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THE REAL AND COMPLEX NUMBER SYSTEMS AND BASiCc TOPOLOGY

Theorem 1 (Cauchy-Schwarz Inequality).

Progf :
As Z(ak —tb)? > 0, as a quadratic in ¢ it has at most one root. So the discriminant must therefore be

k=1
n n

n n
less than or equal to 0. As Z(ak —thy)? = Z ai — 2t Z arby, + t* Z b, the discriminant is
k=1 k=1 k=1 k=1
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4 (Zakbk> —4> a} > b <0,
k=1

k=1 k=1
or, after rearrangement, we get
n 2 n n
k=1
Note: Equality holds only when aj = bg.

Theorem 2 (The Archimedean Property).
If z,y € R and = > 0, then there exists a positive integer n such that nx > y.

Proof:

Let A be the set of all nx, where n runs through the positive integers and assume toward contradiction that
y is an upper bound for A. A has a least upper bound, so let &« = sup A. Since z > 0, a —x < «, and a — x
is not an upper bound of A. Hence a — x < ma for some positive integer m. But then o < (m+ 1)z € A
which is impossible as « is an upper bound of A. So there exists a positive integer n such that nz > y.

Theorem 3 (Q is dense in R).
If z,y € R, z < y, then there exists a p € Q such that z < p < y.

Proof:

y —x > 0 so, by the Archimedean property, there exists an integer n > 1 such that n(y — ) > 1. Again by
the Archimedean property, there exists an integer m such that m — 1 < nax < m. So combining these two
inequalties, we get nz < m < nz + 1 < ny. As n > 0 we may divide and obtain:

m
< — <y,
n

m
where — € Q.
n

Theorem 4 (Heine-Borel Theorem).
If a set £ C R* has one of the following properties, it has the other two as well:
(a) Eis closed and bounded.
(b) E is compact.
(c) Every infinite subset of F has a limit point in E.

Our proof requires two lemmas in order to proceed.



Lemma 1 (Closed subsets of compact sets are compact).

Suppose F' C K C X, F is closed (relative to X) and K is compact. Let {V,} be an open cover of F'. If
Fe¢ is adjoined to {V,}, we obtain an open cover O of K. Since K is compact, there is a finite subcollection
{Uy,} of O which covers K and hence F. If F¢ is a member of {U,}, we may remove it from {U,,} and still
retain an open cover of F. We have thus shown that a finite subcollection of {V,} covers F.

Lemma 2 (If K, is a collection of compact subsets of a metric space X such that the intersection of every
finite subcollection of {K,} is nonempty, then ﬂ K, is nonempty).

Fix a member K; of {K,} and put G, = KS. Assume that no point of K; belongs to every K,. Then
the sets G, form an open cover of Kj. Since K; is compact there exists a subcover K1 C {Gy,...,G,}.

However, this means that
K[\ K2 )+ Kn

is empty, contradicting our hypothesis.
Lemma 3 (Every k-cell is compact).
Let I be a k-cell, consisting of all points z = (z1,..., ;) such that aj <x; < b (1<j<k),Put

2

k
5= (b —a;)’

Jj=1

Then |z —y| < dif z,y € I.

Suppose, toward contradiction, there exists an open cover {G,} of I which contains no finite subcover of I.
Put ¢; = (a;+b;)/2. The intervals [a;, ¢;] and [c;,b;] then determine 2¥k-cells Q; whose union is I. At least
one of these, call it I; cannot be covered by any finite subcollection of {G,}. We can next subdivide I; and
continue this process. We obtain a sequence {I,,} with the following properties:

(1) ID>1 DIQ"';
(ii) I, is not covered by any finite subcollection of {G,};
(iii) if z € I,, and y € I,,, then |z — y| < 27"6.

By (i) and Lemma 2, there is a point z* which lies in every I,,. For some «, z* € G,. Since G, is open,
there exists an r > 0 such that |y — z*| < r implies y € G,. There exists an n such that 27§ < r, so by
(iii) I, C G4, which contradicts (ii).

Proof of Heine-Borel Theorem:

((a) = (b)) As E is bounded, E C I, where I is a k-cell. By Lemma 3, I is compact. By Lemma 1, as F
is closed and E C I, F is compact.

((b) — (c)) Let U be an infinite subset of E (if E has only finitely many points the result is trivial). If no
point of E is a limit point of U, then each ¢ € F would have a neighborhood V; which contains at most one
point of U, specifically ¢ if ¢ € E. As E is infinite, no finite subcollection of {V;,} can cover U and the same
is true of F as U C E. This contradicts the compactness of E. So U must have a limit point in E.

((c) — (a)) If E is not bounded then E contains points x, such that |z,| > n, n = 1,2,.... The set S
consisting of these points x,, is infinite and clearly has no limit point in R¥ and hence has none in E. So (c)
implies F is bounded.

If E is not closed, then there is a point 2y € R¥ which is a limit point of E but not a point of E. For
n =1,2,3,... there are points x,, € E such that |z, — zg| < 1/n. Let S be the set of the points z,. Then
S is infinite (or else we could find a ball around zy not containing any points of F), contains xg as a limit
point and S has no other limit points in R*. For if y € R*,y # zq, then

1 1
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for all but finitely many n. So y is not a limit point of S. Thus S has no limit point in E. By (c) we get
then that E must be closed.



Counter Example 1 (If K, is a collection of closed subsets of a metric space X such that the intersection
of every finite subcollection of {K,} is nonempty, then ﬂKa is not necessarily nonempty).

Let K,, = [n,00). So each K, is closed and a finite intersection of K;s is nonempty. However, if we
assume there exists some = € ﬂ K, then, by the Archimedean property, there exists an integer N > x and

som%KNsom¢ﬂKn.
Counter Example 2 (Closed And Bounded Does Not Imply Compact In A General Metric Space).

Let X be the discrete metric with infinitely many points. Then X itself is closed as it is the entire metric
space. Similarly, for any = € X, if we look at B(z,2) this bounds X as for any y € X, d(z,y) < 1. So X
is closed and bounded. However, if we take the set of {B(x,1/2) : # € X}, then this covers X however no
finite subcover (in fact, no proper subcover) can cover X. So X is not compact.

Theorem 5 (Bolzano-Weierstrass).
Every bounded infinite subset of R¥ has a limit point in R¥.

Proof:
Being bounded, the set E in question is a subset of a k-cell I C R*. By Lemma 3 above, I is compact and
so F has a limit point in I by the proof above, we have that E has a limit point in I.

NUMERICAL SEQUENCES AND SERIES
Theorem 6 (Cauchy Sequence Condition).
(a) In any metric space X, every convergent sequence is a Cauchy sequence.

(b) If X is a compact metric space and if {p,} is a Cauchy sequence in X, then {p,} converges to some
point in X.

(c) In R*, every Cauchy sequence converges.

Lemma 4 (If E is the closure of a set E in a metric space X, then diamFE =diamFE.).

Since £ C E, diamFE < diamFE. Fix € > 0 and choose p,q € E. By the definition of E, there are points
p’,q € E such that d(p,p’) <e, d(q,q) < e. Hence

d(p,q) <d(p.p")+d(p',q') +d(q',q) < 2¢+ diamFE.

It follows that
diamFE < 2e+ diamFE. As e was arbitrary, the lemma is proved.

Proof:
(a) If p, = p and if € > 0, there is an integer N such that d(p,p,) < €/2 for all n > N. Hence

d(pn, pm) < d(pn,p) + d(p, Pm) < €
for n,m > N. Thus {p,} is a Cauchy sequence.

(b) Let {p,} be a Cauchy sequence in the compact space X. For N =1,2,3,... let Ey be the set consisting

of pn,pN+1,.... Then -
lim diamFEy =0,
N—00
by Lemma 4. Being a closed subset of the compact space X, each E is compact by Lemma 1. Also,
Ex D EN+17 so Eny D EN+1.
o0

Define £ = n E,. By Lemma 2, E is nonempty shows now that there is a unique p € X which lies
n=1

in every E. - -

Let € > Oi)e given. As diamFy — 0 there is an inte&er Ny such that diamFEy < € for Ng > N.

Since p € E, it follows that d(p,q) < € for every ¢ € Ex hence for every ¢ € Ey. In other words,

d(p,pn) < € if n > Ny. This says exactly that p,, — p.



(c) Let {x,} be a sequence in R¥. Define Ey as in (b), with z; in place of p;. For some N, diam Ey < 1.
The range of {z,} is the union of Ey and the finite set {z1,...,2nx_1}. Hence {z,} is bounded. Since
every bounded subset of R* has compact closure in R* (Heine-Borel), (c) follows from (b).

Counter Example 3 (Q has a Cauchy Sequence that does not converge).

Since @ is dense in R, there exists a sequence {p,} of rational points in R converging to v/2 such that
[P — Prt1] < 27™. Then in Q, {p,} is a Cauchy sequence since for any 2 > € > 0, there exists an N such
N

that 22_’“ >2—¢€ So,form>n>N,
k=0

00 N
|pm _pn| < |p’m _pm—l‘ + - |pn+1 —pn\ < ZZ"“ — ZZ_k < €.
k=0 k=0
So our sequence is Cauchy, however v/2 is not in Q, so this sequence does not converge in Q.

Theorem 7 (Some Special Sequences).

(a) For p >0,
lim — =0
n—oo NP
Fix € > 0. By the Archimedean property, there is a n € Z™ such that n > (l/e)l/p. So
1 - 1
— < ———— =¢
nP = ((1/e)t/r)r
(b) For p > 0,

lim /p =1

n— oo

Ifp>1,letz, = ¢/p— 1 Soxn>0,and1+nxn§(l—i—xn)”:p,songng%. So, by

the Squeeze Theorem, x,, — 0. If p = 1 the result is trivial and if p < 1 let p’ = 1/p and by above

Y — 1,50 ¢/p— L

(¢) We may assume n > 2,

lim /n =1.

n— oo

-1
Let #, = ¥n —1. So x, > 0. By the Binomial Theorem, n = (1 + x,)" > nn—1) )xQ

5 - So

0<x, </ % So again by the Squeeze Theorem, z,, — 0.

(d) If p>0, x € R,

nOt
lim —— =20
L T

Let k € Z* such that k > a. For n > 2k,

n n nn—1)...(n—k—-1 nFpF
) ><k)pk: ey > S

800 < 1 <2kk! ak A k <0 by (a), n®* =0
—_— —n . AsS o — y , n .
(L+pm = pk

(e) If |z| < 1, then

lim 2" = 0.
n— o0

1
As|z| < 1, || = ——, p > 0. By (d), with a = 0, we get
p

+1
1 1 \"
lim —— = lim { —— ) = lim 2" =0.



Theorem 8 (Cauchy Criterion For Sums).

oo
Zan converges if and only if for every € > 0 there is an integer N such that |Y.;"  ax| < € for
n=1

m>n> N.

Proof:
For a proof of this, treat the partial sums as a sequence and defer to the Cauchy Sequence Conditions.

Theorem 9 (Geometric Series).

Forx #1 x>0,

n 1— n+1
Sk o
1—=x
k=0
Proof:
Let S, = Z z*. So xS, = S, — 1+ 2"*t!. Rearranging, we get
k=0
1— n+1
g 1=z
1—2
Corollary 1 (Inifinite Geometric Series).
For |z| < 1,
= 1—2
Proof:
If we take the limit 1
lim S, =
n—00 1—=x

when |z| < 1.

Theorem 10 (Convergence Tests for Series).

o0
Given the series E Q-

n=0

(a) Root Test: Let a = limsup,,_, ., V/|an|.
If @ < 1, the series converges.
If @ > 1, the series diverges.
If @ =1, the result is inconclusive.

Proof:
If @ < 1, we can choose § such that & < 8 < 1 and an integer N such that

Van| < 8
for n > N. That is for n > N,
lan| < B™.

As 0 < <1, > 8" converges. Convergence of »_ a,, follows from the comparison test.
Note: This actually implies absolute convergence of a,.
If @ > 1, then there is a sequence n; such that

"/ |an, | = a.



Hence |a,| > 1 for infinitely many values of n, so a, /4 0. So Y a, diverges.

Consider the series
1 =1
Do)
n=1 n=1

For both of these series, @ = 1, however the first diverges and the second converges.

(b) Ratio Test: Let a(n) = ‘anﬂ .
an
If limsup a(n) < 1, the series converges.

n—o0

If a(n) > 1 for n > N, for some N € Z*, the series diverges.

Proof:
If lim sup,,_,., @(n) < 1, we can find § < 1 and an integer N such that
a
n+1 < ﬁ
a"L
for n > N. In particular, lant1| < Blan|,...,|antp| < BPlan|. That is, |a,| < |an|B~NB" for all

n > N and our series is convergent by the comparison test since > 8™ converges.
If |ant1] > |an| for n > N, then a,, # 0, so our series diverges.

(c) Integral Test:

If N € Z and f is a monotone decreasing function on [N, c0), then Z f(n) converges if and only if
n=N

o0
/ f(x)dx converges to a finite value.
N

Proof:
Since f is a monotone decreasing Riemann-integrable function, we have f(z) < f(n) for x € [n, o)
and f(n) < f(z) for z € [N, n]. So, for every n > N,

/nn+1 f(z)dx < /”+1 f(n)dz = f(n) = /»:1 f(n)dz < /:1 f(z)dz.

n 1

Since the lower estimate is also valid for f(IV), we get by summation over all n from N to some larger
integer M,

M+1 M M
/ e < 32 500 < 5N+ /N F()de.

N

Letting M tend to infinity, we get the desired result.

Theorem 11 (Power Series).

o0
1
Given the series E cp2". Let a = limsup /¢, R = —.
o

n=0 n—oo

o0
Then Z cn 2" converges for |z| < R and diverges if |z| > R.

n=0

Proof:
Proof follows directly from the Ratio Test.

Theorem 12 (Summation by Parts).

Given two sequences {a, },{by}, put

B
Il
o



if n>0; put A_y =0. Then, if 0 < p < ¢, we have
q q
D anbn =Y An(bn — buyr) + Agbg — Ap_1by.
=p =p

Proof:

q

q q q—1 q
D b= (Ap—Ap )by =Y Apby— Y Anbpyr =Y Ap(by —bps1) + Agbg — Ap_1by.
n=p n=p n=p

n=p n=p—1
CONTINUITY

Definition 1.

Let X,Y be metric spaces E C X, p€ FE, f: F — Y. fis continuous at p if for every € > 0 there exists a
0 > 0 such that
dy (f(z), f(p)) <€

for all points x € E for which dx (z,p) < 4.
Counter Example 4 (A Nowhere Continuous Function).

Let f (I)—{ 0 i xxee@(%

e Case 1: z € Q.
Let 0 < € < 1. For any § > 0, as Q° is dense in R, there exists an irrational point y such that |z —y| < 4.
However, |f(z) — f(y)| =1 > ¢, so f is not continuous at x.

e Case 2: x € Q°.
Let 0 < e < 1. For any ¢ > 0, as Q is dense in R, there exists a rational point y such that |z — y| < 6.
However, |f(z) — f(y)| =1 > ¢, so f is not continuous at x.
So f is discontinuous at all points in R.

Theorem 13 (Equivalent Definitions of Continuity).

(a) A mapping f of a metric space X into a metric space Y is continuous on X if and only if f=*(V) is
open in X for every open set V in Y

(b) For the definition of continuity, if we assume also that p is a limit point of E, then f is continuous at p
if and only if lim f(z) = f(p).

Proof:

(a) Suppose first that f is continuous on X and V is an open set in Y. Suppose p € X and f(p) € V. Since
V is open, there exists € > 0 such that y € V if dy (f(p),y) < €; and since f is continuous at p there exists
§ > 0 such that dy (f(z), f(p)) < € if dx(x,p) < 6. Thus z € f~1(V) as soon as dx(z,p) < 4.

Conversely, suppose f~1(V) is open in X for every open set V in Y. Fix p € X and € > 0, let V be the set
of all y € Y such that dy (y, f(p)) < e. Then V is open; hence f~*(V) is open; hence there exists § > 0 such
that = € f=1(V) as soon as dx(p,z) < 6. But if z € f~1(V), then f(z) € V, so that dy (f(z), f(p)) <e. So
f is continuous.

(b) Proof follows directly from the definition of limit and continuity.

Theorem 14 (A Continuous Mapping of a Compact Set Is Compact).

Suppose f is a continuous mapping of a compact metric space X into a metric space Y. Then f(X) is
compact.

Proof:



Let {V,} be an open cover of f(X). Since f is continuous, each set f~1(V,) is open. Since X is compact,
there are finitely many indices, ag, ..., a, such that

Xcf ' Wa)J U Van)-

Since f(f~1(E)) C E for every E C Y, we get

FX) SV, |- U Van-

Corollary 2 (Extreme Value Theorem).

Suppose f is a continuous real function on a compact metric space X, and

M = ;161)1; f(p),m= plg)f( f(p).

Then there exist points p,q € X such that f(p) = M and f(q) =m.

Proof:
By the Theorem above, as f is compact on X, f(X) is compact and thus closed and bounded. So f(X)
contains sup f(z) and inf f(X) as these exist and are limit points of f(X).

Theorem 15 (Continuity Preserves Connectedness).

If f is a continuous mapping of a metric space X into a metric space Y, and if E is a connected subset
of X, then f(F) is connected.

Proof:
Assume, to the contrary, that f(F) = AUB, where A and B are nonempty separated subsets of Y. Put

G=E()f"(A), H=E()f"(B). Then E =G| JH and neither G nor H is empty.
Since A C A, we have G C f~!(A); the latter set is closed, since f is continuous; hence G C f~1(A). It
follows that f(G) C A. Since f(H) = B and Zﬂ B is empty, we conclude that 6“ H is empty. Similarly,

G ﬂﬁ is empty. Thus we have reached a contradiction.
Corollary 3 (Intermediate Value Theorem).

Let f be a continuous real function on the interval [a,b]. If f(a) < f(b) and if ¢ is a number such that
f(a) < ¢ < f(b), then there exists a point z € (a,b) such that f(z) =c.

Proof:
[a,b] is connected; hence, by the Theorem above f([a,b]) is connected subset of R and the assertion follows
by the definition of connectedness in R.

Definition 2 (Uniform Continuity).

Let f be a mapping of a metric space X into a metric space Y. We say that f is uniformly continuous on
X if for every € > 0 there exists § > 0 such that dy (f(x), f(y)) < € for all z,y € X such that dx(x,y) < d.

Counter Example 5 (A Not Uniformly Continuous Function).

Let f(z) = x2. As f is a polynomial, it is continuous on R. Let ¢ = 1 and let § > 0. By the
Archimedean property, there exists an integer n such that né > 1. Let x =n, y =n+§/2. So |z —y| < 0.
If(z)— f(y)| = (n+6/2—n)(n+6/2+n) =nd+62/4>1=¢c. So f cannot be uniformly continuous on R.

Theorem 16 (A Continuous Function Is Uniformly Continuous on a Compact Set).

Let f be a continuous mapping on a compact metric space X into a metric space Y. Then f is uniformly
continuous on X.

Proof:



Let € > 0 be given. Since f is continuous, we can associate to each point p € X a positive number ¢(p) such
that

q € X,dx(p,q) < ¢(p) implies dy (f(p), f(q)) <

Let J(p) be the set of all ¢ € X for which

[N e)

ax(p.9) < 36(0).

Since p € J(p), the collection of all sets J(p) is an open cover of X; and since X is compact, there is a finite
set of points p1,...,p, in X, such that

x ) )T ba).

Let 6 = 2 min[¢(p1),...,¢(pn)]. So § > 0.
Now let ¢ and p be points of X, such that dx(p,q) < 6. There is an integer m, 1 < m < n such that
p € J(pm); hence

1
dX(pvpm) < §¢(pm)v
and we also have

4o(0.pm) < ds(2,) + do(p, D) < D+ 30(pm) < Gpi).

Finally, we have

dy (f(p), f(q)) < dy (f(p), f(Pm)) + dy (f(q), f(pm)) < e

Theorem 17 (A Convex Function on an Open Set Is Continuous).

If f is a convex function on an open set U € R, then f is continuous on U.
Note: A function is convex on [a, b] if for any x,y € [a,b] and any ¢ € [0,1], f(tz+ (1 —t)y) < tf(z)+ (1 —
1 f(y)-

Proof:
Let b€ U. As U is open there exist a,c € U such that a < b < c.

Counter Example 6 (A Convex Function on a Closed Set Need Not Be Continuous).

If we look at the closed set [0,1] and let f(x) =0 for x € [0,1) and f(1) = 1, then f is convex, but f is
not continuous.

DIFFERENTIATION

Definition 3.

Let f be defined on [a,b]. For any x € [a, b] form the quotient

f@t) = f(=)

t—=x

o(t) =

and define
/(@) = lim 6(0).

t—x

Then f’ is defined to be the derivative of f at = provided the limit exists.
Theorem 18 (Differentiability Implies Continuity).
Let f be defined on [a,b]. If f is differentiable at a point x € [a,b], then f is continuous at .

Proof:

As t — x, we have, f(t) — f(z) = M

P (t—x) = f'(x)0=0.

Counter Example 7 (A Continuous Function Need Not Be Differentiable).



Let f(x) = |z| on containing a neighborhood of 0. This function is continuous as ||z| — |y|| < |z — y| for
all x,y € R. However, we have

t t
lim u =1 -=1
t—0+ ¢ t—0+t t
and
t —t
lim u: lim — =-1

t—0— ¢ t—0+ t

so our two sided limits do not agree, so our function is not differentiable at 0.
Counter Example 8 (The Derivative of a Function Need Not Be Continuous).

?sin(1/x) if xz#0;

Letf(x){o it 23>0

f is continuous at 0 as well. f/(z) is defined on all nonnegative real numbers as, for z # 0 f'(z) =
2z sin(1/z) — cos(1/x) and for x =0,

, f is continuous for all positive x and, by the Squeeze Theorem,

m M: lim zsin(l/x) =0

z—0t x—0 z—0+

f'(0) =
by the Squeeze Theorem. So f’(z) is differentiable, but is discontinuous at x = 0.

Counter Example 9 (A Nowhere Differentiable Continuous Function).

Let ¢(z) = |z| for =1 < 2 <1 and extend this definition to all real numbers by letting ¢(z + 2) = ¢(z).
Then, for all s and ¢,

[6(s) — ¢(t)] < [s — 1|
-1,

1] and k is an integer. Similarly define ¢t = ¢’ + 2I. So
— 1)+ 2(k —1)|. So we have in particular that ¢ is continuous

since if we let s = s + 2k where s’ € (
[phi(s) — ¢(t)] = |s" —t'] <2, and [s —t| = |(5'

on R. Define - .
1@ (3) oo

n=0
Since 0 < ¢ < 1, by the Weierstrass M-test, this series converges uniformly on R. Thus, since partial sum
is continuous, f is continuous on R.
Fix a real number x and a positive integer m. Put

1
O =+—=-47"
2

where the sign is so chosen that no integer lies between 4™z and 4™(x + d,,). This can be done since
4™ d,,| = % Define
_ (" (x +6m)) — $(4"7)
Tn = .
Om
When n > m, 4™§,, is an even integer so that v, = 0. When 0 < n < m, we have that |y,| < 4", by the fact
that for all s, ¢, |p(s) — @(t)] < |s —¢].

Since |v,,| = 4™, we conclude that
ey
= 4 Tn

n=0

fx+6m) — f(x)
Om

1
>3" =) n=0""13" = S+ 1).

As m — o0, &, — 0, it follows that f is not differentiable at x.
Theorem 19 (Fermat’s Theorem).

Let f be defined on [a, b]; if f has a local maximum at a point « € (a,b) and if f'(x) exists, then f/(z) = 0.

Proof:

10



Choose § such that for all points y € [a,b] such that |z — y| < 0 implies f(y) < f(z). Soa<z -0 <z <
r+do<b Ifx—§<t<uz, then

0~ I
t—x -
Letting t — x, we see that f’'(x) > 0. Similarly, for x <t < z + 0,
£~ ) _
t—2x -

Once again letting t — x, we get f/(z) <0. So f'(x) =0.
Theorem 20 (Generalized Mean Value Theorem).
If f and g are continuous real functions on [a,b] which are differentiable in (a,b), then there is a point

x € (a,b) at which
[£(b) = f(a)]g'(z) = [g(b) — g(a)]f'(2).

Proof:
Put

h(t) = [f(b) = f(a)lg(t) — [g(b) — g(a)] f(?)
for a <t < b. Then h is continuous on [a, b], h is differentiable in (a, b) and h(a) = f(b)g(a)— f(a)g(b) = h(b).
It suffices to show that h'(t) = 0 somewhere in (a,b). If h is constant, this holds for all z € (a,b). If
h(t) > h(a) for some t € (a,b), let x be a point on [a, b] at which h attains its maximum, which exists by the
Extreme Value Theorem. So z € (a,b) and Fermat’s Theorem shows that h'(xz) = 0. If h(t) < h(a), we may
look at —h(t) and show —h/(z) = 0 for some = € (a,b).

Corollary 4 (Mean Value Theorem).

If f is continuous on [a, b], differentiable on (a,b), then there exists a ¢ € (a,b) such that

f'(©)(b—a) = f(b) - f(a).

Proof:
If we set g(x) = x in the above theorem we get the desired result.

Theorem 21 (L’Hépital’s Rule).

Suppose f and g are real and differentiable in (a,b) and ¢'(z) # 0 for all z € (a,b), where —c0 < a <
b < co. Suppose

!/
f/(x) — Aasz —a.
g'(x)
If f(x) = 0and g(z) — 0 as x — a or if g(x) — oo as  — a, then
M —Aasz —a.
9(x)
Proof:

We first consider the case in which —co < A < +00. Choose a real number ¢ such that A < ¢, and then
choose r such that A < r < ¢q. There is a point ¢ € (a,b) such that a < x < ¢ implies

f'(x)
g'(z)

<r.

If a < x <y < ¢, then the Mean Value Theorem furnishes a point r € (x,y) such that

f@) = fly) _ '@ <
g(x) —gly) @)

11



If we assume that f(z), g(z) — 0, then letting  — a in the above equation yields

fly)

= <r<gq
9(y)
If we assume g(x) — oo, keeping y fixed in the above situation, we can choose a pint ¢; € (a,y) such that
g(x) > g(y) and g(z) > 0 if a < z < ¢;. Multiplying the equating by [g(x) — g(y)]/g(z), we obtain
f(x) 9ly) | fy)

o@ <" e T )

If we let * — a, then as g(z) — oo, there is a point ¢z € (a,¢1) such that

fx)
gz =

Summing two of the equations above shows, we get

fly) | f(2)

@+m<2q.

So, for any ¢ subject only to A < ¢ there is a point ¢y such that f(z)/g(z) < q if @ < & < co. Similarly, if
—00 < A < 0o we can obtain the same result. The result holds also if g(x) — —oc by replacing g(z) with

—g().

Theorem 22 (Taylor’s Theorem).

Suppose f is a real function on [a,b], n is a positive integer, f("~1) is continuous on [a,b], f(™)(t) exists
for every t € (a,b). Let «, 8 be distinct points of [a, b], and define

n—1 (k) o
P(t):zf ()(t—a)k.

]
— k!
Then there exists a point x between « and (3 such that

() (5
18 =P+ Ly

Proof:
Let M be the number defined by

f(B)=P(B)+M(pB—a)
and put
g(t) = f(t) = P(t) = M(t — )"

for a <t < b. We have to show that n!M = £ (z) for some x between a and . By the definition of P(t)
and g(t), we have
9(1) = 10 (t) i

for a < t < b. Hence the proof will be complete if we can show that ¢(") (z) = 0 for some z between « and /3.
Since P*)(a) = f*)(a) for k =0,1,...,n — 1 we have

gl@)=g'(a)==g""Y =0

Our choice of M shows that g(8) = 0, so that ¢’(x1) = 0 for some z; between « and 8, by the mean value
theorem. Since ¢’(a) = 0, we conclude similarly that ¢”(x2) = 0 for some x5 between o and z;. After n
steps we arrive at the conclusion that g(”)(mn) = ( for some x,, between a and x,,_1, that is, between o and

B.
Theorem 23 (Convexity and f”(x) > 0 Are Equivalent).
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A twice-differentiable function f is convex on [a,b] if and only if f(z) > 0 for all z € (a,b).

Proof:
Assume first that f”(z) > 0.
For any z1, 22 € (a,b), 21 < 22 and X € (0,1).

fAzr+ (1 =Na2)Af(21) = (1= A) f(22) = A[f (A1 + (1= N)z2) — f21)]+ (1= N)[f Az + (1= Nz2) — f(22)]-
By the Mean Value Theorem,

= M (E)(A = Dy + (1= Naa) + (1= A) (&) (Azy — Aza)

where
& e (1‘1,)\371 + (1 - )\)3&‘2)7

§2 S (/\.131 + (1 — /\)$2,l‘2).

Rearranging the above equation, we get

=AML= N (€) (@2 — 1) + AL = M) f' (&) (@2 — 1) = AL = N (22 — 21)[f" (&) = ['(&)]-

Utilizing the Mean Value Theorem again, we get that this is equal to

A1 =N (22 — 1) f"(€) (& — &) <0

for £ € (&1,&2) since & < & and we have assumed that f”(£) > 0. So f is convex.

Conversely, assume f is convex. For any x € (a,b), there exists an h # 0 € R small enough so that
zxhe(ab).

Since f is convex,

(f(z+h)+ f(x —h)).

N~

1 1
Fla) = F(Ga+h)+ o~ 1) <
So
flx+h)+ f(z—h)—2f(x)
B2
This result is independent of our choice of h, so we may make h as small as we like. Thus we can take the
limit as A — 0 and the result will still hold

L)+ S h) —2f()
h—0 h?

>0

is an indeterminate form as f is continuous, so L’Ho6pital’s Rule applies. So

flet+h)+ flx—h) —2f(z) f'(+h) = f'(x—h)

< ] =1 .
0 Jim & e
!/
Adding and subtracting / ](Ix), we get
/ gt / ol
o<t L (f @D~ F@) | f@) - b
h—0 2 h h

3 (F@)+ 5"(@) = 7 (@)
So f"(x) > 0 for all = € (a,b).
INTEGRATION

Definition 4.
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Let [a,b] be a given interval. Suppose f is a bounded real function defined on [a, b]. Corresponding to each
partition P of [a,b], we put

M; = sup f(z), (zi1 <z < 23),

m; = inf f(z), (zi-1 <2 < 29),

n

UP,f) =) MAa,
i=1

L(P f)= Z m;Az;, and finally

i=1

b
/ fdz =inf U(P, f),

b
/ fdz = supU(P, f),

where the inf and sup are taken over all partitions P of [a,b]. If the upper and lower integrals are equal, we
say that f is Riemann-integrable on [a,b] and denote the common value by

/ab f(z)dx.

Theorem 24 (Equivalent Definition of Integrability).

f is Riemann-integrable on [a, b] if and only if for every e > 0 there eixsts a partition P such that
Lemma 5 (If P* is a refinement of P, then L(P, f) < L(P*, f), U(P*, f) < U(P, f)).

It suffices to prove only the first claim as the proof for the second is identical. Suppose first that P*
contains just one more point than P. Let this extra point be z* and suppose z;_; < z* < z;. Put
wy = inf f(‘r)a

z€[Ti—1,x*)
wp = inf  f(x).
It is cvlbei; éﬁlz]xt wy > m; and wg > m; where m; is defined as above. Hence, L(P*, f) — L(P, f) =
wy " — @] + walz; — ] — mylw; — 3]
= (w1 —my)(x* —xi—1) + (wa — my)(z; —x™) > 0.

We may repeat this reasoning for all points in P* that are not in P.

Lemma 6 (L(P, f) < / Fdu < /fdx <U(P,f).

It suffices to show that / fdxr < / fdx as the outer inequalities hold by definition of sup and inf. Let

P* be the common refinement of two partitions P; and P,. By Lemma 5,
Hence L(Py, f) < U(Pa, f). If P, is fixed and the sup is taken over all P;, we obtain

/fd:r S U(Py, f).

If we now take the inf over all P, we get the desired result.

Proof:
For every P, by Lemma 6 we have

L(P,f) < / fdi < /fd:c <U(P,f).

14



Thus, if we assume, for any € > 0, there is a partition P such that

U(P,f)—L(P,f)<e,

/fdac— /fdx < €.
/fdx:/fdx.

Conversely, suppose f is Riemann-integrable and let € > 0 be given. Then there exist partitions P; and P,
such that

then we have

As this holds for any ¢, we have

U(P25f)7/fdl‘<§a

/fdx —L(P,f) < %

Choosing P to be the common refinement of P; and P», we get, by Lemma 5,
UPA) SUPwS) < [ fdo+ 5 < P + e < LPS) +e

After rearrangement, we get

Theorem 25 (Conditions For Integrability).
(a) If f is continuous on [a,b] then f is Riemann-integrable on [a, b].
(b) If f is monotonic on [a, b], then f is Riemann-integrable.

(c) Suppose f is Riemann-integrable on [a, b], m < f(z) < M, ¢ is continuous on [m, M|, and h(z) = ¢(f(x))
on [a,b]. Then h is Riemann-integrable on [a, b].

(z) If f has countably many discontinuities, then f is Riemann-integrable.

Proof:
(a) Let € > 0 be given. Choose n > 0 so that n < bi Since f is uniformly continuous on [a, b], there
—a

exists a 6 > 0 such that
If(z) = f(y)l <n

for z,y € [a,b], |z —y| < 0.
If P is any partition of [a,b] such that Axz; < § for all ¢, then the above implies that M; — m; < n and

therefore
n

i=1

gnZA;vi =nb—a)<e.
i=1

So, by the Theorem above, f is Riemann-integrable.

(b—a)(f(b) — f(a))

(b) Let € > 0 be given. Choose an integer n such that n > . Choose a partition such

—a

b
that AJ?Z' =
n
We suppose that f is monotonically increasing (the proof is analogous in the other case). Then
M; = f(x;), m; = f(x;—1) for i =1,...,n, so that
b—a
n

U(Pvf)_L(P’f):

>_[f@i) = f(@ia)]

15



_b-a
T oon

(f(b) = f(a)) <€

by our choice of n. So f is Riemann-integrable.

(c) Fix € > 0. Since ¢ is uniformly continuous on [m, M], there exists § > 0 such that § < e and |¢(s)— ()| <
eif [s—t| < ¢ and s,t € [m, M].

Since f is Riemann-integrable, there is a partition P = {zg, z1,...,z,} of [a,b] such that

U(P,f)— L(P, f) < §°.

Let M;, m; have the same meaning as in the definition of integral and let M, m} be the analogous numbers
for h. Divide the numbers 1,...,n into two classes: i € A if M; —m; < d,i € B if M; —m; <.

For ¢ € A, our choice of § show that M;m] < e.

For i € B, M} —m} < 2K where K = sup |¢(t)|, m <t < M. By our choice of partition, we have

5ZA«T1 < Z(MZ — mZ)A:I:Z < (52
ieB ieB
so that Z Ax; < J. It follows that
i€B
U(P,h) = L(P,h) =Y (M; —m})Az; + Y (M, Az,
i€A i€B
<eb—a]+2Kd < e[b—a+2K].
Since € was arbitrary, we have that h is Riemann-integrable.

Theorem 26 (Fundamental Theorem of Calculus, Part I).

Let f be Riemann-integrable on [a,b]. For a < 2 < b, put

7) = / " ryat

Then F is continuous on [a, b]; furthermore, if f is continuous at a point z( of [a, b], then F' is differentiable
at xp, and

F'(x0) = f(x0).

Proof:
Since f is Riemann-integrable, f is bounded. Suppose |f(t)] < M for a <t <b. If a < x <y < b, then

) - F@)l = | [ " ftyde] < My — ).

Given € > 0, we see that |F(y) — F(x)| <€, when y — x < <.
Now suppose f is continuous at zg. Given € > 0 choose § > 0 such that |f(¢) — f(zo)| < € if |t — x0| < 6,
and a <t < b. Hence, if
To—0<s<zg<t<axy+9
and
a<s<t<b,

we have that
F(t) — F(s)
t—s

It follows that F'(zo) = f (o).

— f(xo)

‘ /f flzo)du| < e.
t—s

Theorem 27 (Fundamental Theorem of Calculus, Part II).
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If f is Riemann-integrable on [a, b] and if there is a differentiable function F' on [a,b] such that F' = f,
then

b
/ f(z)dz = F(b) — F(a).

Proof:
Let € > 0 be given. Choose a partition P = {xg,...,z,} of [a,b] so that U(P, f) — L(P, f) < e. The Mean
Value Theorem furnishes points ¢; € [z;_1, ;] such that

fori=1,...,n. Thus
n

Z fti)Az; = F(b) — F(a).

i=1
It now follows that

< €.

b
F(b) — F(a) — / f(x)dx

Since this holds for every € > 0, the proof is complete.
Corollary 5 (Integration by Parts).

Suppose F' and G are differentiable functions on [a,b], F/ = fj G' = g, both of which are Riemann-
integrable, then

b b
/ F(2)g(x)dz = FB)G(b) — F(a)Gl(a) — / F(@)G()da.

Proof:
Put H(z) = F(x)G(z) and apply the Fundamental Theorem of Calculus Part IT to H and its derivative.

Theorem 28 (Arc Length).

If 4/ is continuous on [a, b], then the arc length of v is given by

b
A0) = [ ol

Theorem 29 (Holder’s Inequality).
Let f(z) and g(z) be two integrable functions on [a, b], both bounded. Then

b 1/p b 1/
< ( / If(x)lpdx> ( / If(z)lqu>

q

/a ' fl)a(e)d

where 1 <p,g<ooand 1/p+1/¢=1.

Lemma 7 (Young’s Inequality).

uP v
If u,v > 0, p,q as above, then uv < — + —.
p q
If u or v are 0, then the inequality hold trivially. If u, v > 0, there exist x,y such that u = e*/? and v = e¥/4.
As the second derivative of e is ! and e’ > 0, for all ¢, e’ is convex. So if we let t = 1/p and 1 —t = 1/q,
uP v
then we get uv = e®/Pe¥/1 = et@e(1=0Y = o t(1=0y < e 4 (1 —t)e¥ = — + —.
q

Lemma 8.
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b b
If f and g are integrable p and ¢ as above, both are nonnegative / ffde=1= / gdx, then

b
/ f@)g(z)dx < 1.

fP and ¢? are integrable by a composition of a continuous and integrable functions and fg is integrable.
Using the inequality found in the lemma above, we get that fg < f?/p+ g?/q. Integrating both sides (which
is allowed as the inequality holds for all values), we get

/abf(:c)g(x)dx <1/p /abf(x)pda: +1/q /abg(x)qu

=1/p+1/¢g=1
Proof:

Let f and g be two integrable functions on [a, b]. By the Cauchy-Schwarz Inequality,

L?wmex

b
g/|ﬂwmuww

Let F = f: |f|Pdz, G = f: |g|?d2. We can use the lemma above on the integrable functions |f|/(F/P) and

b b 1/p b 1/q
/ f(x)g(m)dm‘ < FYrgl/a = (/ f(:c)|pdac> (/ |g(m)|qdas> . Note if

F or G are equal to zero then the result holds trivially.

lgl/(G/9). Thus we get

MULTIVARIABLE DIFFERENTIATION

Definition 5.
Suppose E is an open set in R™, f maps E into R™, and « € E. If there exists a linear transformation A of

R™ into R™ such that L m
o @0 = @)= AR _
EY |h|

then we say that f is differentiable at  and we write
f'(z) = A.

Theorem 30 (Multivariable Derivative Is Unique).

Suppose F and f are as in the definition above and

[f(z+h) — f(x) — Ah| _

li =
/0 |h ’
holds for A = A1 and A = AQ. Then A1 = AQ.
Proof:

If B= A; — A, then the inequality
|Bh| < [f(z +h) = f(z) = Arh| + |f(z + h) — f(z) — Azh

|B(th)]
|th]

| Bh|

i — 0 as |h| — 0. For a fixed h # 0, it follows that
shows that this is independent of ¢, so Bh = 0 for all h. So B = 0.

shows that

— 0 as t — 0. The linearity of B
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Theorem 31 (f Is Differentiable Implies Partial Derivatives Exist).

Suppose f maps an open set £ C R™ into R™, and f is differentiable at a point x € E. Then the partial

derivatives (D; f;)(x) exist, and

Fl(@)e; = (D;fi)(@)u;

i=1
for1 <j<m.

Proof:
Fix j. Since f is differentiable at z,

flz+te;) — f(z) = f(z)(tej) + r(te;)
where |r(te;)|/t — 0 as t — 0. The linearity of f’(z) shows therefore that

g (€210 210 _ g

If we now represent f in terms of components, then the above becomes

= filz +tey) — filx) /
}g%; a ei Pu; = f(x)e;.

It follows that each quotient in this sum has a limit, as ¢t — 0, so each (D, f;)(x) exists.

Counter Example 10 (Existence of Partial Derivatives Do Not Imply Differentiability).

a s () £ (0,0)
_ W7 x,y OaO
fan = T 0
y(z® —y*) : ~
folz,y) = W for (z,y) # (0,0) and if we fix y = 0 we get f(x,0) =0, so f.(x,y) is defined for all

values. We get similar values for f,. However, f is not differentiable since...
Theorem 32 (Mean Value Estimate).

Suppose f maps a convex open set E C R™ into R™, f is differentiable in F and there is a real number
M such that
1" (@)l < M

for every z € E. Then
|f(b) = fa)| < M|b— al
for all a,b € E.

Lemma 9 (Mean Value Theorem for Vector Valued Functions).

Suppose f is a continuous mapping of [a,b] into R¥ and f is differentiable in (a,b). Then there exists
x € (a,b) such that
1£(b) = fa)] < (b—a)lf'(z)].
Put z = f(b) — f(a) and define
o(t) = z- f(1).

Then ¢ is a real-valued continuous function on [a, b] which is differentiable in (a,b). So by the Mean Value
Theorem,

¢(b) — ¢(a) = (b= a)¢'(x) = (b —a)z- f'(x)
for some x € (a,b). On the other hand,

¢(b) —d(a) =z f(b) —z- fla) =z -2 = [2”.
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The Cauchy-Schwarz Inequality yields

2> = (b —a)lz - ['(@)] < (b= a)lz]|f'(2)].
Hence |z| < (b—a)|f'(2)].

Proof:
Fix a,b € E. Define
yt) =1 —=t)a+tb

for all t € R such that v(¢) € E. Since E is convex v(t) € Eif 0 <¢ < 1. Put
Then, by the chain rule, we have

so that
g @O < [1f' (v - b —al < M[b—al
for all t € [0,1]. Thus, by the above Lemma,

l9(1) — g(0)] < M|b—al.
But ¢(0) = f(a) and g(1) = f(b).
Theorem 33 (Equivalence of Continuous Differentiability and Continuity of Partial Derivatives).

Suppose f maps an open set £ C R™ into R™. Then f is continuously differentiable on F if and only if
the partial derivatives D; f; exist and are continuous on E for 1 <¢<m, 1< j < n.

Proof:
Assume first that f is continuously differentiable on E. By above, we get

(D; fi)(@) = (f'(x)e;) - ui
for all 7, j and all z € E. Hence
(D; fi)ly) — (Djfi)(@) = {[f'(y) = f'(x)]ej} - wi
and since |u;| = |e;| = 1, it follows that

[(D; fi)(y) = (D fi) (@) <[ () = f'(@)e;| < M1 (y) = f(@)]I-

Hence D; f; is continuous as f’ is continuous.

For the converse, it suffices to consider the case where m = 1. Fix x € F and € > 0. Since FE is open, there
is an open ball S C E with center at x and radius r, and the continuity of the functions D, f shows that r
can be chosen so that

(D))~ (D; ()| <
forye Sand 1 <j <n.

Suppose h = Zhjej, |h| < r, put vo =0 and vy, = hie; + -+ - + hgey for 1 < n. Then
j=1

fl@+h) = f@) =Y [fl@+v;) = flz+vi1)]

j=1

Since |vg| < r for 1 < k < n and since S is convex, the segments with end points = + v;_1 and = + v; lic in
S. Since v; = vj_1 + hje;, the Mean Value Theorem shows that the jth summand in the above equality is
equal to

hi (D f)(x +vj—1 +0jh;e;)
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for some 6; € (0,1), and this differs from h;(D; f)(x) by less than |h;|e/n by our choice of r. By the above
equality, it follows that

Flo+h) = f@) = > hi(D; ) Zm e < |he
Jj=1

for all h such that |h| < r. Dividing by |h| gives the desired result.
Theorem 34 (f Is Convex If and Ouly If Every Critical Point Is A Global Minimizer).

If f is twice differentiable and convex on a convex domain D, then every critical point of f in D must
be a global minimizer.

Lemma 10 (f Is Convex If and Only If H(f) Is Positive Semidefinite).

f is convex in D (D as above) if and only if H(f) is positive semidefinite, where H(f) is the Hessian of
f and a matrix is positive semidefinite if all eigenvalues are greater than or equal to 0.
For any fixed x,y € D, let g5, (t) = f(z +t(y — x)), where t is defined such that x + t(x —y) € D. S0 guy(t)
is convex since f is. So, by an above theorem, g7/, () > 0. So

0< (4l ¢ (Zafom ))(yk—m)
k

-y 8289% (@ 4y — )0k — )0~ 1),

k=11=1

So f is convex if and only if Z ax r)w;w; > 0, for w = (wq,...,w,) € R", z € D.
j
INE
Proof: 9
Let 2y be a critical point of f. So 3%(%) =0for j=1,2,...,n. For any x € D, by Taylor’s Theorem,
J
F) = fo) = 3 L o)y — o) + 3 — 0i) (5 — 7o)
Ox; J 81'1(933‘] J

Jj=1 i,j=1

for ¢ picked appropriately. However, since xg is a critical point and by the lemma above, we have
f(@) = flzo) + 040 = f(z).

So xp is a global minimizer.

Definition 6 (Contraction).

Let X be a metric space, with metric d. If ¢ maps X into X and if there is a number ¢ < 1 such that

d(¢(x), ¢(y)) < cd(z,y)
for all x,y € X, then ¢ is said to be a contraction of X into X.
Theorem 35 (The Contraction Principle).

If X is a complete metric space, and if ¢ is a contraction of X into X, then there exists one and only
one z € X such ¢(z) = .

Proof:
Pick o € X arbitrarily, and define {z,,} recursively, by setting

Tpg1 = O(n).

21



As ¢ is a contraction, there is a ¢ < 1 satisfying the definition. For n > 1 we then have

d(xn+17 :En) = d((b(xn)v (b(xnfl)) S Cd(-rn,xnfl)'
By induction, we get
d(anrlv l'n) < Cnd(l'l, 1'0)~
If n < m, it follows that

m
A(@n, tm) < Y d(@i i) < (" + -+ " d(1, 30)
1=n+1
< [(1 —¢) td(wy, 20)]c™
as this is a geometric series. Since ¢ < 1, as n — oo, this goes to 0, so {z,} is a Cauchy Sequence. Since X

is complete, lim =z, = z for some x € X.
n—oo

Since ¢ is a contraction, ¢ is (uniformly) continuous on X. Hence

¢(x) = lim ¢(zn) = lim znpy = .

Counter Example 11 (If a contraction has ¢ = 1, the above conclusion need not hold).

Let f(x) = x + T o < |z — y|. However, f(z) # = as
efIf

e > 0 for all x € R.

So If(2) = 1) = | ~v+ T4 ey ey

Theorem 36 (Inverse Function Theorem).

Suppose f is a continuously differentiable mapping on E of an open set E C R™ into R™, f’(a) is invertible
for some a € E, and b = f(a). Then

(a) there exist open sets U and V in R™ such that a € U, b € V, f is one-to-to on U, and f(U) = V;

(b) if g is the inverse of f, which exists by (a), defined in V' by

g(f(x)) =7, ((E € U)a

then g is continuously differentiable on V and ¢'(y) = {f'(g(y))} ! for y € V.

Proof:
(a) Put f/(a) = A, and choose A so that
2)\[|A7Y| = 1.

Since f’ is continuous at a, there is an open ball U C E, with center at a, such that
I1f'(z) = All < A, (z € U).
We associate to each y € R™ a function ¢, defined by
¢(x) =z + A7y — f(2)), (z € E).

(Note that f(x) =y if and only if z is a fixed point of ¢).
Since ¢/(z) =1 — A1 f'(x) = A71(A — f'(z)), by the above, we have

6@ < 5, V).

Hence 1
lp(z1) — ¢(w2)| < §|3«"1 — 22, (z1, 72 € U),

by the Mean Value Estimate. It follows that ¢ has at most one fixed point in U. So f is one-to-one in U.
Next, put V = f(U) and pick yg € V. Then yo = f(zo) for some xzo € U. Let B be an open ball with center
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xo and radius 7 > 0, so small that its closure B lies in U.
Fix y, |y — yo| < Ar. With ¢ as above,

_ _ r
|6(z0) — ol = A7 (y — yo)| < [|[A7||Ar = 5
If z € B, it follows by the contraction that

6(2) ~ w0l < 19(2) — $(z0)| + |6(z0) — 70| < 5l — w0l + 5 <7

hence ¢(z) € B. - - -

Thus ¢ is a contraction of B into B. Being a closed, bounded subset of R", B is complete. The Contraction
Principle implies that ¢ has a fixed point « € B. For this z, f(z) =y. Thusy € f(B) C f(U)=V. SoV is
open in R".

Corollary 6 (Open Mapping Theorem).

If f is a continuously differentiable mapping on an open set F C R™ into R™ and if f'(x) is invertible for
every x € E, then f(W) is an open subset of R™ for every open set W C F.

Proof:

Let W be an open set in R™. For every point a € W, since f’ is invertible at a, there is an open ball
1

U(a) C W such that, for z,y € U(a), ||f'(y) — f'(2)]| < S @) Note that W = U U(z). Thus, by
a

rzeW
the Inverse Function Theorem, V(z) = f(U(z)) is open. As any union of open sets is open, we have that

fW) = f(UU(x)) =JV(z) is open in R™.
Theorem 37 (Implicit Function Theorem).

Let f be a continuously differentiable mapping of an open set E C R*™™ into R", such that f(a,b) =0
for some point (a,b) € E.
Put A = f’(a,b) and assume that A, is invertible.
Then there exist open sets U C R*"*™ and W C R™, with (a,b) € U and b € W, having the following
property:
To every y € W corresponds a unique x such that

(2,y) € U and f(z,y) = 0.

If this z is defined to be g(y), then g is a continuously differentiable mapping of W into R™, g(b) = a,

flg(y),y) =0,y e W,
and

g'(b) = _(A:v)_lAy'
Theorem 38 (Condition For Changing Order of Derivatives).

Suppose f is defined in an open set £ C R?, suppose that Dy f, Doy f and D f exist at every point of FE,
and Do f is continuous at some point (a,b) € E.
Then Dqyf exists at (a,b) and

(D12f)(a,b) = (Da21f)(a,b).
Counter Example 12 (A Function Whose Derivatives Are Not Interchangable).

Let

= (g £ (0,0)
f(x’y){o " if(z,y) =

B2~y )@ iy) 2e@y=ey’) g ) £ (0,0)

(2,y) = EEEE
ey {o ()
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320?42 (22 4u2) —2u(2Py—zu® )
fy(z,y){ S R =) (1, y) # (0,0)

0 if(z,y) = (0,0)
— i _ fr(oa h) 7fz(070) T —h -0 o
fey(0,0) = }1111% = h = hli% A = -1,
o fy(h0) = £,(0,0) . h—0
Fia(0,0) = iy = o AR n

So fxy(oao) 7£ fy$(070)'
INTEGRATION OF DIFFERENTIAL FORMS
Theorem 39 (Stokes’ Theorem).

Let D be a bounded domain in R" with piecewise-C' boundary. Let f be a differentiable (n — 1)-form on

D. Then
-

f = Zfidl'(j); dm(j) =dxi AN--- A dmjfl /\dganr1 A Aday,.
j=1

Theorem 40 (Green’s Theorem).

Let E be an open subset of R?, o, 3 € C}(E) and D be a closed subset of E with positively oriented

boundary dD. Then
9 O«

adx + fdy = / — — —dA.
/0D pOdr 0Oy

Proof:
Let A = adz + Bdy. Then

B O B _ (98 _ 0o
d\ = d(adz + Bdy) = aydy/\dm—F &rdx/\dy_ <8x ay)dA.

/ ozdx—l—ﬁdy:/ /\:/d)\:/a—ﬁ—a—adA.
D dD D p Ox Oy

Theorem 41 (Divergence Theorem).

Let D be a bounded domain in R™ with piecewise C! boundary. If f = (f1,...,fn) : D — R" wiht
f; €CHD)NC(D) for 1 < j <n. Then

So, by Stokes’ Theorem

/ V- fdx = fvdo(x),
D oD

vVf
VVF-VF

where v is the unit outer normal vector of 0D at x, and v is given by

SEQUENCES AND SERIES OF FUNCTIONS

Definition 7.

A sequence {f,}52, of functions on F is pointwise convergent if, for any fixed z € E, f,(z) — f(z) as
n — oo.

A sequence {f,} of functions on F is uniformly convergent to a function f(z) if for every e > 0 there is an
integer N such that n > N implies

|fn(x) - f(l‘)| <€

forall z € E.
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Counter Example 13 (Pointwise Convergence Does Not Imply Uniform Convergent).

Let € > 0 be given and let f,(z) = L. For any fixed x € R, if we choose an integer n such that |z|/e < n,
n

then |f,(x) — 0] < €, so f, converges pointwise to f(z) = 0. Assumet toward contradiction that f, — f
uniformly and let € < 1. So there exists an integer N such that for all n > N, f,(x) — f(z)| < € for all
z € R. Fix n = N and choose z = N. We have

N
) =0l = || =12
So f, does not converge to f uniformly.
Note: Uniform Convergence does imply pointwise convergence.
Theorem 42 (Cauchy Criterion).

The sequence of functions {f,} on E converges uniformly if and only if for every e > 0 there exists an
integer IV such that for m,n > N, z € FE imply

Ifn(x) - fm(x)l <€

Proof:
Suppose {fn} converges uniformly on FE and let f be the limit function. Then there is an integer N such
that n > N, x € E implies

[Fule) = J(@)] < 5

so that
|fn(@) = fin(@)] < |fulz) = f@)[ + [ f(z) — fm(2)] <€

ifn,m> N,z € FE.

Conversely, suppose the Cauchy criterion holds. By the Cauchy Sequence Condition, the sequence {f,(z)}
converges, for every x, to a limit which me way call f(z). Thus the sequence {f,(x)} converges on E, to f.
Let € > 0 be given, and choose N such that

|fn(x) = fm(z)| <€
forn,m > N, x € E. Fix n, and let m — oco. Since f,,,(z) = f(x) as m — oo, this gives
[fn(2) = f(2)| <€
for every n > N and every = € F.
Theorem 43 (Weierstrass M-Test).
Suppose {f.(x)} is a sequence of functions defined on E and suppose

|[frn(@)| < M, (x € E;n=1,2,3,...).

Then Z fn(x) converges uniformly on F if Z M,, converges.
n=1 n=1

Proof:
o0

If Z M,, converges, then, for arbitrary € > 0,

n=1

<> M;<e (x€E),

i=n

Zfi(x)

provided m and n are large enough. Uniform convergence follows by the Cauchy Criterion for sums.

25



Theorem 44 (Uniform Convergence and Continuity).
Suppose {f,} is a sequence of continuous functions and f,, — f uniformly. Then f is continuous.

Proof:

Let € > 0 be fixed. Let zg € E. If x¢ is an isolated point of F, then f is trivially continuous at xg. We may
suppose then that x¢ is a limit point of E. Since we have uniform convergence, there is an integer N such
that for all n > IV,

fale) = f@)| < 5

for all z € E.
Since fn is continuous at xg, there is a neighborhood B(xg) such that for all x € B(zo) () E,

|fn (o) = [ (@)] < %
So, for any = € B(zg) () E,
[ (@o) = f(@)] < [f(x0) = fn(@o)| + [fn(20) = fn (@) + [fn(2) = f(2)] <e

Counter Example 14 (Sequence of Continuous Functions that Converge to a Discontinuous Function).

Let
0 if x<—%
nr+1 if —1<z<0
fly=q¢ 1 if x =
nex+1 if 0<x§%
0 if L<w

Each f,(x) is continuous for all n. For x # 0, f,(z) — 0 as there exists some N > % For z = 0,
fa(x) =1—1. So fp(z) = f(x) where f(x) is not continuous at 0.
Theorem 45 (Partial Converse to Uniform Convergence and Continuity).
Suppose K is compact and
(a) {fn} is a sequence of continuous functions on K;
(b) {fn} converges pointwise to a continuous function on K;
(c) fu(z) > foyr(z) forallz e K, n=1,2,3,....
Then f,, — f uniformly on K.

Proof:

Put g, = f, — f. Then g, is continuous, g,, — 0 pointwise, and g,, > g,+1. It suffices to show that g, — 0
uniformly on K.

Let € > 0 be given. Let K, be the set of all x € K with g, (x) > e. Since g, is continuous, K, is closed,
hence compact by Heine-Borel because K, is bounded by the fact that g, (K) is compact. Since ¢, > gn+1,
we have K,, D K, ;1. Fix z € K. Since g,(z) — 0, we see that « ¢ K, if n is sufficiently large. This
x ¢ m K,,. In other words, ﬂ K, is empty. Hence K is empty for some N. It follows that 0 < g,(x) < €
for all z € K and for alln > N.

Counter Example 15.

Note that all of the above conditions are necessary for this result to hold. For instance, if we omit

compactness and look at f,(z) =

1 on (0,1), then f, is continuous, converges pointwise to 0 and is
x

monotonic. However, f, does not converge uniformly since for any n € Z*, 1/n € (0,1) and f,(1/n) =
1/2 # 0.

If we instead omit the monotonicity of f and look at f,(z) = nz(1 — 22)" on [0,1], we have K is compact,
fn is continuous, f,, — 0 pointwise by L’Hopital’s Rule, but f,, does not converge uniformly to 0, since if we

pick e < e ! and let 2 = 1/n, f,(r) = (1+=)"(1——)" > e ' asn — oo. So f, cannot converge uniformly.
n n
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Theorem 46 (Integrability and Uniform Convergence).
Suppose f,, is Riemann-integrable on [a,b], for n = 1,2,3,.... and suppose f, — f uniformly on [a, b],

then f is Riemann-integrable and
b

b
lim fn(x)dwz/ f(z)dz.

n—oo a

Proof:
Let €, = sup | fn(z) — f(x)|, the supremum being taken over a < x < b. Then

fn_engfgfn‘i‘en»

so that the upper and lower integrals of f satisfy

/abfn—endxg/fdxg/fdxS/abfn—i-Endx.

0< /fdx - /fdx < 2enb—a.

Since ¢, — 0 as n — oo, the upper and lower integrals are equal. Thus f is Riemann-integrable.

Hence

Counter Example 16.

b
If f,, — f pointwise on [a, b], / fn(x)dz does not necessarily converge to f: f(x)dx.
Let f,(z) = nz(1 — 2?)" on [0,1]. As has been shown, f,, — 0. We have

n
on+2°

n/xu—x%mxz

1 1
So / nx(l — x?)"dr — % # / f(z)dz = 0.
0 0

Counter Example 17.

b b
If / fn(x)dz — / f(z)dz, it does not guarantee that f, — f at all (let alone uniformly).

a

Let fo(z) = sin(z), f(z) = 0.
2 2m
/ sin(x)dz =0 f(z)dx.
0 0
However, f,(z) =sin(x) A f(z) =0.
Theorem 47 (Differentiability and Uniform Convergence).

Suppose {fn} is a sequence of functions, differentiable on [a, b] and such that {f,(z¢)} converges for some
point zg on [a,b]. If {f/} converges uniformly on [a, b], then { f,} converges uniformly on [a, b], to a function
f, and

Proof:
Let € > 0 be given. Choose N such that n,m > N implies

[Fal@0) = Fmla0)| < 5

and

J(a <t <b).



If we apply the Mean Value Theorem to the function f,, — f,, the above inequality furnishes

|z —tle
<

((n(@) = fn(@) = falt) + fm (O] < 55— 5 < 5

for any x and ¢ on [a, b], if n,m > N. The inequality
[fn(2) = fm(@)] < [fn(@) = fn (@) = fr(@0) + fin(20)] + [ fn(20) = frm(20)]|
implies, by above inequalities, that
[fu(@) = fm(2)| <€ (a <2 <bn,m=N),
so that {f,} converges uniformly on [a,b]. Let
fl&) = lim fu(@).(a <z <)
Let us now fix a point x on [a,b] and define

fu(t) = fu(2)

t—zx

Pn(t) =
fora <t <b,t# x. Then
lim 6, (1) = f3(x).

From what we obtained by using the Mean Value Theorem, we get

|¢n(t) - (bm(t)‘ <

€
_— >N
25b—a) "=

so that {¢,} converges uniformly, for ¢ # x. Since {f,} converges to f, we conclude by the definition of ¢,
and ¢ that

nlggo Pn(t) = H(t)

uniformly for a <t <b, t # x.
Since {¢,,} is a set of continuous functions that converge uniformly to ¢, we have tlim é(t) = lim f](z). So,
—T n—oo

specifically, f'(x) = le fl(z) fora <z <b.
Definition 8.

A family F of functions f defined on E in a metric space (X, d) is said to be equicontinuous on FE if for
every € > 0 there exists a § > 0 such that

[f (@) = fy)] <e
whenever d(x,y) < 0, z,y,€ E and f € F.
Theorem 48 (Convergent Subsequence on a Countable Set).

If {f,} is a pointwise bounded sequence of complex functions on a countable set E, then {f,} has a
subsequence {f,,} such that {f,, (z)} converges for every x € E.

Proof:

Let {x;} i =1,2,3,..., be the points of E arranged in a sequence. Since {f,(x1)} is bounded, by Bolzano
Weierstrass there exists a subsequence, which we shall denote by {f1 x}, such that {fi x(x1)} converges as
k — oo.

Let us now consider sequences S1,Ss, - - -, which we represent by the array:

St fiasfies fis -

S2 : f2,17f2,27f2,37"'
SS : f3,17f3,27f3,3)"'

and which have the following properties:
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(a) S, is a subsequence of S,,_1 for n =2,3,4,...;

(b) {fnk(z,)} converges as k — oo (the boundedness of {f,(xy)} makes it possible to choose S,, in this
way);

(¢) The order in which the functions appear is the same in each sequence, i.e., if one function precedes
another in Sp, they are in the same relation in every S,,, until one or the other is deleted. Hence, when
going from one row in the above array to the next below, functions may move to the left but never to
the right.

We now consider the sequence S : fi1, f2,2, f3,3,.---
By (c), the sequence S (except possibly the first n — 1 terms) is a subsequence of S, forn =1,2,3,....
Hence (b) implies that {f, ., (z;)} converges as n — oo for every z; € E.

Theorem 49 (Arzela-Ascoli).
Let K be a compact set. If F is a family of continuous functions on K, the following are equivalent:
(a) {fn} is pointwise bounded and equicontinuous.
(b) {f.} has a uniformly convergent subsequence.
Proof:
((b) — (a)) Let € > 0 be given and let E be a countable dense subset of K. By the above Theorem, {f,}
has a subsequence {f,, } such that {f,, (z)} converges for every = € E.
Put f,, = g and pick § > 0 such that |f,(z) — fn(y)| < €/3 for all n provided that d(x,y) < §. Let V(z,?)

be the set of all y € K with d(z,y) < §. Since E is dense in K, and K is compact, there are finitely many
points x1,...,x,, in E such that

K cV(z, o) V().
Since {gx(x)} converges for every x € E, there is an integer N such that
gk (2s) — gu(xs)] < ¢/3

whenever k,1 > N, 1< s <m.
If z € K, then by above © € V (x4, 0) for some s, so that

|9k (%) — gr(ws)| < €/3

for every k. If k,1 > N, it follows that

|9k () — gi(2)] < gk () — g (xs)| + g (2s) — gi(w)] + |gi(ws) — qu(2)] <e.
Theorem 50 (Stone Weierstrass Theorem).

If f is a continuous complex function on [a, b], there exists a sequence of polynomials P, such that

lim P,(z) = f(x)

n—oo

uniformly on [a,b]. If f is real, P,, may be taken real.

SOME SPECIAL FUNCTIONS

Theorem 51 (Uniqueness of the Gamma Function).
If f is a positive function on (0, 00) such that

(@) flz+1)=zf(z),

(b) f(1) =1,

(c) log f is convex,
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then f(z) =TI'(z), where
I(x) = / t* e tat.
0
Theorem 52 (Trigonometric Polynomial Approximation).
If f is continuous (with period 27) and if € > 0, then there is a trigonometric polynomial P such that
|P(x) = f(x)] <e

for all real x.
Note: A trigonometric polynomial is a finite sum of the form

N
P(z) =ao+ Z ap, cos(nz) + by, sin(nz)

n=1
ag,...,an,b1,...,b, € C.

Definition 9.

If f is integrable on [a, ], the Fourier Series of f with respect to {¢x}52, is f ~ Z Cnn, Where ¢, is

n=1

given by / f(z)hn (z)dz.

Note: {t}} is an orthonormal set in L?[a, b] such that

/ab bi(x); () =

Some examples of orthonormal sets are:

{ 1 et in e Z}
V2T .

{\/12? = coslne), \}%sm(mx);n,mﬂ,zs....}

Theorem 53 (Fourier Series Is the Best Approximation).

Let {1} be orthonormal on [a,b]. Then
b n b
[ 1@ =Y an@pas < [ 11 Zwk )da
@ k=1 a

for any {~;} set of numbers. In particular, Z len]? < / |f(z)|*dz.

n=1

Proof:

Let ¢, ZW/% Z et (@
/ f(z)t dﬁﬂ—/ (@Z%@k(ﬁf) = chﬁk
k=1 m=1

by the definition of {cx}. Also,

b b n
/ |tn|?da = / Z’kak 7 Uy (z)de = Z s ?
a a _ k=1
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since {4} is orthonormal. So

b b b b b
/ (@) - tPde = / @) - / f(@)Ender / F@)tada + / o 2da.
b n n n
:/ |f($)|2d$—zclﬁk—ZEka-FZWﬁk
@ k=1 k=1 k=1
b n n
— [ W@F =Sl + Y b -l
a k=1 k=1

which is minimized if and only if v = ¢
Putting v = ¢ in this calculation, we get

n b
S el < / \f () P,
k=1 a

b
since |f(z) — t,|*dz > 0.

If we take the limit as n — 00, we get that

oo b
S leal < [ If(@)Pa.
n=1 a

Theorem 54 (Parseval’s Theorem).

Suppsose f and g are Riemann-integrable functions with period 27 and
o0 o0
f(.’l?) ~ Z Cnem,gc,g(x) ~ Z'Yne”m-
— 00 — 00

Then
(a)

where sy (f;z) = cheim;

(b)

(c)
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