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1 Prolegomena

A prelim exam in real analysis was given on 18 January 2013 for Ph.D.
students in the Department of Mathematical and Statistical Sciences of the
University of Colorado Denver. In due course this exam along with brief
sketches of solutions of the problems will be posted on the Department’s web
page. However, in discussing some of the solutions with students after the
exam, it occurred to me that it would be helpful to use the recent exam as
a guide to reviewing a significant bit of our curriculum in real analysis. So
the present notes give a more nearly complete treatment of the ideas used in
solving the problems on this exam.

2 Problem 1

Let f,(z) = (—1)"L.
(a) Show that > > f,(x) converges uniformly on [0, 1].
(b) Show that) ">, |f.(x)| converges pointwise on [0, 1).
(c) Show that) "> |f.(x)| does not converge uniformly on [0, 1).

Solution: For part (a) the alternating series test provides a simple solu-
tion. But we need the complete theorem.



Theorem 2.1. (Leibniz’s Rule for Alternating Series) If {a,} is a monotonic
decreasing sequence with limit 0, then the alternating series Y - (—1)""a,
converges. If S denotes its sum and s, denotes its nth partial sum, we also
have the inequalities

0<(=1)"(S—sp) < any1 (1)

Note: The first inequality tells us that the error, S — s,, has the sign
(—1)™, which is the same as the sign of the first neglected tern, (—1)"a,1.
The second inequality states that the absolute value of this error is less than
that of the first neglected term.

Proof. Start with s, = >7_ (—1)*as. Then sop9—Sar = agg1—a2k42 > 0.
This says that the partial sums sg; form an increasing subsequence. Similarly,
Sok+1 — Sok—1 = —(agk — agky1) < 0. This says that the partial sums sg_1
form a decreasing subsequence. So the sequence {sg41} is clearly bounded
above by s1, but so is the sequence of even numbered partial sums: sg., 0 =
a1 — Yy (@2 — agp41) — agrqo. Similarly, both sequences {so} and {sox_1}
are bounded below by sy. (Sopy1 = a1 — Zle(a% — agy1). Therefore, each
sequence {agx} and {agx_1}, being bounded and monotonic, converges to a
limit. Say ao, — S and ag,_qy — S”. But
S"— 5" = lim sop — lim s9p,_1 = lim (89 — Sox_1) = lim (—ag = 0.
n—oo n—oo n—od n—oo

Hence S” = S”, and we denote the common limit by S. Since sg;, is increasing
and So_1 is decreasing, we have

Sop < Sopto < Sand S < Sop+1 < Sok—1 forall kK > 1. (2)
So —S > —s9;, and we have
0<S — 59 < Sopt1 — Sop = Qo1 = |S — sai| < agpt, (3)

and
0 < Sop—1 — S < Sop—1 — Sop = o, = |S — sop—1| < ag. (4)

Putting these last two equations together gives the result

|S — sp| < apyq for all n € N.



For part (a), note that for each z € S = [0,1] the series Y oo (—1)"%-

n
converges pointwise since it is an alternating series of decreasing positive

terms approaching 0. So let F'(x) be the function to which the series con-
verges on S = [0,1]. For the series to converge uniformly to F', we need to
see that the uniform norm

I 1% = F@ls

approaches 0 as n — oo. This is clearly true, since by Eq. 1

1
w(2) < |fm(z)]=——0 .
\Zf [fm(@)] = — = 0asm— o0

For part (b), use the ratio test:

fn+1 (SL’)
()

so for x € [0, 1), convergence follows from the ratio test.

. nx
Con+1

— x as n — 00,

For part (c) we offer two slightly different approaches. One way to deny
uniform convergence is to show the existence of an ¢y > 0 such that no matter
how large m € N is, there is some z € [0, 1) such that >>7 . %= > ¢. So let
m be given and put €y = 1/4. Choose x close enough to 1 so that z?™ > 1/2
(so 27 > 1/2 for m +1 < j < m). Then

2m

n=m+1 n=m-+1 n=m+1 n=m+1

This completes our first proof.

For the second approach, denote the partial sums by

=Sl =3
n=1 n=1

and put s(z) = lim,, o Sm. Suppose that s, converges to s uniformly on
[0,1). Then there must exist an mg such that

€0,1) = [smy(x) — s(x)| < 1.
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Because $,,, is bounded on [0, 1), it follows that s is bounded on [0, 1). But
for any m € N,

m

. . 1
xlg?f s(x) > mlir{{ Sm(x) = ; 00 asm — 00,

Hence s cannot be bounded on [0, 1), a contradiction.

3 Problem 2

Let {a,} and {b,} be sequences of real numbers, and let ¢, = a, + b, for
n € N.

(a) Prove or find a counterexample: If @ is a limit point of {a,} and b is a
limit point of {b,}, then a + b is a limit point of {c,}.

(b) Prove or find a counterexample: If a = lim,, ., a,, and b is a limit point
of {b,}, then a + b is a limit point of {c,}.

Solution: For part (a) there is a simple counterexample: Put a, =
(=1)"*! and b, = (—1)" forn € N. Then ¢, =0forallnanda=b=11isa
limit point of both {a,} and {b,}, but a + b = 2 is not a limit point of {c,}.

For part (b), since b is a limit point of {b,}, there is a subsequence {b,, }?°
that converges to b. Then the corresponding subsequence {a,, } of {a, } must
converge to the limit a, implying that the subsequence {¢,, } must converge
to a + b, so a + b is indeed a limit point of {c,}.

4 Problem 3

Suppose that f(z) is continuous and unbounded on [a, b). Prove that
lim, ;- f(x) does not exist.

Solution: Suppose that lim, ,,- = L € R. This means (putting ¢ = 1)
there is a 0 > 0 such that if 0 < b — x < § then |f(z) — L| < 1. Hence
|f(z)] <14 |L| for x € (b—6,b). Since f is continuous on [a,b — §], which
is a closed bounded interval, f(x) is bounded on [a,b — d]. (Usually this is
proved long before a student studies compact sets, but one quick argument
is that, [a,b — d] is a compact connected set, and the continuous image of



a compact connected set is compact and connected. And the only compact
and connected sets of real numbers are the closed bounded intervals.) Hence
f(z) is bounded on both [a,b— 0] and (b — §,b), implying that it is bounded
on [a,b). Hence if f(x) is unbounded on [a,b) and continuous there, it must
be that lim, ;- f(z) does not exist.

We make an additional comment at this point. Suppose that f: [a,b) —
R is a given function. Consider the following three statements about f.

(i) f(x) is continuous on [a,b).
(ii) lim, ;- f(x) exists as a real number.
(iii) f(z) is unbounded on [a,b).

The proof given above amounts to a proof that not all three statements
(i), (ii) and (iii) can be true about the same function f. This means that if
we take as hypothesis the truth of any two of the three statements, the proof
given above shows that the third statement must be false. For example, if we
are given that f(z) is unbounded and lim,_,,- f(z) exists as a real number,
then we may conclude that f(x) is not continuous on [a, b).

5 Problem 4

Suppose that f(z) is continuous on the interval [a,b]. Prove each of the
following statements:

(a) There is a ¢ € (a,b) such that f(c) = 7 fab f(z)dz.
(b) There is a ¢ € (a,b) such that f(c) = ;= f: f(z)dz.

Proof: (a) We offer two proofs. For z € [a,b] put F(z) = [ f(t)dt. Then
F' is continuous on [a, b] and differentiable on (a,b) with F'(z) = f(x). By
the Mean Value Theorem there is a ¢ € (a, b) for which

Flo)= FO=F@) = a/ ()t

b—a b—

This is a simple argument, but it does not immediately suggest a way to deal
with part (b). So we offer a second proof that does suggest a way to deal
with part (b).



If f is constant, the result is trivial. Suppose f is not constant. Since [a, b|
is compact, and f is contintuous, f attains its maximum at some M € |a, b|
and minimum at some m € [a, b]. Thus,

[ i< [ g@ar< [ sona,

which implies \
fm) < 5= [ 1@yt < s,

By the intermediate value thm, there is a ¢ between m and M such that
7(0) = o5 7 fo)de.

(b) This problem was incorrectly posed! There is a simple counterexample
(discovered by one of the students while taking the exam): Let f(x) = = and
let (a,b) = (0,1) Then for all ¢ € (a,b) we have

1 c 1 [ 122, ¢
c—a/a f(z)dx = Z/o rdr = E[?]OZ 3 <c= f(c).

The problem should have specified that f(a) is not the minimum or max-
imum of f(z), x € [a,b]. In that case the function takes its minimum at
some m € (a,b] and maximum at some M € (a,b], so

1

m—a

f(m) <

/amf(:zr)d:v and (M) > Ml_a/aMf(x)dx.

Let g(z) = f(2) — == [7 f(z)dz. Then g(m) < 0 and g(M) > 0. Since f is
continuous, so is g. By the Intermediate Value theorem, there is ¢ between
m and M such that g(z) = 0, which proves the result.

6 Problem 5

Suppose f : R — R is continuous with lim,,_, f(z) = o and lim, ., f(z) =
0B, where «a, 3 are finite. Prove that f is uniformly continuous.

Proof. Let € > 0 be given. There is an m with —co < m < 0 such that
x < m implies |f(z) — | < €/2, and there is an M with 0 < M < oo such
that © > M implies |f(z) — 5] < €/2.



Since f is continuous on R, it is uniformly continuous on [m — 1, M + 1],
so thereisa 0 with 0 < § < 1such thatifz,y € [m—1, M +1] and |[z—y| < 0
then |f(z) — f(y)| < e. Now, choose any z,y € R with |z — y| < §. Then
x and y are either both in [m — 1, M + 1] or both in (—oo,m) or both in
(M, 00). For example, if = and y are both in (—oo, m), then |f(z) — f(y)| <
|f(z) —a|l+ |a— f(y)| < e In all cases we have |f(x) — f(y)| < ¢, so f is
uniformly continuous. [

One student offered a valid argument that under the hypotheses of the
problem f(z) is bounded on (—o0, +00), and then claimed that if f(z) is con-
tinuous and bounded on (—oo, +00) it must be uniformly continuous there.
So we give an interesting counterexample to that claim.

To prepare for the example, we first prove a useful lemma.

Lemma 6.1. Let ¢ be a fized positive number. Then

lim [vz + ¢ — /2] = 0.

T—00

Proof of lemma:

(x+c¢)—x c
vVr+c—+x|= < Oaszx 00.
| Vel VI+c+\T 2\/5_> -

Now consider the function f(x) = sin(z?) for z € R. Put ¢ = 7, 13, =
Vkm+7/2 and yp = \/(k + 1)m + 7/2. Then |z, — yx| — 0 as k — oo, but
£ (o) — F)| = | sin((k-+ 1)m+/2) —sin((km)+7/2)| = |£1—F1| = 2. So
we can find distinct x and y arbitrarily close together with |f(z) — f(y)| = 2.
This shows that f(z) is not uniformly continuous on (—o0, +00).

7 Problem 6

For which o > 0 does
oy Fnk

k=1

converge?

Solution: The ratio of the (k + 1)* to k'" term is

1 a(k+1) In(k+1)—kIn(k) _ 1 eln(l—&-%)k In(ex) eln(k’—i-l) In(a)
E+1 E+1
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1 In(a)
— (k + 1)1n(a)—l <(1 + E)k) )

The second factor converges to «, since limy_ (1 + %)k = e. The first factor
converges to 0 if & < e, to 1 if a = ¢, and to oo if @ > e. So the ratio tends
to a limit less than 1 if @ < e and to a limit greater than 1 if & > e. Thus
the series converges iff a < e.

It is possible to use the root test instead of the ratio test if one remembers
the appropriate form of the Stirling - De Moivre formula for n!.

_ okk gk
lim = lim —.

First we write ¢ = a/e, i.e.,, @ = ce. So ™% = "% . k. Recall Stirling’s
formula for n!:

1/2

n! =n"e "(2nm) e, where 0 < 0 < 1.
(I can provide a proof of this if necessary. Just send me an email message
asking for a pdf file giving a proof of Stirling’s formula.)

So the k' root of the k** term is:

In k
& 'k Ink ]_

= C . .
(k!)l/k: e—1(27r)1/(2k)(k1/k)1/26ﬁ

The factors of the denominator (except for the first one) approach 1 as k —
00. So the entire right hand factor approaches e. If ¢ = 1, ¢™* — 1, so the
entire limit is greater than 1 and the original series diverges. But if 0 < ¢ < 1,
(ie., if 0 < a < e), then the limit of the k" root of the k*" term is 0 < 1,
and the series converges.

8 Problem 7

Suppose f, — [ uniformly on A C X, where (X,d) is a metric space, and
let z € A, ie., x is a limit point of A. Also assume that for n = 1,2, 3, ... the
limits lim;_, f,,(t) = a, € R exist.

(a) Prove {a,} converges. Hint: Show the sequence is Cauchy.

(b) Prove lim;_,, f(t) = a, where a = lim a,,.

8



Proof: (a) Choose € > 0, and N large enough so that m,n > N implies
|fu(t) — fim(t)] < € for every t € X. Fix n,m > N. Choose 6 > 0 so that
d(t,z) < ¢ imples |f,(t) — a,| < € and |f,,(t) — a,| < €. Then for d(t,z) < 6,
lan — am| < |an — fu(®)| 4+ [fu(t) = fi(t)] + | fin(t) — am| < 3e. This shows
that the sequence is Cauchy, and therefore converges.

(b) Since a,, — a, there is M so that n > M implies |a,, — a| < e. Choose
n > max(N, M) and ¢ so that d(¢,z) < 0. Then

1f@) —a|l <|f@) — fu®)| + | fu(t) — an] + |an, — a| < 3e.

Hence limy_., f(t) = a.

9 Problem 8

Prove that the system of equations

3r =y +sinx
3y =x +cosy

has a unique solution.

Solution We are going to apply a general mean value theorem for func-
tions from R™ to R™ along with the Contraction Mapping theorem to show
that certain systems of equation have a unique solution. First recall the
Contraction Mapping theorem.

Theorem 9.1. (The Contraction Mapping Theorem) Let (X,d) be a metric
space. A function f: X — X s a contraction provided there is a number c
with 0 < ¢ < 1 for which d(f(x), f(y)) < c-d(x,y) for all z,y € X.

If (X, d) is a complete metric space and f: X — X is a contraction, then
there is a unique xo € X for which f(xy) = .

Since the proof of this theorem is given in essentially all analysis courses,
we do not give a proof here. However, there is not universal agreement on
what theorem should be called “the” mean value theorem for continuous
functions from R"™ to R™, so we state such a theorem and give a proof.

Theorem 9.2. (A Mean Value Theorem) Let D be open in R™ and suppose
that £ : D — R™ 1is differentiable at each point of D. Let x, y € D be such

9



that the closed line segment L(x,y) C D. Then for each point a € R™ there
is a point z € L(x,y) different from x ory such that

a- (fly) —f(x)) =a- (f'(z)(y —x)).

Proof. Let u = y—x. Since D is open and L(x,y) C D, an open line segment
slightly longer than L(x,y) is contained in D. So there is a § > 0 such that
x+tu € D forall t € (=§,1+40). This corresponds to the open line segment
from x — du = (1 + §)x — Jy to the point x + (1 + d)u = —ox + (1 +9)y.
Now let a be a fixed vector in R™, and let F' be the real-valued function
defined on (—0,1 + 0) by F(t) = a- f(x + tu). Then F is differentiable
on (=d,1 4+ d). By a routine argument we see that G : ¢t — f(x + tu) has
derivative G/(t) = f'(x+¢tu;u). (This is just another notation for %(chtu).)

Here is the proof: If G(t) = f(x + tu), for a < t < b, then

G/(t) = limh_)OG(t—l— h})L - G(t) _

f(x+ (t+ h)u) — f(x + tu)
h

— limy, Of((x+tu) + hu) — f(x + tu) _

h

= lithO

of

Moreover, the map
A:R"—=R:v—a-v

is linear with [A] = a = [ay,...,a,]. So AL(v) =a-v (for any c € D). In
particular this means that

A(G()(G'(t) = Agy(G'(1) =a- G'(t) =a- (f'(x + tu;u)).

So if F(t) = a-f(x +tu) = (Ao G)(t), then by the Chain Rule F'(t) =
a- (f'(x + tu;u)). By the usual mean value theorem, F'(1) — F(0) = F'(0),
where 0 < 6 < 1. Put z=x+6u € L(x,y). Then F'(0) = a- (f'(z)(u)) and
F(1)— F(0) = a- (f(y) — f(x)). It is easy to see that we now have proved
Theorem 9.2. []

10



Let A = (a;;) be an m x n matrix over R, and put

1<i<m
1<j<n

If x=(z1,...,2,) € R", define the norm ||x|| of x by

Lemma 9.3. If A is an m x n matriz over R, then we have
|Ax|| < M4 - ||x|| for all x € R".

Proof. Suppose that x = (z1,...,2,)7, y = Ax = (y1,...,ym)’. Then

m 2

Iyl? = AP =) "yi="
i=1

=1

n

E aijxj

J=1

n n 2
Z {Z |lai;| - |x]|} (now use Cauchy-Schwarz)

i=1 (j=1

fj{iw-fjw}

i=1 \j=1 j=1

n
= {’b‘”Q'jg:\awWZ} = M3 ||,
=1

i j=1

IA

IA

So [|Ax|| < My||x]|]. O

We now put these ideas together!

Theorem 9.4. Let D be open in R™ and suppose that £ : D — R™ 1is
differentiable at each point of D. Let x, y € D be such that the closed line
segment L(x,y) C D. Then for some z € L(X,y), X # z #y, we have

1£(y) — £ < 1f'(z) - (y —x)| < M - [ly — x|
Here M is the square root of the sum of the squares of the entries of f'(z).

11



Proof. If f(x) = f(y), the result is trivial. For f(x) # f(y), put a =
P F) Then [lal| = 1 and

[IF()—F G
a- (f(y) - f(x)) = [[f(y) = ()|

Now apply the Mean Value theorem (and use the Cauchy - Schwarz inequal-
ity) to get a point z € L(x,y) different from x or y such that

I£(y) — )l =a- (f(y) - f(x)) = a- (F'(z)(y —x)).

Hence

I£(y) —£(x)[ = l|a-(F(2)(y —x))| < [f'(z)(y — x|
implying ||f(y) — f(x)|| < M - ||y — x||, where M? is the sum of the squares
of the entries of f'(z). (Here M depends on z, and hence on x and y.) [

Note: If D is convex in Theorem 9.4 and all the partials D; f
are bounded on D, there is a constant A > 0 such that f satisfies a
Lipschitz condition on D, i.e., ||[f(y) — f(X)|| < A |ly — x|

Next, reread the original problem # 8.
Solution: Write the system of equations as the fixed point problem

f()-10]
(MBS

The function f maps the complete space R? into itself and it has the
Jacobian matrix

with

COS ¥ 1 }

, 1
f(x’y):§[ 1 —siny

and we can see that the constant M for the matrix f (z,y) satisfies M <
2 < 1. Thus for any z, w € R?, since R? contains the segment connecting z
and w, we have

2
If (z) = f(w)ll < S llz —wl|

so the function f is a contraction. The statement follows from the Banach
contraction theorem.
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We give a second application.
Exercise. Prove that the following system of equations has a unique

solution.

2¢ = sin(y) + cos(z)
2y = cos(z)+sin(z)
2z = sin(x) 4 cos(y)

Solution Start by defining

x $sin(y) + 3 cos(2)
F:R*—=R* [y | = [ 3cos(z)+ 3 sin(z)
z Ssin(z) + 3 cos(y)

Calculate the Jacobian matrix as a function of z,y, 2:

0 scos(y) —3sin(z)
(F')=| —3sin(z) 0 £ cos(2)
tcos(z) —3sin(y) 0

No matter what x,y, z we use, the sum of the squares of the entries of F’
is always equal to 3/4. Hence M = \/g < 1, so F is a contraction on the

complete metric space R3. Hence it must have a unique fixed point in R?,
showing that the original system of equations has a unique solution.
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