm,,xp € [a,b] s.t.
Vz € [a,b], f(zm) < f(z) < fxum).
Proof. The theorem is trivially true if @ = b. Hence assume that a < b. We first show that 3z € [a,d] s.t.
Vz € [a,b], f(z) < f(zam). Let M = sup f([a,b]), which exists by Theorem If f(a) = M we have found
xyr = a. Hence consider the case where f(a) < M. Consider the set S = {z € [a,b] : sup f([a,z]) < M}. Since
a€S = S#I, and S is bounded above by b, we have that ¢ = sup S exists and a < ¢ < b and so (a) f is
continuous at ¢ and (b) f(c) < M.
By continuity at a, for 0 <& = (M — f(a)),35 € (0,%5%] s.t. € [a,a+6) = f(z) € (f(a) —¢, f(a) +¢).
This means that supf([a,a—i—%}) < M — e < M so that a—&—g € S and a<a+g < ¢ = a < c. Now since
[a,c] C [a,b], by Lemma sup f([a, c]) < M and so we split into cases:
Case 1 Ifsup f([a,c]) < M then c € S and so f(c) < M. By continuity, for 0 < e = 1 (M — f(c)), 30 € (0, 5%] s.t.
|z —c| <6 = |f(z) — f(c)] <e = f(x) < M —e. This means that sup (Ns(c)) < M —e < M. Now

since ¢ =sup S, 3t € SN (¢ — d,]. For this ¢, supf([a,t]) <M = supf([a,t]) <M - M_#f([a’ﬂ) <

M. Now since [a,c+ 2] C [a,t] U Ns(c), f(Ja,c+ 3]) € f(la,t]) U f(Ns(c)) so that by Lemma
sup f([a,c + 3]) < max{sup f([a,]),sup f(Ns(c))} < M = c+ 2 € S, a contradiction to ¢ being an
upper bound. Therefore, this case is not possible.

Case 2 If sup f([a,c]) = M, ¢ € S. Now we proceed to use proof by contradiction to show that f(c) = M.
If it were the case that f(c) < M then by continuity for 0 < ¢ = (M — f(c)),36 € (0,%2] s.t.
lv —c] <& = |f(x) — f(c)] < e. This means that sup f(Ns(c)) < M —e < M. Again, since

M —sup f([a,t])
2

)
c¢c=supS,3t € SN (c— 4. For this ¢, f([a,t])<M = bupf( )S < M. Now
[a,c] C [a,t] U Ns(c) so that M = sup f([a,c]) < max{sup f([a,t]),sup f(Ns(c ))} < M, a contradiction.
This shows that f(c) = M and hence we find that x5; = ¢ works.
To show the existence of z,, € [a,b] s.t. V& € [a,b], f(zm) < f(x), we could use an argument similar to the one
above by using inf f ([a, x]) in place of sup f ([a, x]) and slight modifications (and the reader is encouraged to
fill in the details). However, we proceed indirectly. Consider the reflection of f in the z-axis; that is, consider
the function (—f) : [a,b] — R given by (—f)(z) = —f(x). Now, it is obvious from the definition of continuity
that the continuity of f implies the continuity of (—f). This means that we may apply the first part of the
proof to obtain z,, € [a,b] s.t. Vz € [a,b], (—f)(x) < (—=f)(zm) = —f(z) < —f(zp). This means that for
this 2, € [a,b], we have Vz € [a,b], f(2n,) < f(z), which is what we wanted to prove. O

Theorem 16 (Intermediate Value Theorem). For some a,b € R,a < b, consider an interval [a,b] C R and a
continuous function f : [a,b] — R. Then we have that ¥~y € [min{f(a), f(b)}, max{f(a), f(b)}],3c € [a,b] s.t

fle)=n.

Proof. Tf f(a) = f(b) then ~y can take only one value, and ¢ = a or ¢ = b works. Hence, assume that f(a) # f(b).
First assume that f(a) < f(b). If v = f(a) or v = f(b) we are done, since we can choose ¢ = a or ¢ = b
respectively. Hence, assume that v € (f(a), f(b)). Now consider the set S = {z € [a,b] : sup f([a,2]) < ~}.
Since a € S = S # () and S is bounded above by b, we have that ¢ = sup S exists and ¢ € [a, b]. By continuity
at a, for 0 <e=v— f(a), 3 € (0,%5%] s.t. z € [a,a+6) = f(z) € (f(a)—¢, f(a)+e) = f(z) <~. This
means that supf([a,aJr %]) <~ so that a+% e€Sanda<a+ g <c¢ = a < c¢. We show that f(c) =~ by
showing that neither f(c) <« nor f(c) > = is possible.

If f(c) < =, then by continuity of f at ¢, for 0 < e = v — f(c),30 € (0,552] sit. © € Ns(c) = f(x) €
N.f(c) = f(x) < ~. This means that sup f(Ns(c)) < 7. Since ¢ = supS,3t € SN (c—6,¢. For this
t, sup f([a,t]) < 7. Since f([a,c + 3]) € f([a,t]) U f(Ns(c)) so that by Lemma sup f(la,c + §]) <
max{sup f([a,t]),sup f(Ns(c))} <v = c+ %, a contradiction to ¢ being an upper bound.

If f(c) > =, then by continuity of f at ¢, for 0 < e = f(c) —v,30 € (0,552] sit. © € Ns(c) = f(x) €
Ne(f(e)) = ~v = flc) —e < f(z). Since ¢ = supS,3t € SN (c—6,c. For this ¢, sup f([a,t]) < 7, a
contradiction to v < f(¢) as required.

Now if f(a) > f(b) we can again assume that v # f(a) and v # f(b) so that v € (f(b), f(a)). Here we could again
use an argument similar to the one above by using inf f ([a, a:]) in place of sup f ([a, x]) and slight modifications
(and, again, the reader is encouraged to fill in the details). However, here again, we proceed indirectlyﬂ Consider
again the reflection of f in the z-axis; that is, consider the function (—f) : [a,b] — R given by (—f)(x) = —f(z).
Now, it is obvious, as before, that (—f) is continuous. Now f(a) > f(b) = (—f)(a) < (=f)(b) so that we
may apply the first part of the proof to obtain that V — v € ((—f)(a), (—f)(b)),3c € [a,b] s.t. (—=f)(c) = —.
This is the same as saying that Vy € (f(b), f(a)),3c € [a,b] s.t. f(c) =, quod erat demonstrandum. O

1The author believes that this approach is cleverer than merely restating the above part of the proof with the infimum.
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8 Non-denumerability of the Continuum

We have shown that there are gaps in the rational numbers, but the reals are complete. Just how much of
the real number line do the rationals cover? The answer comes in two parts. The first is that the rationals
are closely knit with the reals, that they are dense on the reals, meaning that every open interval of the reals
contains at least one rational, and hence infinitely many of them. This also means that any real number can
be approximated by a rational to any desired degree of accuracy. This part has been taken from Rudin[1].

Definition 8.1. A set S C R is said to be dense on R if Va,b € R, a < b, we have that S N (a,b) # 0.

Theorem 17. If S C R is dense on R then every open interval ) C (a,b) C R contains infinitely many members

of S.

Proof. Suppose that some interval § C (a,b) C R has only finitely many members of S, and let these be denoted
by s1,82,...,8, for some n € N (note that n > 1 by our hypothesis that S is dense). Then each of the terms
$1—a,8 —a,...,S, —a is positive. Let 0 < § = %min{sl —a,82—a,...,8, —a}. Then (a,a+d5)NS =0, a
contradiction to our hypothesis that S is dense. O

Theorem 18. Q is dense on R.

Proof. Consider any open interval () C (a,b) C R. Since a < b, we have b — a > 0 so that by the Archimedean
property of the reals (Theorem@, In € Ns.t. n(b—a) > 1. Since 1 > 0, by applying Theoerm@again, we obtain
mi,me € Ns.t. my-1>naand my -1 > —na and hence —my < na < m;. Consider E = {m|na < m} C Z.
Since my € E,E # () and since —mg ¢ E and |l ¢ Ek < E = k ¢ E, E is bounded below. Therefore, by
Corollary [I} F has a minimal element; call it m. Then —mo < m < mq and m — 1 < na < m. Combining,
na < m < 1+ na < nb and since n > 0, we have a < * < b so that * € QN (a,b). O

This theorem also immediately implies that the set of irrationals, R \ Q is dense on R.
Corollary 18.1. R\ Q is dense on R.

Proof. We know that v/2 ¢ Q. Consider any open interval ) C (a,b) C R. Now consider the modified interval
(%, %) Using the density of Q on R, we may pick r € QN (%, %) such that r # 0, which is possible since

Qn (%, %) has infinitely many elements. Then % <r< % and v/2 > 0 implies that a < 7v/2 < b. Since
the rationals are closed under multiplication and r # 0, rv/2 ¢ Q so that rv/2 € (R\ Q) N (a, b). O

Corollary 18.2. For any given x € R, Ve > 0,3¢ € Q s.t. |z —q| < e.
Proof. By the theorem, 3¢g € Q N N.(z). O

This discussion shows that there are infinitely many rationals and irrationals in any open interval on the
reals. However, the second part of the answer, and the more truthful one, is that even though there are infinitely
many of the rationals and infinitely many of the reals, the set of rationals is much, much smaller than the set
of reals. We put this on more formal footing in the following discussion.

Definition 8.2. For sets A and B, we say that they are equivalent, written as A ~ B if there exists a bijective
function f: A — B. For finite sets, this means that both the sets have the same cardinality, i.e. |A4| = |B|. We
then retain this as the definition of the statement |A| = |B| even when A and B are not finite.

We denote the “cardinality” of the set of natural numbers by |N| = Rg. By this we mean that if for some
set S, we write |S| = g, what we mean is nothing more than S ~ N. Similarly, we denote the “cardinality” of
the continuum of real numbers by |R| = ¢. We introduce some more terminology.

Definition 8.3. For n € N, let I, = NN [1,n]. For a set A, we say that A is:
(a) finiteif A=0or IneNst. A~1I,.
(b) infinite if it is not finite.
(¢) countable or denumerable if A ~ N.
(d) wuncountable or non-denumerable if it is neither finite not countable. Then we write Rg < |A|.

We notice three obvious and easy to prove facts:
z n even,

1. N ~ Z, since the function f : N — Z defined by the formula f(n) = {2 is a bijection, as

—n=l 1 odd.

can be easily verified.

2. Obviously, for every sequence {x,} of distinct reals we have that {z,} ~ N.

3. Given any a,b € R, a < b we have that |(a,b)] = ¢. To see this, consider the function f : (a,b) — R given
by f(z) = tan (bfa (x— %‘H’)), which can again be easily verified to be a bijection.

Now we prove something that is definitely not very obvious, yet equally easy to prove.
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Lemma. Every infinite subset of E of a countable set S is countable.

Proof. Let S be countable. Then S ~ N ~ {z,} means that we can order the elements of S in a sequence
Z1,To,23,.... Consider the set of indices A1 = {njn € N,z,, € E}. Since E is infinite, A is a nonempty
subset of natural numbers, so by the Well-Ordering principle, it has a minimal element; call it n,. Now define
As = {n|n € N,n > ny,z, € E}. Since F is infinite, As is nonempty and again and so has a minimal element
ng. We know that a finite set cannote exhaust an infinite set and so continuing this way we get an infinite
sequence of elements {z,, }, each in E. Further because of the way we choose nj, every element in E in the
first ng > k elements of S is exhausted by {mm}f:l. As k gets arbitrarily large, we see that every element of .S
is captured in the sequence {z,,} and so E = {x,, } ~ N. O

Theorem 19. Q is countable. That is, |Q| = No.

Proof. By the previous lemma, it suffices to show a bijective function from Q to an infinite subset of the natural
numbers. Now clearly any ¢ € Q can be written uniquely as ¢ = s - § where a,b € N with gcd(a,b) = 1 and

5€ {~1,0,1} (a,b are unique when s # 0). Then £ Q - {2°3%5"1: a,b € N,god(a,b) = L.s € {~L,1}} U{5}
203%5°t1, wh 0
defined by f(s-%) = { ,  when s # 0,

is a bijection, from the well-known Unique Factorization Theorem
5, when s = 0.
on natural numbers. O

If you find this unsettling, rest assured that you are not the only one. We now proceed to prove what we
aimed to. The following argument, originally due to Cantor, has been taken from Dunham’s The Calculus
Gallery][5].

Theorem 20. If {z,} is a sequence of distinct reals, then for any a,b € R,a < b we have that (a,b) \ {z,} # 0.

Proof. Consider the subset A ={n € N:x, € (a,b)} CN. If A =0 or A ~ I; then the theorem is true since
(a,b) has infinitely many elements, and a finite set cannot exhaust an infinite set. Hence, assume that A has at
least two distinct elements. Then, by the Well-Ordering principle, A has a minimal element ny and A\ {n;}
has a minimal element ny. Let a1 = min{x,,,x,,} and by = max{x,,,x,,}. Then by stipulation that {z,}
is a sequence of distinct reals, a < a1 < by < b. Further, if z,, € (a1,b1) then n > ny >ny > 1 = n > 3;
recognizing that at least two sequence terms are used up in identifying a1 and by, so any term lying strictly
between them has subscript at least 3.

Now consider the set A; = {n € N: x, € (a1,b1)} C N. Again A; has at least two elements, and by repeating the
above, we generate two numbers asg, by such that a < a1 < as < be < by < b and z, € (az,b2) = n >5. We
continue this process for r € N, setting A, = {n € N: z,, € (a,,b,)} C N. If at any step, there was one or fewer
sequence numbers in (a,, b,.), we would be done. The only potential difficulty that could arise is if we get a pair
of infinite sequences {a,} and {b,} such that a < a1 <ag < --- < a, < -+ < b < -+ < by < by <b with there
being at least two terms from {z,} in each (a,, b, ), having the property that =, € (a,,b,) = n>2r+1. In
that case, we get a nested sequence of closed, bounded intervals [a1,b1] 2 [ag,b2] 2 [as,b3] 2 -+ D [ar,br] 2 -+,
which by Cantor’s Nested Intervals Theorem must have a common point, say c. It is obvious that ¢ € (a, b),
because ¢ € [a1,b1] C (a,b). We now show that ¢ & {z,}.

o0

Suppose that ¢ € {x,}; then 3N € Ns.t. ¢ = x. But since ¢ € [ [an, by], we must have that ¢ € [an41,bn+1]
n=1

meaning that ay < ay41 < c<byty1 <by = c=uzy € (an,by). But because of the way the intervals are

constructed, this would mean that N > 2N + 1, an absurdity. This means that ¢ € (a,b) \ {z,} as needed. O
And from here, we get the result we were looking for.
Corollary 20.1. The real numbers are non-denumerable. That is, Xg < c.

Proof. Since for any a,b € R,a < b we have that R ~ (a,b), it suffices to show that the set (a,b) is non-
denumerable. Let S C (a,b) be denumerable. Then its elements can be arranged in a sequence of the form
{zn}. By Theorem [20] such a sequence cannot exhaust (a, b) so that (a,b)\ S # 0. This means that S must be a
proper subset of (a, b). We have proven that any denumerable subset of (a,b) must be a proper subset; from this
we get the result because if (a,b) was denumerable, it would be a proper subset of itself, a contradiction. O

This shows that while both the sets Q@ and R are infinite, there is some meaning to the statement |Q| < |R|
in that Q is denumerable, but R is not; that there are vastly more reals than there are rationals. These concepts
of analyzing how “big” or “small” a set is fall in the domain of measure theory. A way to measure how “big” a
set S C R is by the Lebesgue measure u, where for a,b € R,a < b, u([a, b]) = ,u((a, b)) = b — a, and the outer

o0
measure p*(S) =inf{ > p(l,) : {In}nen is an open cover of S}. With some more details, it can be shown that

n=1

the measure of any denumerable set is 0, and hence by Theorem #(Q) = 0. These details can be found in
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any modern textbook on analysis. In particular, Rudin[l] has a lot to say on measure theory. The Lebesgue
measure then allows us to construct a Lebesgue integral on the reals as a stronger tool to compute integrals
than Riemann’s construction.

Thus, while the rationals are dense on the set of reals, almost all real numbers are not rational. This finishes
our answer to the question about how much of the real number line the rationals cover.

Since Newton’s and Liebniz’s conception of calculus, it took mathematicians centuries to put it on firm
footing, and building a rigorous theory of the reals was an important part of it. An understanding of the reals
is a key part of the repertoire of any modern-day analyst, and it also helps appreciate that mathematics works
by putting things on a firm footing, and not just talking about vague concepts, nor relying on intuition.
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