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Chapter 1

The Most Basic Identities and
Inequalities

The trigonometric functions, especially the sine and cosine functions, play
central roles in analysis, especially applied analysis. They contribute to the
solutions of all kinds of problems involving finite sums, infinite sums, inte-
grals, differential equations, and more. In the early part of these notes we
develop some identities and inequalities that have special usefulness later on
but might seem a bit unmotivated. Hence a reader might want to begin
reading with Chapter 2 and return to the early sections as needed. In these
notes it is assumed that the reader has met sequences and series of numbers
and functions before, but even so we review a number of results that we need
and which may not have been covered in a beginning calculus course.

1.1 The Basic Identities

For the definitions and basic properties of the trigonometric functions, see
a good trig book, or even a calculus text. For example, Calculus by G.
Strang, Wellesley — Cambridge Press, 1991, has a very good review of basic
trigonometry. For our purposes we are content to take on faith the fact that
sine is an odd function, cosine is an even function, and the usual addition
formulas hold, viz.:
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sin(—0) = —sin(0) (1.1)
cos(—0) = cos(0) (1.2)
sin(A+ B) = sin(A)cos(B) + cos(A) sin(B) (1.3)
cos(A+ B) = cos(A)cos(B) —sin(A)sin(B) (1.4)

Many other identities arise from these, for example sin(0+7/2) = cos(6).
In Eq. 1.4 put B = — A to obtain the most famous trig identity (the Pythagorean
identity):
1 = sin®(A) + cos?(A) (1.5)
Put B = A in Eq. 1.3 to get
sin(2A) = 2sin(A) cos(A) (1.6)

Then B = A in Eq. 1.4 gives

cos(24) = cos?(A) —sin*(A) (1.7)

which we remember as either

sin?(4) = L=cos24) (1.8)
2
cos’(A) = H#S(QA) (1.9)

Replace B with —B in Egs. 1.3 and 1.4 and use Eqs. 1.1 and 1.2 to
obtain the identities

cos[(k + %)0] = cos(k0) COS(g) F Sin(k‘@)sz'n(g) (1.10)
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Now use Eq. 1.10 to solve for
1 1 . .0
cos[(k — 5)0] — cos[(k + 5)9] = 2sin(k0) sm(é) (1.11)

Note that if § # 2k7 for some k € N, then sin(f/2) # 0, so we obtain.

cos|(k — 3)0] — cos[(k + 3)0]

in(kf) = 1.12
sin(k0) 25in(2) (1.12)
The following telescoping sum then becomes
" cos(2) — cos[(n + 3)6]
Sn(0) =) sin(k) = 2 2 (1.13)
; 2 sm(g)
From Eq. 1.13 we see that
1+1 1
19,(0)] : = ——73r- (1.14)
[2sin(5)[  [sin()]

This shows that
Corollary 1.1.1. S(0) = >_,2 sin(kf) has bounded partial sums.

We now give an analog for a sum of cosines using a sequence {D,} of
functions known as the Dirichlet kernel.

1.2 The Dirichlet Kernel: A first look

For each positive integer n define

D) il if t =2rm, m € Z;
n(t) = 4 sinf(n+i)] .
m lf t # 2mm.

Lemma 1.2.1.

D, (u) = % (1 + QZCOS(/{ZU>> :
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Proof. If uw = 2wm, the result is clear. So suppose u # 2wm. Then

sm(2) (1 + QZCOS (ku) ) = sin(=) + ZQsm cos(ku)

— sin( +Z (smk~|— —sin[(k—%)u])

— sin[(n+ %)u]

— or sin(g) (M) .

27 sin(y)
[

By the above lemma it is clear that D, (u) is 2m-periodic and continuous
except possibly at multiples of 2. Moreover, D,,(u) is an even function. To
see that D, (u) is continuous at 27m, it suffices to see that it is continuous
at 0. So compute

sinf(n + 5)t] ¢ n+i  2m+1
lim D, (t) = lim [(n+ )] — = 2 _n+ _
t—0 =0 t 2msin(z)  2m/2 27

1.3 Some Basic Inequalities

Probably the best known inequality is the following one.

Lemma 1.3.1.
|sin(z)| < |z| for all x # 0.

Proof. Define a function f(x) = x —sin(x). Note that f(0) =0 and f'(x) =
1 — cos(z) > 0 with equality only at multiples of 27. So on [0,00) the
function f(x) is increasing. So f(z) > 0 for 0 < z < oo. And for xz > 0,
f(=z) = (—z)—sin(—x) = — (x — sin(z)) < 0. It follows that for all nonzero
real x we have |sin(x)| < |z|. O

Lemma 1.3.2. For all z € [—m, 7] we have |z| < 7 - |sin(x/2)|.

Proof. Define a function f(z) = msin(z)— 2z and note that f(0) = f(7/2) =
0. Here f'(z) = mcos(x) — 2 and f"(z) = —wsin(z). So f'(z) is strictly
decreasing on [0,7/2]. Since f'(0) =7 —2 > 0 and f'(7/2) = —2 < 0 there
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is a unique xy € (0,7/2) with f'(zq) = 0, f(z) is increasing on [0, xy] and
decreasing on [zg,7/2]. It follows that f(z) > 0 for x € (0,7/2). Since
f(z) is an odd function (i.e., f(—z) = —f(z), we have |2z| < 7|sin(x)| for
x € [—7/2,7/2], which is equivalent to |z| < 7|sin(x/2)| for x € [—-7,x|. O

As an immediate corollary we have:

Corollary 1.3.3. If e is chosen so that 0 < €/2 < m—¢/2 < m, then for each
x € [¢/2,m —€/2] it is true that
2
sin(x) > “ o
s
In the proof of the next lemma we use Taylor’s theorem with integral

remainder.

Theorem 1.3.4. Let f be a real-valued function defined on an interval I and
having an n + 1-st derivative that is continuous on I. Let ¢ be a point in the
interior of I and define the Taylor polynomial for f of degree n at ¢ by

n e,
Pn(x—c)zzf ()(x—c)k
k=1

k!

Then

f(z) = P.(x)+R,(z) for any x € I where R,(z) = %/r f(n+1)(t)(x—t)ndt.

c

Proof. The key to the proof is to hold x fixed, and to regard c as a variable.
So consider the function

olt) = Rla) = F(0) + PO~ 1)+ 0 o

Note that g(x) = f(x) and g(c¢) = P.(x). Hence

Ra(w) = J(0) = Pia) = 9() — g(0) = [ o)t
At this point we need only to calculate ¢’. Hence: c
gty = fO)+{/" @ —1)— (1)}
+ ot - ot
I

T —t)" x —t)mb)
! {f(nﬂ)(t)( T _f(n)(t)<(nf)1>! }
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This is a telescoping sum that results in the simple result

(x —8)"
n!

§() = /")

Lemma 1.3.5. If [z| < 7, then 1 — 32 < cos(x) < 1 — fa?.

Proof. Since all functions involved are even, we may assume 0 < x < 7. By
Taylor’s theorem, f(z) = cos(z) = Py(z) + & [ f™(¢)(z — t)"dt, where
P, is the Taylor polynomial for cos of degree n at ¢ = 0. For n = 2, we have
cos(z) =1 — 32?4+ 4 [[sin(t) - (x — t)?dt. Since 5 [ sin(t) - (x —t)2dt > 0,

the first inequality holds. Consider the function g(z) = 1 — 12 — cos(z) =

s e 0<z<7 g0)=0, g(r)=2—= ~ .03 > 0.

(Alternatively, 2 — %2 > 0 if and only if 10 > 72 if and only if v/10 > =.

If we cheat and use a calculator we see that v/10 > 3.16, which is clearly
greater than m ~ 3.14159.) So if g(z) < 0 for some x € (0,7), let 2o be the
point in (0, 7) at which g(z) takes on its minimum value. Then ¢'(z) = 0,

and ¢”(z0) > 0 since ¢”(2¢) is a local minimum. Here ¢(z) = —2z + sin(z),
so sin(zg) = 2xy. And sin®(zo) = srad. Also, g”(zg) = —2 4 cos(zg) > 0

implies cos(zg) > 2. And this implies 1 = sin®(zo) + cos*(zy) > sxa? + =,

which forces 2t > z3. Since % > 2L we have 2 > z, which is equivalent to

4
2af — 2 > 0. So the two terms of the series for g(z) add up to a positive

number. It is easy to check that each succeeding pair of terms adds up to

a positive number: 2 2D ). Hence g(zo) > 0, contradicting the

@k~ (2k+2)!
assumption that g(z) takes on a negative value at some point of (0, 7). This
means that g(z) > 0 for all z € (0,7), i.e., cos(z) < 1—ia? for all z € (0,7),

completing the proof of the lemma. n

1.4 A Divergent Sum

One of the main examples that will reappear several times throughout these
notes is the infinite series of functions.

Z smn(Zx)

n=1
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where p is any fixed positive real number. Clearly it is necessary only to
study the series for € [—m, 7]. In order to study this series we need the
following inequality.

Suppose that € and 6 are fixed positive real numbers satisfying the fol-
lowing:
2¢ <0 <1 —2¢ (1.15)

Our first goal in this section is to prove the following theorem.
Theorem 1.4.1.

|sin(0)| + | sin(20)| + - - - + | sin(nb)| > lim 1 n-1
n n—o0 M

lim

—n—00

sin(e)

sin(e)
= > 0.
2

In order to prove this theorem we first establish the following lemma.

Lemma 1.4.2. If |sin(mf)| < sin(e) for some integer m, then
| sin[(m + 1)6] > sin(e).

Proof. For u € R, let u be the value of u modulo 27, i.e., for a unique integer
k, u = 2km +u where 0 < w < 27. First note that |sin(u)| < sin(e) if and
only if

(i) 0 <u<e or
(i) rT—e<u<m+e¢or
(ili) 2 —e < T < 2.
It follows that
| sin(u)| > sin(e) precisely when e <u < m—€eor m+€ < U < 27 — €.

Now suppose that |sin(u)| < sin(e) and show that |sin(u + )| > sin(e).
Case (i). Add 0 <@ < € to Eq. 1.15 to obtain

2e<u+l<m—e = 22e<utbf<rm—c¢
= |sin(u+ 0)| > sin(e).
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Case (ii). Add 7 — e <u < 7+ € to Eq. 1.15 to obtain

TH+e<u+0<2r—e¢ =— 7wt+e<u+0<2r—c¢
= |sin(u + 0)| > sin(e).

Case (iii). Add 27 — e <@ < 27 to Eq. 1.15 to obtain

2rt+e<u+0<3n—2 = e<ut+0<m—2¢
= |sin(u + 0)| > sin(e).

If we put u = mf we see that the Lemma is proved. O
The preceding Lemma shows that at least ”T_l of the summands in
|sin(0)| + | sin(20)] + - - - + | sin(nb)]

are greater than sin(e). It follows that

lim |sin(0)| + | sin(20)| + - - - + | sin(nd)| > 1 I n—1

—n—00 —

This completes a proof of Theorem 1.4.1.

The next lemma gives a test for divergence.

Lemma 1.4.3. Let {a,} be a sequence with 0 < a1 < a, forn >k and let
{wy,} be a sequence of positive numbers such that

an(an — Qpy1) = 00.

Suppose that {b,}>°, is a sequence of real numbers such that

lim b’“+b’“+1+"'+b”:u>o.

Z===Sn—00
W,

Then Y~ apb, = 0o.
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Proof. Put S, = Y77 a;bj, n > k. So {S,};2, is the sequence of partial
sums of the series > 7, a,b,.
Put Bn = bk+bk+1+ . —|—bn Then bk = Bk, bj = Bj_Bj—l fOI'j 2 k+1
And

Sn = B+ aps1(Brpn — Bg) + - + an(By — By—1)
= (ar —apy1)Be + -+ (an_1 — an)Bn_1 + a, B,

n—1

= Tn,1 + CLan, where Tn,1 = Z(CLJ‘ — CLj+1)Bj.
j=k

By hypothesis there is an N € N for which b’“+w—+b" > g forn > N, ie,
B, > w, - 5 for n > N. So for such n we have

oo oo U
Z Bn(an - an-l—l) > Z W, - E(an - an+1)~
n=N n=N
Since Y wy(an — ap_1) = 00, also > > \ Bp(a, — any1) = co. Then
Sy = Th-1+ a,B,, > T,_1, where the partial sum 7,,_; of > (a; — aj11)B;
must approach co. Hence {5, } — oo, implying > a;b; = oco. ]

The divergent series we want to consider first is the following:

- lsinto)] w10

Put w, = n forn > 1; a, = %; b, = |sin(nf)|. Then 0 < apy1 < ap.

Also
St = o(b-h)-
Zn(ﬁ) N Zn—llrlzoo

Reduce 6 modulo 27to @ where § = 2km 4+ 60 and 0 < § < 2. Clearly
sin(f) = sin(f). And sin(nf) = sin(nf). If 7 < 6 < 2, replace § with
2 — 6. Then |sin(nf)| = | —sin(2n7 —nb)| = | sin(n(27 —))|, so in the sum
Yo, |sin(nf)| we may assume that 0 < 6 < 7. Now choose an € such that
2¢ < 0 < — 2¢, so we can apply Theorem 1.4.1 to see that
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I g LI O
n
j=1

It now follows by Lemma 1.4.3 that > 07 anb, => 07, M diverges.
Since for p <1 we have - > l it follows that

Corollary 1.4.4. Ifp <1, then ) >~ M diverges.

1.5 Integrating even and odd functions

Let a and b be real numbers with 0 < b < a. Suppose f is continuous on the
intervals [—a, —b] and [b,a]. If f(—t) = f(¢t) for all t € [b,a] we say f is an
even function on I = [—a,—b] U [b,a]. If f(—t) = —f(t) for all t € [b, a], we
say f is an odd function on /. The product of two even (resp., odd) functions
is even, and the product of an odd function and an even function is an odd

function. Suppose that f is a function defined and continuous on the interval
I just given.

Lemma 1.5.1. Using the change of variables w = —t it is easy to show that

(i) | even = [ f(t)dt = [} S
(ii) f odd = [~" f(t)dt = — [ f(t)dt
(iii) f even = [T f(t)sin(nt)dt =0, forn > 1.
(w) f odd = ["_f(t)cos(nt)dt =0, forn>0.
(v) [T sin(nt) cos(mt)dt = 0 for any nonnegative integers m,n.
(vi) |*_sin(nt) sin(mt)dt = 0 if m # n.
(vii) " sin(nt)sin(nt)dt = .
(viii) ["_cos(nt) cos(mt)dt = 0 if m # n.

(ix) |7 cos(nt)cos(nt)dt = .
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(x) [T cos(nt)dt =0 if n>1.
(wi) |" sin(nt)dt =0 if n > 1.

Proof. Once the general trick is learned, the proofs are all routine. We give
one basic example and leave the others to the reader.

Start with the following identities that can be derived from Eqs. 1.3 and
1.4:

2sinAsinB = cos(A — B) — cos(A + B); (1.17)
2sinAcosB = sin(A+ B) +sin(A — B); (1.18)
2cosAcosB = cos(A — B) + cos(A + B). (1.19)

Then for n # m,

/7r [cos((n — m)z) — cos((n + m)x)]dx

T

/ " sin(n) sin(ma)dz =

-7

n—m n-—+m

—T

1
2
1 [sin((n —m)z) sin((n +m)x)
2
0

And for n = m,

/ " sin(n) - sin(nz)de — % / " = cos(2na)] dx — .

—T —T

Etc.)

1.6 Review Uniform Convergence

Recall that if f is a function which is defined on a set F, then || f||g denotes
the supremum of the set of values |f(p)| for p € E. When f is continuous
on F and F is closed and bounded (i.e., compact if £ C R™), then this is
the maximum value of |f(p)| on E. If f and g are both defined on FE, then
If — g|lg is a measure of the distance between f and g over the set E. If
IIf — glle <e¢€, then |f(p) — g(p)| < € for all p € E| so that f approximates g
within € uniformly on F.
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Definition 1.6.1. A sequence {f,} is uniformly convergent to a function F'
on a set E if and only if

Jim [|F [z = 0.
Recall the Weierstrass M-test:

Theorem 1.6.2. The series Y f, converges uniformly on a set S if
| fulls < M, n >k, where ZM” < 00.

The next two theorems really explain our interest in uniform convergence.

Theorem 1.6.3. If {f,} converges to F' uniformly on E and each function
fn is continuous on E, then F is continuous on E. Stated for series this
becomes: If each of the functions f, is continuous on a set E and ) f,
converges to F uniformly on E, then F' is continuous on E.

Theorem 1.6.4. Let the functions f, each be continuous on the closed
bounded interval [a,b]. Then if {f,} converges uniformly to F on [a,b],

b b
lim/ fn:/ F.

Stated for series this becomes: If each of the functions f, is continuous
on la,b] and " f, converges uniformly to F' on |a,b], then

[Sn=%[n

For p > 1 put M,, = # Since in this case > M,, converges, we have the
following corollary:

Corollary 1.6.5. If p > 1, the series > % converges uniformly on R.
In fact, for each fixed x € R the series converges absolutely.

1.7 The Series ) %—79)

sin(nf)
nbP

We have seen that if 6 is arbitrary and p > 1 the series >
absolutely. In this section we suppose that 0 < p < 1.
In our next proof we need to use Abel’s theorem:

converges
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Theorem 1.7.1. (Abel’s Test) The series Y a,b, converges if a,+1 < a, for
n >k, lim, ., a, =0, and

for some constant M.

Lemma 1.7.2. For0 <p <1, Y > Smn—"e) converges pointwise on R.

p

Proof. Put F,(0) = Siné—:fa). First note that if § = 2k7 for some integer k,
then F,(0) = 0 and the series converges pointwise trivially. So suppose that
0 # 2k for any integer k. Put a,, = #, s00 < apy1 < ay, and lim, o, a, = 0.

If we put b, = sin(nf) and B,, = by + b3 + - -+ b, for n > 2, then in Eq. 1.14

1

sin(%)
This says that (for fixed 6 # 2km) the sequence {F,(#)} satisfies the

hypothesis of Abel’s test, which implies that ) S”;E—;fe) converges. O

we showed that |B,| is bounded by’

If we put together Corollaries 1.4.4 and 1.6.5 and Lemma 1.7.2 we obtain
the following.

Theorem 1.7.3. Let 6 be any real number not an integral multiple of 2,
and let p > 0. Then

> sin(nf) converges absolutely if p > 1;
converges conditionally if 0 < p < 1.

n=1

Since for p > 1 the series 3 22 m) converges uniformly on R, it converges

uniformly on each closed bounded mterval [a, b], implying that

b . b : b
lim / sin(na) / i S002) _ / 0da = 0,
n—oo J. np o N0 np o

0o ap
Z/ sin(nx) / Zsm nx)
n=1v%

and
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1.8 Uniform Convergence on a Proper Subin-

terval

Lemma 1.8.1. Pick e > 0 so that 0 < € < 2m — € < 27, i.e., € < m. Then

for 0 € [e,2m — €] we have
EACIES

e

Proof. From Eq. 1.14 we know that |S,(0)| < |sinl(ﬁ)|‘ Then from
2

0<e/2<0/2<m—¢€/2<2m
we have sin(6/2) > sin(e/2) > 0, hence

1 < 1
|sin(6/2)| ~ sin(e/2)

By Cor. 1.3.3 we know that for = € [¢/2,m — €/2] it is true that

, 2
sin(z) > —x > 0.
T

Hence from Eqgs. 1.14, 1.21 and 1.22 we find that Eq. 1.20 holds.

Consider the (Fourier) sine series

FO)=>" % sin(k6).

k=1

(1.20)

(1.21)

(1.22)

(1.23)

We have already established (see Theorem 1.7.3) the fact that this series
converges to a function f(#). Since the convergence was not absolute, it is
not uniform. But if we restrict the function to the interval [e, 27 — €] we will

be able to show that the convergence is uniform.
Notice that

l—1—1+1—1++1—1+
E \k k+1 E+1 k+2 n—1 n
L N

jG+1) o

=

1

n
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This gives:

On the interval [e,2m — €] we have the bounds

T
sup
e<0<2m—e

1
Gt 1>Sf<9)‘ =G

So we can apply the Weierstrass M-test. We have a telescoping sum

- T T (1 1 s
2 55T e;(j j+1) ¢ -
Hence the series ) 7| j(j%l)Sj(H) converges uniformly on [e, 2m —¢]. Since
the uniform limit of continuous functions is continuous, the sum is a contin-
uous function on [¢, 2m — €] for any € > 0. Therefore the limit exists and is a
continuous function f(#) on (0, 2m).

In Davidson and Donsig [DD02] there is an interesting investigation of
this function. Using complex functions they determine the function to which
the series converges on the interval (0, 27). After we have proved the Jordan-
Dirichlet Theorem we find using only real numbers the function to which
the series converges on the interval [—m, 7|. Hence at this point we merely
direct the reader to pages 458 — 461 of [DDO02].
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Chapter 2

Inner Product Spaces

2.1 Real (or Complex) Vector Spaces

Let F' be any subfield of the complex numbers C. For each positive integer
n, the set F" = {(a1,...,a,) : a; € F,1 < i < n} together with coordi-
natewise vector addition and the usual scalar product (i.e., c(ay, -+ ,a,) =
(cay,--- ,cay,)) yields the standard vector space studied in beginning linear
algebra courses. Another example nearly as familiar is the polynomial ring
F[z] in the variable x. Here are two more examples central to analysis. First,
for each positive integer p,

l, = {{an}ffl ; Z |a,|Pconverges, a; € R,i=1,2,--- } :
n=1
with “coordinatewise” addition and the scalar product ¢ - {a,} = {ca,} is a
vector space. The important case for our needs here is l5, which is called real
(separable) Hilbert space (when endowed with the inner product introduced
in the next section). Finally, if a < b, then Cla,b] = {f : [a,b] — R :
f is continuous on [a, b]} with the usual addition and scalar product is a real
vector space.
All the above examples with F' = R will be important in these notes.

2.2 Real (or Complex) Euclidean Space

As above, let F' be any subfield of C and let V' be any vector space over F.
For x € F, T denotes the complex conjugate of . So x = 7 if and only if

21
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r €R.

A function (, ) : VxV — Fis a (Euclidean) inner product (and (V, (, )))
is a Fuclidean space) provided the following hold:

L. (u,v+w) = (u,v) + (u,w), for all u,v,w € V.

2. (u,av) = a(u,v), for all a € F, u,v € V.

3. (u,v) = (v,u) for all u,v € F.

4. (u,u) >0, with equality if and only if u =0 € V.

Note: From now on we assume that (V,(, )) is a given Euclidean
space.

Theorem 2.2.1. <er;1 aitli, 5 ijj> = > Y wibj(ui, v;), and (0,u)
(u,0) =0 for allu e V.

Proof. Easy exercise. n

Def. If u,v € V, v and v are said to be orthogonal provided (u,v) = 0. A
set D of nonzero vectors in V' is called an orthogonal set provided (u,v) =0
whenever u,v € D, u # v.

Def. For u € V, the norm of u (relative to the inner product ( , )) is
defined by:

| = (u, w) /2.

Exercise 2.2.1.1. |[cul| = |¢| - ||u|| for allc € F, u € V.

Def. An orthogonal set D is called orthonormal provided ||u|| = 1 for all
u€D.

Theorem 2.2.2. An orthogonal set is linearly independent.

Proof. Easy exercise. O

Let D be a nonempty orthogonal set and let v € V. Suppose u is in
the linear span (D) of D, say v = > au;, u; € D. Then (uj,u) =
> ai(uj, ) = aj(uj,u;), implying a; = (u;,u)/(uj, u;). In general, even if
we do not know whether u € (D), we define the component of u along u;
to be

a; = (15, 1) , for each u; € D.
(uj>uj)

Now suppose that D is a nonempty orthogonal set (finite or countably
infinite): D = {uy,uq,---}. Let v € V with a; = (u;,u)/(u;,u;) the compo-
nent of u along u;.
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Theorem 2.2.3. (Parseval). For each finite integer N, 1 < N < |D|, we
have 0 < [lu— 52 avusl = lull? = S0 ailus [ < [l with equality if
and only if a; = 0 for all i.

Proof.
(u—z aiui,u—z au;) = (u,u)—z ai(u,ui)—zai(ui,u)—l—z a;a;(ui, uy)
- Hqu—Z gj:;?) ’ ((Z:Z)) (U/’L’ul>_z %(Uz, uz)—i-z ‘ai|2(ui, u;)

= JJull® =2 fail* (ui, ws) + > laal*(ui, wa)

N
= [lul® = Y lasfluil .
=1

There are two immediate corollaries.
Corollary 2.2.4. If u= Y1 au;, then |Jul* = D27 a:]?|lul?.
Corollary 2.2.5. (Bessel) For each finite integer N, 1 < N < |D|,
SV ail? - lwill? < ||lull?, with equality if and only if u = 3" a;u;.
Suppose D is infinite and orthonormal. Put Sy = Zf[ a;u;. By definition

we say u = limy_cSy = >, a;u; provided limy_.o [lu — Sy || = 0.

Theorem 2.2.6. Supppose that D s infinite and orthonormal and let Sy be
as given above. Then we have the following.

(i) (Bessel) > 77 |ai|* converges and Y 7 |ai|* < ||lul?.

(ii) (Parseval) ||lu — Sn|| is monotonic decreasing as N — oo, and u =

lmy oo Sy (B€., uw=>_1 au;) if and only if ||ul| = O |az~|2)1/2

Proof. By Theorem 2.2.3, Zjlv la;|* < ||lul| for each N = 1,2,--- , implying
that >0 |a;|* converges to a limit bounded above by |u*>. Also, by Theo-

rem 2.2.3, [lu—Sy||* = |Jul]* - Zjlv |a;|? is clearly monotonic decreasing, with
limpy—oollu — Sn|| = 0 if and only if |[ul|* = 3" |a;|?. By definition we say
uw = lmy_oo Sy = . a;u; provided limy_.oo|ju — Sx|| = 0, so the proof is

complete. O
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Theorem 2.2.7. (Schwarz Inequality) |(u,v)| < ||u|| - ||v||, with equality if
and only if {u,v} is a linearly dependent set.

Proof. If uw = 0 there is nothing to prove. So assume u # 0. Then {u} is
an orthogonal set. The component of v along v is a = (u,v)/(u,u). And
Cor 2.2.4 says |al? - ||ul]® < ||v]|?, ie., [(u,v)(v,u)/(u,u)(u,uw)](u,u) < (v,v),
with equality if and only if v = [(u, v)/(u, u)]u. O

Corollary 2.2.8. (Triangle Inequality) |[u + v|| < ||u|| + ||v]|, with equality
if and only if v = cu, ¢ > 0 (assuming u # 0).

Proof. [lu+v|* = (utv, u+v) = [lul]®+ [v]|* + (u, v) + (v, v) = [[u]*+|[v]*+
2R (u,v) < |lullP+]|v]|2+2]|ull- ||v]l = (]Ju]|+||v||)?, where the inequality holds
by the Schwarz Inequality, with equality if and only if R(u,v) = ||u - ||v]| if
and only if v = cu with ¢ > 0. m

Theorem 2.2.9. Let D be orthogonal and let uy,--- ,u, be finitely many
elements of D. For w € V and a; = (u;,u)/(u;, w;), and with v = > ciu;,
we have

(i) (v,u) = (Z; Cilly, U) = Z; Ci(u;,u) = 271“ &5as(us, 3).
(i1) (un, v) = { Cn(Un, Un) —if 10 <73

0 ifn>r.
(iii) (Minimum distance property) |[u — > 7 awu;| < ||lu — Y] ciwl|, with
equality if and only if a; = ¢;, i = 1,...,r. (That is, Y| a;u; is the unique
vector € (uy,...,u,) closest to u.)

Proof. Clearly (i) and (ii) are true. For (iii) ,

lu =" cwl” = [Jull® = Y@ (ui,u) — 30 cilu, w) + 32, € (i, uy)
= [Jull® = Y Cai(ui, wi) = > it (wi, wg) + 3 |l (us, us)
= [Jull® = > las(us, i) + D(ai — i) (a; — ci)(ug, ug)
= [Jull® = > las(u, us) + 37 la; — ¢ (ug, us)
> [|ufl? = 3 lail*(ui, w),
with equality if and only if a; =¢;, 1 < i <. O

Theorem 2.2.10. (Gram-Schmidt Method) Let D = {uy,...,u.} be a fi-
nite orthogonal set with u ¢ (D). Put u,y1 = u — Y j au;, with a; =
(ui, w)/(ui,uy), as usual. For 1 < i < r, (uj,ur41) = (w,u — ) aiu;) =
(ug, u) — a;(ui,u;) = 0. Hence D' = {uy, ..., up, uri1} is also orthogonal and
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it is easy to check that D' = (D U {u}). This is the basis of the following
method.
Suppose B = {1, B, -} (finite or infinite) is an independent set. Put

uy = Bi,up = 52—[(%,52)/(%1, U1)]U17 e Uy = Br— 7{_1[(161,@)/(“2‘, uz)]uz
It follows that D = {uy,...,u,} is an orthogonal set for eachr, 1 <r < |B|.
And for each i, 1 < i <r, (uy,...,u;) = (Br,...,0).

Exercise 2.2.10.1. Let V be an FEuclidean space with inner product ( , )
with norm || - || defined as usual using the inner product. Prove the following:

(i) Parallelogram Equality: ||u +v|* + |lu — v||* = 2 (||ul]* + [|v]]?).

(it) Real Polarization Identity: (u,v) = 1 {|lu+ v||* — [Ju — v||*}.

(iii) Complex Polar Identity: 4(u,v) = |Jutv|*—|lu—v||*+i {|lu + v|]* — |Ju — iv||*}.

2.3 Euclidean and Metric Spaces

A set M together with a “distance” function d : M x M — R is a metric
space provided the following hold:

1. d(p,q) > 0 for all p,q € M, with equality if and only if p = q.
2. d(p,q) = d(q,p) for all p,q € M.
3. d(p,q) < d(p,r)+d(r,q) for all p,q,r € M (“triangle property”).

If V is a euclidean space with inner product (,), define d(p,q) =
lp —qll = /(p—4q,p—q). Then the triangle property is just the usual

triangle inequality:

d(p.q) = llp=r+r =gl <lp =7l +lr =gl = dlp,r) + d(r,9).
Example 2.3.0.2. In R", ((a;), (b;)) = > a;b; is the usual dot product with
d((ai), (b)) = /2 (a; — bi)?.

Example 2.3.0.3. In C", ((a;),(b;)) = > a;b; is the usual hermitian inner

product with d((a;), (b)) = /> |ai — bi]?.

Example 2.3.0.4. In Cla,b] put (f,g) = f; f(t)g(t)dt. Then

b
d(f,g) = \/ / () — gl0))2de

(= the “mean square deviation” of the functions f and g).




26 CHAPTER 2. INNER PRODUCT SPACES

Example 2.3.0.5. Let w € Cla, b] with w(t) > 0 for allt € [ ] For f,g €
Cla,b), put (f.9) = [ w(t)f(D)g(t)dt, thend(f,g) = \/ [T w(t)( () — g(t))2dr.

Example 2.3.0.6. Let P(x) be the space of all real polynomials in x. Put
= e f(g(t)dt, so d(f,g) =/ f; e (F(1) — g(t))2dt.

Example 2.3.0.7. Let H = {f : [a,b] — C : f is continuous}. So a typical
f € H looks like f = u+ v, where u,v € Cla,b]. Put (f,g) = ff

Then d(f,9) =/ [ 1£(¢) — g(t)|2dt.

Example 2.3.0.8. Iy = {p = (a1, a2,...) : Y1 ai converges}. Put (p,q) =
Y aib, and d(p,q) = (37" (a; — b;)2)""%, where p = (a1, as, .. .),
q = (b1,b,...), a;, by € R. The space ly with this inner product is real
(separable) Hilbert space, and we will study it more a little later.

Example 2.3.0.9. In Cla,b] put d(f,g) = || f — gllfan) = maz{|f(t) — g(t)| :
a <t <b}. This gives a metric, but it did not come from an inner product.

In a metric space (M,d), the sequence {p,} converges to p (written
{pn} — p) provided lim,_ood(pn,p) = 0. Given > " w;, u; € M, we say
Y17 u; converges to w and write > ;" w; — wor w =y u; provided {p,} —
u, where p, = > 7 u;. (In order for this to make sense, M must have an
additive structure. Usually M is a vector space over some subfield of C.)

It follows that in C'la, b] we have three kinds of convergence for sequences
and hence for series also.

Pointwise convergence: {f,} — f (pointwise) if and only if for each
t € [a,b], limg,—oo fn(t) = f(1).

Convergence in the mean: {f,}* — f (or f = l.i.m.{f),}) provided
Ly —oo*|| fo — fI| = 0 if and only if lim, .o [o | fa(t) — f(£)[2dt = 0. (Write

Uniform convergence: {f,} — f uniformly on [a,b] if and only if
limy—oo|| fo = fllla5) = 0. (See Example 2.3.0.9.)

Theorem 2.3.1. In Cla,b], if {f,} — [ uniformly, then the sequence con-
verges to f both pointwise and in the mean.
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Proof. 1t is clear that uniform convergence on an interval [a, b] implies point-
wise convergence at each point of [a,b]. Moreover, convergence in the mean
is an immediate consequence of the following inequality:

W=l = {2150~ ooy ar}”

172
{215 =g, b]dt}
=Vh=a-|If = gl

IN

]

As an example to show that the two norms are really different, put

f(t)=1t% g(t)=1t* I=10,1]. Then

ol = (e = opar)”
_ ( St =28+ tG)dt> v

_ (1 _ 1 1\1/2
= (51 —5+7)
~ Vs
On the other hand, ||f — g|l; = & (after a little computation). However,

Theorem 2.3.1 shows that it is not possible for {f,} (with f, € C|a,b]) to
converge in the mean to f and converge uniformly to g, with f # g.

A more interesting example shows that a sequence {f,} of functions in
C'la, b] may converge to a function f both in the mean and pointwise but not
uniformly Put f,(t) = nvte ™", t € [0,1]. Then *lim,_ || f.(t)|| = 0, since

fo | fn(t)|dt fo 2te’2n tdt

— - fo —2n t (n2dt)
_ 1 —

= fo se 2Sols

R

=1 [(‘TMG’Q”Q — }16’2”2> —(-0- %)] — 0

as n — oo. But {f,} does not converge to 0 uniformly on I = [0, 1], since

| fullr = maxo<e<t| fu ()] = | frl5m2)] = 75 for all n. (To obtain this, set the
derivative equal to 0.) On the other hand lim,— oo ”*[t = hm7HOO2 ;/i =0

for each t € (0,1]. And lim,_.f,(0) = 0 also. So {fn} — 0 pointwise.
To show that convergence in the mean does not imply pointwise conver-
gence, put
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0, 1f0§x§%—2in, or%%—%gmgl,
gn=% 2"z+1-2""1 if L — S <z <3
—2rp 4142 if s <a<i4
Then {g,} does not converge pointwise to a function of C0, 1], but
limy, —oo*|lgn — 0| = 0. (The sequence {g,} converges pointwise to the func-
tion whose value at 1/2 is 1, and whose value at all other points of [0, 1] is
0.)

As a last example, let h,(t) be the nonnegative function on [0, 1] for which
the graph of (h,(t))? has the following shape: the line segment from (0,0)

t0 (g7, 2"t), the line segment from (5, 2"™) to (5+,0), and the line

_ 1/2
segment from (55, 0) to (1,0). It follows that <f01 (A, (t) — O]2dt> =1. So
{h.} — 0 pointwise, but not in the mean.

It follows that of the six possible implications between the pairs of con-
vergence types, the only two that are valid are given by Theorem 2.3.1.

2.4 Fourier Coefficients

Return to the setting of a general Euclidean space V' with orthonormal set
D = {u; : 1 = 1,2,3,...}, but from now on assume that FF = R. For
u € V compute a, = (Up,u)/(tn, uy) = (tp,u), n =1,2,---. The sequence
{a,} is called the sequence of Fourier coefficients of u with respect to the
orthonormal set D, and we write u~{a,} or u~> 7" a,u, to denote this
connection between u and its Fourier coefficients. But it is important to
keep in mind that Y a,u, may not converge, and even if it does converge
to some w € V', perhaps w # u.

Theorem 2.4.1. Let {a,}5° C R with Y ;" apu, — u € V. Then
(i) 3217 lan|* < oo

(i) w e~ {an}iy-
(iii) Forv eV, if v ~{c,}, then (u,v) =Y 7 | anCy.

n=1

Proof. Put Sy = Zjlv anUy,. By hypothesis, limy_..Sy = u. By Theo-
rem 2.2.9, for any v € V, (v,Sy) = 32 ¢pan, so that (v,u) — SV ca, =
(v,u) — (v,Sy) = (v,u — Sy). Hence |(v,u) — Ziv Cnln| = |(v,u — Sy)| <
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||v]| - |lu — Sn||. Here ||v]| is fixed and [ju — Sy|| goes to 0 as N — oo, by
hypothesis. This proves (iii).

For (ii), put v = w, in (iii) to get (u,,u) = 1-a,. Finally, for (i), we know
that a, = (un, u)/(un, uy,), s0 > |a,|* < oo by Theorem 2.2.6 part (i). O

Exercise 2.4.1.1. If {z,} — x and {y,} — y, then (x,,y,) — (z,y).

Proof. Tt is simple:
(@, y) = (@n,yn)| = (24 = yn) + (4,2 — 20) — (2 — 20,y — Yn)|
<@y =y + |y, 2 — x0)| + [(@ — 20,y — yn)|
<zl - lly = yall + Yl - |z = zall + Iz — all - 1y — yall;
which approaches 0 as n — oo. O

Def. A sequence {z,}5°, in any Euclidean space V' is said to be a Cauchy
sequence provided that for any € > 0 there is an N such that ||z, — x| < €
for all m,n > N.

Theorem 2.4.2. Every convergent sequence is Cauchy.

Proof. Assume {z,} — =z, i.e., lim,_oo|lx, — x| = 0. then |z, — x| <
|zn — || + ||z — @], from which the result follows easily. O

Theorem 2.4.3. Every Cauchy sequence is bounded.

Proof. Supose that {z,} is Cauchy and let ¢ = 1. Then choose N such
that ||z, — x| < 1 whenever m,n > N. Then for m > N, |z,] <
[2m — x|l +llon]l < 1+ [len]l. Put M =maz{|[z]],- -, |l -l ] +13-
Then ||x,,|| < M for all m. O

If 3 a,u, converges, we know it is Cauchy and > |a,|* converges. There
is a partial converse.

Theorem 2.4.4. If Y 1" |a,|* < oo, then Y 7" ayuy, is Cauchy.

Proof. Put Sy = Ziv anty,. For M > N, by Corollary 2.2.4, ||Sy — Sy ||? =
ZiJ\iNH la;[?. Since Y |a;|* < oo, clearly limas N—ool|Sy — Sn||* = 0, imply-
ing {Sy} is Cauchy. O

Unfortunately, in general there is no reason to believe that V' is complete,
i.e., that each Cauchy sequence of points in V' converges to a point of V.

Exercise 2.4.4.1. Let *C(a, b) be the space C(a,b) with inner product (f, g) =
f; f(t)g(t)dt. Show that *C(a,b) is not complete.
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Proof. We construct a sequence { f,,} in *C'(—1, 1) which satisfies the Cauchy
criterion limy,, ;00 *|| f. — fin|| = 0 but which does not converge to a function
in *C(—1,1). Put f,(t) = tYD 1 <t <1, n=12,... With the

metric d(f,9) = *IIf = gll = {J.,1/(t) — g(t)*dt}'/2, the given sequence
converges to the function g given by

1, t>0;
gt)y=<¢ 0, t=0;
-1, t<0.
But g is not continuous, so g ¢ *C(—1,1). O

2.5 Real Separable Hilbert Space

Recall that o = {p = (a1,a2,-++) : a; € R and > {"a? < oo}. Vector
addition and scalar multiplication are “coordinatewise” and give a vector
space over R. For p = (a;), ¢ = (b;), the inner product is (p,q) = D7 a;b;.

Since

N+M N+M N+M
E akbk S E az . E bi,
k=M k=M k=M

it follows from the Cauch criterion that the sum (p, q) really does converge.
And VM (cap)? = AN a2, so that 377°(cay)? converges. Hence the

scalar product converges. Moreover, since

N+M N+M N+M N+M
Z (Clk + bk)z S Z CL% -+ 2 Z akbk —+ Z bi s
k=M k=M k=M k=M

it follows again from the Cauchy criterion that >_(ay +by)? converges. Hence
vector addition in /5 is well-defined.

Theorem 2.5.1. (5 is complete.

Proof. Let p,, = {a%m)}fle, for m = 1,2,--- . And suppose that {p,,} is a
Cauchy sequence in f5. By hypothesis, lim,, x oo [|[Pm — prl]* =
lim,, koo <Zf::1 o™ — ag“)|2> = (. So, in particular for fixed n,

limm,k‘—wo |a£Lm) - aglk)|2 - 07 lmplylng hmm,k‘—wo |a$Lm) - CL?(lk)|

fixed n, the sequence {&%m)}ffb’:l converges by the Cauchy criterion. Write

= 0. Hence, for
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a, = lim, .ca™. We shall show that p = (a1,a9,--+) € fy and that
{pm} — P

First, since a Cauchy sequence is bounded, there is a K (not depending
on m) such that ||p, |2 = 327, |ay” |2 < K. Then for fixed N, SN a2 =
limy, oo SN a2 < K, which implies that >
p € Ly

To see that {p,,} — p, let € > 0 be given. Then there is an N (depending
only on €) such that ||p, — pk|| < € for all m,k > N i.e.,

>, a2 is convergent, so that

Z — a2 <eVmk>N.

It follows that for each integer T'=1,2,---

T
Z — an 2<eVm,k> N.
n=1
Hence
T T
li m) _ k)2 _ M _g)2<e, f > N.
Jim Zl(a an’)? Zl(a a,)? <e, form >

Then taking the limit as 7' — oo, we have

Z(a%m) - an)2 = ||pm _pH <e Vm > N7

implying {pn} — p. O

Next we show that /5 has a “standard” basis: put e, = (0,0,---,0,1,0,---),
n=1,2 .

By saying that ¥ = {ej,eq,---} is a “basis”, we mean that for p € ¢,
there are unique ¢; € R, i = 1,2,---, for which p = > " ¢;e;. Since ¢, =
(p,en) = (én,p)/(en,€n) (= a, with earlier notation), the ¢; are uniquely
determined.

If Sy = SV cie;, we must show that Sy — p, i.e., limy_o [[p — Sy = 0.
But [[p — Sx||* = > ey |ekl?. And since p ~ {¢;}, by Theorem 2.2.6 (i)
we know that > 7% |c|? converges, so that limy o >0 v ek =0
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2.6 The Space *C(a,b) (Example 2.3.0.4)

Recall that *C/(a, b) is the set of all continuous functions on [a,b] with inner
product (f,g) f f t)dt, and distance function d(f,g) = *||f — g|| =

{f |f(t) |2dt} . Write *lim,,_, f = ¢ provided lim,, o, *||f —g¢| =

0 = hm7HOO fa |fn(t) — g(#)]?dt = 0. and write *C for *C(a, b).

An orthonormal set {¢,,}2°, in *C'is a Fourier basis for *C provided each
f € *C has the unique expansion f =Y [° ¢,¢n, where ¢, = (f, ¢n).

Let {¢,}5°, be a given orthonormal set. For any f € *C, compute
¢n = (f,¢n) and form the formal series YT en@n. Write f ~ > ¢, in
this case. Note: (f, ¢,) = f f(t)pn(t)dt. Keep in mind that {¢,}5°, might
not be “complete,” i.e., a large enough set to be a basis. If f =" c,¢n,
we know that f ~ cn¢n. but if f ~ Y7 ¢ ¢p, it may not be the case that
f = 2(1)0 Cn(bn-

The example of Fourier (around 1820), and the orthonormal set most
important historically in physics, is the following;:

cos kx sin kx

1
E \/—7¢2k1() 7

and the standard interval is [a, b] = [—, 7], although [0, 27] or even [a, a+27]
works just as well for these functions. From now on we refer to this set (%)
as the trigonometric set (x).

(*) ¢0: 7¢2k(aj) 7k:1a2;"'7

Exercise 2.6.0.1. Show that the trignonometric set (x) is an orthonormal
set. (Hint: Review Lemma 1.5.1.)

In general we let Ay denote the Fourier coefficient along \/LQ—F, and for

n > 1 we let A, be the Fourier coefficient along %(:x), and B, be the

Fourier coefficient along s1n_\/(;x)

Remark 2.6.1. Historically, the most commonly used orthogonal set has
been {ug,uq,---} where uy = %, ugr, = cos(kx), ugp_1 = sin(kzr), k =
1,2,---. The component of f along u; is a; = (u;, f)/(w;,u;). This gives:
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[~ 1Obo + (ancos(m:) + by sin(nx))

2
cos(nx) ' B, sin(nx) |
NZS

\/Tgao, and A, = a,\/7, B, = by/w, forn > 1 . So by Theo-

rem 2.2.6, if f is continuous on the interval [—m, x|, then

so Ay =

S -
f=1Llim {5% + ; (ancos(nz) + bnsm(m:))}

if and only if
(Aol + D 1A + Y 1Bal* = 11
1 1

if and only if

a? 1
7t 2l ) b= P

(Parseval’s equality).

Example 2.6.1.1. f(x) = §. An easy compulation shows that a, = 0 for
n=0,1,---, and b, = ﬁ Hence § ~ 3 —nﬂsm(n:c) We can use
the Dirichlet test to show that the semes 18 pomthse convergent for every
r € [-m,7]. Put a, = % and b, = sin(nz) in the notation of the
Dirichlet test. Then a, — 0, > |an41 — an| < 00, s0 > apb, converges if

the partial sums of Y b, are bounded. By Eq. 1.13 we know that

" _cos(%)— s(n+ ) 1
21: sin(kx) = 2sin (2) < sin(z/2)’
for all x with sm( ) # 0.

Hence the original series converges for all x € [—m, 7| (actually, for all
x € R) for which sm( ) # 0. For x = 0 the series clearly converges.
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_1)”n+1

For v = £m, however, 5 # 0 = S
becomes

- 0. So Parseval’s relation

Lo
ye
/_W%Qdac
22"
Gl
s+
(")

It 1s well known that %2 =Y L (and we will establish this later inde-

n=1 n2

pendently), so that we now know that

> L

n=1

Nl N e

@l:][o}]“_‘ N | =

n+1

sin(nzx) * = (in the mean)

DO R

Hence here is another example to show that convergence in the mean is
not the same as pointwise convergence.

For easy reference we review the formulas for the a, and b,.

VR,
Qo = \/_A \/_ . /f (21)

For n>1
a, = T— \/_/ f(t) / f(t) cos(nt)dt, (2.2)
and
= sm ) — ' sin(n
A f - / £(#) ~ [ rsino 23

Example 2.6.1.2. f(z) = ‘%2 ~ 5 —cos(w )+icos(2x)—%cos(3x)+- --. Since
1

> -5 converges, by the M-test, the Fourier series for %2 converges uniformly
on (—oo,00) and hence uniformly on [—m, 7|, which then implies convergence
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in the mean and pointwise. But if g(x) is the function to which the series
converges uniformly (and hence both in the mean and pointwise) on [—m, ],
we do not yet know if % is the function to which it converges. This will
follow, however, from the remaining results of this section.

We have seen that the space *C' is not complete, i.e., not every Cauchy
sequence converges to a function in *C'. This can be overcome by enlarging
the space *C' by including a great many discontinuous functions. When this
is done, arriving at a function space F that is complete, then every series
ST ang, with 377 |a,|* < oo is convergent, and is therefore the Fourier
series of a member of F. But this process requires a much more thorough
discussion of integration and Lebesgue measure theory, and we say no more
of it here.

The question we want to consider here is: How can one tell if an orthonor-
mal set {¢,} is a Fourier basis for the space *C?

Theorem 2.6.2. The orthonormal set {¢,} is a basis for *C' if and only if
the collection of all Fourier polynomials is dense in *C'.

Proof. A Fourier polynomial is just a finite linear combination of elements
of {¢,}. By “dense,” we mean that given any f € *C and any € > 0 there
is a Fourier polynomial P with *||f — P|| < e. This clearly holds if {¢,} is
a basis, since P could be chosen as one of the partial sums of the Fourier
series for f, which by assumption converges to f. Conversely, suppose the
polynomials are dense: We must then prove that the Fourier series for any f
converges to f.
Choose any € > 0, and then P with *||f — P|| < e. Say P = 3.V a,,¢,.

“If =Skl < *|If = Sy for k> N, by Theorem 2.2.6(ii)
< *||f = P|| <€, by Theorem 2.2.9(iii)

Hence *limy_0oSk = f, and f = *> 7% c,op. O
We now restrict our attention to the classical trigonometric Fourier series.

Our next result shows that the Fourier coefficients of a function f € *C
characterize the function.

A function of the form

N
Z agcos(kx) + Prsin(kz))
k=0
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is called a trigonometric polynomaial.

Lemma 2.6.3. Each of the functions (cos(x))™ is a trigonometric polyno-
maal.

Proof. Recall that (cos(z))? = 1 + (3) cos(2z), and proceed by induction.
Suppose that

(cos(x))N = ¢ + cicos(x) + caco8(2x) + - - - + eycos(Nx).

Then using 2cosAcosB = cos(A — B) + cos(A + B),
N
(cos(z))N T = Z cpcos(x)cos(kx)

= Z %ck[cos((k’ + 1)x) + cos((k — 1)z)].

Recall Lemma 1.3.5 as follows.
Lemma 2.6.4. If |z| < m, then 1 — 32 < cos(x) < 1 — fa?.

Theorem 2.6.5. The trigonometric functions (x) form a mazximal orthogonal
set on the interval I = [—7, 7].

Proof. What we must prove is that if f is continuous in the interval I =
[—m, 7] and if [7_ f(x)cos(nz)dx = [*_f(x)sin(nz) =0 for alln = 0,1, -,
then f is identically 0 on I. Clearly the hypotheses force

(**)/ f(z)P(x) = 0 for any trigonometric polynomial P(x).

We use (*x) to show that f(x) = 0 for each x € I by choosing a very
special polynomial P(z), and we do this first for x = 0.

Suppose that f(0) # 0 and without loss of generality that that f(0) > 0.
Since f is continuous there is an € > 0 and a neighborhood about 0 in
I on which f(x) > e. We need P(z) to be extremely small outside this
neighborhood of 0, but very large for points x near 0. Such a function clearly
cannot satisfy ().
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So suppose f(z) > € for all x with |z| < 6. Then if |z| < §/3, by
Lemma 2.6.4 £02 + cos(z) > £6%+1— 3 (§6?) =1+ §6%. Andif 6 < |z <,
—1+420% < 6% 4cos(z) < $6°+1—16% = 1— 562 Choose n very large, and
set P(z) = (362 + cos(x))% =30 (%52)TH (cos(z))’. By Lemma 2.6.3
P(x) is a trigonometric polynomial. For |z| < §/3, (%(52—1-(305(1’))2” >

2n
(1 + %) , 8o P(z) is uniformly arbitrarily large.

For § < |z| < m, (367 —i—cos(a:))% < (1- %62)%, so P(z) is uniformly
arbitrarily small. So (%) must fail to hold. This shows P(0) = 0. A
similar argument can be made at any point x = ¢ € I by using P(x) =
(367 + cos(z — c))Zn, where |P(z)| > € for all z with |x — ¢| < 0. O

Lemma 2.6.6. Let f have a continuous derivative on |—m,w| and suppose
that f(w) = f(—m). Then the Fourier coefficients {a,}, {b,} for f obey
220 lan] <00, 3277 [ba| < o0

Proof. By the formulas for a,, b, we find the Fourier coefficients «,, 3, of f’
in terms of those of f.

a, = %/ﬂ 1 (z)cos(nz)dx

— %f(x)cos(naj)} . + % i f(x)sin(nx)dx
= (=1)"(f(m) = f(=7)) + nb,
= 0+ nb,.

Br = %/_ﬂ f'(z)sin(nx)dx

n

_ % f(x)sin(nx)] -2 / " F(@)cos(na)da

- —TT

= 0—na,.

Since «a,, and (3, are Fourier coefficients of a function in *C, by The-
orem 2.2.6(i) both Y |a,|* and > |3,* converge. Hence > n?|a,|* and
>~ n?|b,|? both converge. However, a simple argument with Schwarz’s in-
equality shows that in general if > n?|c,|> converges, so must the series

2 lenl:
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(Zw) = Ytnled -7
>l 30

= 1
< Dl 2o

1

IN

for all N. Applying this separately, we have > |a,| and > |b,| both conver-
gent. O

Theorem 2.6.7. If f is continuous on [—m, 7| and has Fourier coefficients
{an}, {bn} and > |a,| and Y |b,| both converge, then the Fourier series for
[ e, tag + X7 (ancos(nz) + bysin(nx)), converges uniformly to f(x) on
[_71—7 7T] :

Proof. First, the hypothesis ensures that the Fourier series for f converges
uniformly on [ to some function g(x), necessarily continuous (by the Weier-
strass M-test). The relation between the norm *|| || and the norm || ||; (see
the proof of Theorem 2.3.1) implies that the Fourier series for f converges
to ¢ in the metric of *C. By Theorem 2.4.1 the sequences {a,}, {b,} must
be the Fourier coefficients of g. Accordingly, f and g are both continuous on
I and have the same Fourier coefficients. By Theorem 2.6.5 f — g =0, i.e.,

f=g. O
Combine the last two results:

Corollary 2.6.8. Any periodic function f with continuous derivative on
[—7, 7] has a uniformly convergent Fourier series.

In particular, this applies to the function

7 w2 1 1
o~ == Zcos(2z) — = e
1 B cos(x) + 4cos( ) gcos(3zc) +

With z = 7 we have
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7T_2 = 7T_2_|_1_|_1_|_1_|_...

4 12 4 9
=

2 B =1

6 n?’

1

Corollary 2.6.9. Any periodic continuous function f on [—7, x| can be uni-
formly approximated there by trigonometric polynomials.

Proof. We know that f can be approximated uniformly by continuous piece-
wise linear functions, formed from a finite number of line segments. By
rounding off the corners, we may uniformly approximate such a piecewise
linear function by a function g with a continuous derivative. If f is periodic
with f(m) = f(—m), then g may be chosen to satisfy g(w) = g(—mn) also.
And if we now approximate g on [—m, 7| by a partial sum of its uniformly
convergent Fourier series, the resulting trigonometric polynomial will be the
desired uniform approximation to the function f. ]

Corollary 2.6.10. The trigonometric set (x) is a bsis for *C, and every
continuous function f has a Fourier series which converges to it “in the
mean,” that is, in the metric of the space *C.

Proof. We must prove that the trigonometric polynomials are dense in *C.
By Cor. 2.6.9 they are uniformly dense in the space of periodic continuous
functions on [—m, 7|, and thus by Theorem 2.3.1 they are also dense in the
metric *|| ||. We need now only observe that the periodic continuous func-
tions are dense in *C'. For if f is continuous but f(mw) # f(—n), then a
continuous function g can be chosen which coincides with f exactly, except
in a small neighborhood of x = 7, and which is such that g(—m) = g(7) and
“IIf — gl is as small as desired. O

2.7 Pointwise Convergence of Fourier Series

Until further notice we use the Fourier expansion

f(z) ~ %ao + Z (ay, cos(nx) + by, sin(nz))

n=1
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where the a,, and b,, are given by Egs. 2.1, 2.2 and 2.3.

In Example 2.6.1.1 we showed that

Recall the analog for a sum of cosines using a sequence of functions D,, known
as the Dirichlet kernel.

For each positive integer n define

D) il if t =2mm, m € Z;
n - sin[(n+1)t] .
W(t?@ lf t 7é 2mm.

Now recall Lemma 1.2.1 as follows.

Lemma 2.7.1.

Dy, (u) = 2177 (1 —i-QZcos (ku) ) .

k=1

The following theorem connects D,, to Fourier series.

Theorem 2.7.2. Let f be a piecewise continuous and 2m-periodic function.
Then

Snf(x) = lao + Z ay cos(kx) + by sin(kx))

/fa:—i—t (t)dt
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Proof.

Spf(x) = %ao + Z an, cos(nx) + b, sin(nz))

k=1
- % /1 f&)de + kz:; % :fr f(t) cos(kt)dt cos(kx) +

n 1 T

+ Z; 3 f(t) sin(kt)dt sin(kx)

_ 1 ’ f(t) (1 + QZCOS (kt) cos(kx) + sin(kt) sm(k:z:)) dt

2T
k=1

1
= % <1+ZZCOS t—a:)

where we used the trig identity cos(A — B) = cos( ) ) + sin(A) sin(B).
Now make the substitution v = t — x, so dt , and use the 27-
periodicity of f, to obtain

Spf(x) = /W_xf(a:%—u); (14—22(:05 ku)d

:/fa:—l—u (u)du -

where the last equality follows from Lemma 2.7.1. ]
Lemma 2.7.3. The Dirichlet kernel {D,,} satisfies the following properties:
(i) For each n, D, is a continuous, 2w-periodic, even function.
(it) [T D,(t)dt = 1.

Proof. Part (i) has already been established. For part (ii), let f(z) = 1 for
all x € R and compute the Fourier coefficients using Eqs. 2.1, 2.2 and 2.3.
So ag =2 and a,, = b, =0 for n > 1. By Theorem 2.7.2

= [ st opuan= [ b
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Lemma 2.7.4. (The Riemann — Lebesgue Lemma)
If f is piecewise continuous on |a,b] and t € R, then

b
lim [ f(z)sin(nx +t)dz = 0.

n—oo
a

Proof. We may assume that b — a < w. For otherwise we just chop the
interval [a, ] into pieces of length at most = and prove the lemma on each
piece separately. Translation by a multiple of 7 does not affect anything
except possibly the sign of the integral. So we may assume that [a,b] is
contained in [—m,7w]. Now extend the definition of f to all of [—m, 7] by
setting f(z) = 0 outside of [a,b]. This is still piecewise continuous, and the
integrals are unchanged.

Since f ~ ags + Y ooy (an cos(nx) + b, sin(nz)), from Parseval’s equality
(see Remark 2.6.1) we have

1 I
Y RICIK

2 o0
= 24> (laul + [ba]?)
n=1
< oQ.

Since the terms of a convergent series must tend to 0, we have

lim a2 + b2 = 0.

n—oo

So we compute

s b
’/ f(z)sin(nz + t)dx| = / f(z)(cos(nz) sin(t) + sin(nz) cos(t))dx
= 7 |a,sin(t) + b, cos(t)|
< W\/ai—i—b%\/sinQ(t) + cos?(t) = my/a2 + b2,.
which establishes the desired limit. ]

If we apply the Riemann — Lebesgue Lemma to the interval [—m, ] with
t = m/2 and t = 0, respectively, we find that lim, .. a, = lim, b, =
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0. This is interesting since we really want the Fourier series to converge
(pointwise) to the function f, but we have to work harder to discover a
sufficient condition for pointwise convergence.

A function f is piecewise Lipschitz on the interval I provided f is piecewise
continuous on / and there is a constant L such that for each subinterval /;
of continuity, for all z, y in I; we have || f(z) — f(y)|| < L||z —y||. A function
[ is piecewise C* on [a, b] if f is differentiable except at finitely many points,
and f’ is piecewise continuous on [a, b].

Lemma 2.7.5. If f is piecewise C' on [a,b], then f is piecewise Lipschitz
with constant L = || f'|| -

Proof. First note that f’ is bounded on each closed interval on which it is
continuous. From this it is easy to prove that f’ is bounded on [—m,7]. On
any interval of continuity for f’, the Mean Value Theorem shows that

[f(@) = fW] < 11l - |2 =yl

These estimates can be spliced together when the function is continuous on
an interval even if the derivative is not continuous. [

The real goal of this section is the following theorem.

Theorem 2.7.6. The Dirichlet-Jordan Theorem Suppose that a func-
tion f on R is 2mw-periodic and piecewise Lipschitz. If f is continuous at 6,
then

lim S, f(0) = f(0).
If f has a jump discontinuity at 0, then

i 5,70 — LED ),

n—oo 2

Proof. By part (ii) of Lemma 2.7.3 we have

107y = £67) [ D <ﬁ—2/tfw (),

—T

and a similar equality holds for f(67):

_Q/f
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By Theorem 2.7.2 we have (using the fact that D, is an even function):
5.00) = [ f6-0D
— [0+ 0+ f6 - DD, 0

0
Combine this with the two previous equalities to obtain
FOH) +10)

2

- / C(FO 1)+ £ — 1) Du(t)dt — / (0% + £(67) Doty

= [ (60~ f67) Dt + [ (76 ~1) = £(6°)) Do)t
0 0
We now consider these two integrals separately. First we prove that

lim (f(8+1t)— f(67)) Dy(t)dt = 0.

n—oo 0

Let L be the Lipschitz constant for f, and let € > 0 be given. Choose a
positive § < ¢/L that is so small that f is continuous on [, 6 + J]. Hence

IF(0+1t)— f(67)| < Lt for all 0+t € [0, + 0]

Since |sin(t/2)| > |t|/7 for all ¢ in [—m, 7], which is an exercise you should
work out (see Cor. 1.3.3), it follows that

D, (1)] = sin[(n + 3)t] ‘ 1

< — —7a<t<m.
orsin(t/2) | = 2l = =

Therefore,

’ J 1) €
[ o0 - ) Dn@)dt‘ < [mpwst ot

For the integral from  to 7, we have

(0 1
i QI;nt/z )ﬁnKn%—§ﬁkﬁ

Aﬂgw+w—f( Dt =
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= /; g(t)sin[(n + %)t]dt,

where

_ fO+1) — f(0F)
g(t) = . :
27 sin(t/2)
As g is piecewise continuous on [0, 7], we can apply the Riemann-Lebesgue
Lemma to this last integral. Thus for all sufficiently large n

/; (F0+1) — £(67)) Dn(t)dt’ _

/; g(t)sin[(n + %)t]dt <

Combining these two estimates, we have

/OW (FO+1) — F(OF)) Da(t)dt| < €

Hence the desired limit is zero.
A similar argument shows that the second integral also goes to zero as n
goes to infinity. Combining these results proves the theorem.

]

Exercise 2.7.6.1. Define a function f on [—m, 7| by

s(m — ), if 0 <z <m.

(i) Show that f(z) ~ > 72, Lsin(nz).
(it) Use the Dirichlet - Jordan Theorem to show that Y .- | + sin(nz) con-
verges pointwise to f(x) for x € [—m,0)U (0, 7|, and converges to 0 at x = 0.

In particular,

f(x)z{ —s(r+x), if —7<az<0;

%( +z), if —m<z<-—I;
fl@)y=¢ s(m—Dz, if —1<z<l;
S(m =), ifl <z <m.

) o

(i) Show that f(x) ~ Y02, T2 sin(nz).
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(ii) Show that > ", S“;# sin(nx) converges pointwise to f(x). In partic-

ular,
T—1 = (sin(n)\”
2 anl (T) '

(Note: Compare this with the previous exercise.)
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