Chapter 1

Fourier Series

Jean Baptiste Joseph Fourier (1768-1830) was a French mathematician, physi-
cist and engineer, and the founder of Fourier analysis. In 1822 he made the
claim, seemingly preposterous at the time, that any function of ¢, continuous
or discontinuous, could be represented as a linear combination of functions
sinnt. This was a dramatic distinction from Taylor series. While not strictly
true in fact, this claim was true in spirit and it led to the modern theory of
Fourier analysis with wide applications to science and engineering.

1.1 Definitions, Real and complex Fourier se-
ries

We have observed that the functions e,(t) = ¢ /v2m, n = 0,£1,+£2,---
form an ON set in the Hilbert space L?[0,27] of square-integrable functions
on the interval [0, 27]. In fact we shall show that these functions form an ON
basis. Here the inner product is

(u,v) = /0 7ru(t)@(t) dt, u,v € L?[0,27].

We will study this ON set and the completeness and convergence of expan-
sions in the basis, both pointwise and in the norm. Before we get started, it
is convenient to assume that L2[0, 27| consists of square-integrable functions
on the unit circle, rather than on an interval of the real line. Thus we will
replace every function f(¢) on the interval [0,27] by a function f*(¢) such
that f*(0) = f*(27) and f*(t) = f(t) for 0 <t < 27w. Then we will extend
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f*toall —oo < t < oo by requiring periodicity: f*(t+2mr) = f*(¢). This will
not affect the values of any integrals over the interval [0, 2], though it may
change the value of f at one point. Thus, from now on our functions will be
assumed 27 — periodic. One reason for this assumption is the

Lemma 1 Suppose F' is 2w — periodic and integrable. Then for any real

number a
2m+a 2
/ F(t)dt = / F(t)dt.
a 0

Proof Each side of the identity is just the integral of F' over one period.
For an analytic proof, note that

/o% F(t)dt = /OQF(t)dH/jW F(t)dt = /OaF(tmﬂdt+ /a% Fod

:/;HQF(t)dtJr/a%F(t)dt:/;WF(t)dth/:HaF(t)dt

27+a
- / F(t)dt.

Thus we can transfer all our integrals to any interval of length 27 without
altering the results.

|

Exercise 1 Let G(a) = ff”a F(t)dt and give a new proof of of Lemma 1
based on a computation of the deriative G'(a).

For students who don’t have a background in complex variable theory we
will define the complex exponential in terms of real sines and cosines, and
derive some of its basic properties directly. Let z = x + 7y be a complex
number, where z and y are real. (Here and in all that follows, i = /—1.)
Then z = x — 1y.

Definition 1 e* = exp(z)(cosy + isiny)

Lemma 2 Properties of the complex exponential:

o efle?2 — pF1t22

o |e*| = exp(a)



o ¢ =¢” = exp(x)(cosy —isiny).

Exercise 2 Verify lemma 2. You will need the addition formula for sines
and cosines.

Simple consequences for the basis functions e, (t) = ¢™ /2, n = 0,41, £2, - - -
where ¢ is real, are given by

Lemma 3 Properties of ™™ :

® ein(t+27r) — eint

o || =1

° W — p—int

o pimtpint — ei(ern)t
el =1

o deint — jneint,

dt

Lemma 4 (e,,en) = dum-

Proof If n # m then

1 2r 1 ei(n—m)t
= — n=mitqy = — — 12" =,
(€ns€m) 27r/0 ‘ 2mi(n —m) °

If n = m then (e,,en) = 5= 027r1 dt =1. O
Since {e,} is an ON set, we can project any f € L?[0,2n] on the closed
subspace generated by this set to get the Fourier expansion

[e.e]

Ft)~ 3 (Frenen(t),

or
© ‘ 1 2m ‘
t) ~ et = — t)e "t 1.1.1
CRDIEE 27r/0 f(t)e (11.1)

This is the complex version of Fourier series. (For now the ~ just denotes
that the right-hand side is the Fourier series of the left-hand side. In what

3



sense the Fourier series represents the function is a matter to be resolved.)
From our study of Hilbert spaces we already know that Bessel’s inequality

holds: (f.f) > 300 |(f.en)|? or

L rwpar > 3 jel (1.1.2)

2m J,

An immediate consequence is the Riemann-Lebesgue Lemma.
Lemma 5 (Riemann-Lebesgue, weak form) lim,_ fozw f(t)e ™mtdt = 0.

Thus, as |n| gets large the Fourier coefficients go to 0.
If f is a real-valued function then ¢, = c_,, for all n. If we set

a, — b
n:u’ =0,1,2,---
c 7 n
C_n:—a —|2—/L y n:1’27...

and rearrange terms, we get the real version of Fourier series:

f(t) ~ %—i—;(ancosnt—i—bnsinnt), (1.1.3)
1 2 1 2
a, = —/ f(t) cosnt dt b, = —/ f(t)sinnt dt
T Jo T Jo
with Bessel inequality
I 20~ |ao|? - 2 2
— ’f(t)| dt > 92 +Z<|an| +’bn’ )7
TJo n=1
and Riemann-Lebesgue Lemma
21 2m
lim f(t) cos(nt)dt = lim f(t)sin(nt)dt = 0.

Remark: The set {\/%7, \/%7 cosnt, \/L% sinnt} for n =1,2,--- is also ON in
L?[0,27], as is easy to check, so (1.1.3) is the correct Fourier expansion in
this basis for complex functions f(t), as well as real functions.

Later we will prove the following basic results:
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Theorem 1 Parseval’s equality. Let f € L?[0,2x]. Then

n=3 1.

n=—oo
In terms of the complex and real versions of Fourier series this reads

1 27r

o (t)[2dt = Z I |2 (1.1.4)

n=—oo

or
oo

1 [ 2 |a0|2 2 2
o rorr = S el )
n=1

Let f € L?0,27] and remember that we are assuming that all such
functions satisfy f(t 4+ 2m) = f(t). We say that f is piecewise continu-
ous on [0,2r] if it is continuous except for a finite number of discontinu-
ities. Furthermore, at each ¢ the limits f(¢ 4+ 0) = limp,_o >0 f(t + k) and
f(t—0) = limy_g >0 f(t—h) exist. NOTE: At a point ¢ of continuity of f we

have f(t+0) = f(t—0), whereas at a point of discontinuity f(¢t+0) # f(t—0)
and f(t+0) — f(t — 0) is the magnitude of the jump discontinuity.

Theorem 2 Suppose
o f(t) is periodic with period 2.
o f(t) is piecewise continuous on [0, 27].
o f/(t) is piecewise continuous on [0, 27].

f(t+0)+f(t=0)
2

Then the Fourier series of f(t) converges to at each point t.

1.2 Examples

We will use the real version of Fourier series for these examples. The trans-
formation to the complex version is elementary.



1. Let

0, t=0
f)=¢ St 0<t<2nm
0, t = 2.

and f(t + 2m) = f(t). We have ay = %fo% =t dt = 0. and for n > 1,

1 (T x—t Ttsinnt 1 2
an:—/ T " cosnt dt = 2 o7+ / sinnt dt =0,
0 2 2mn J,

s nmw
1 (™ n—t Tt cosnt 1 m 1
bn_—/ T sinnt dt = ——2 }g’r— / cosnt dt = —.
T Jo 2 nmw 2mn J, n
Therefore,

T—t . sinnt
5 => —,  O<t<om

n=1
By setting ¢ = 7/2 in this expansion we get an alternating series for
m/4:
T _q 1 n 1 1 n 1
47 3 5 7 9 ‘
Parseval’s identity gives
2 B =1
z-y o

n=1

2. Let

5, t=0
1, O<t<m

2’
0 m<t<2rm.

and f(t+2m) = f(t) (a step function). We have ag = = [ dt = 1, and

forn > 1,
1 [ innt
ay = —/ cosnt dt = I =0,
T Jo nm
1 [" t —1)tt 41 2
m——/smmm__mmwg_() + _{m’”wd
T Jo nmw nm 0, n even.
Therefore,
1 2 Ssin(2f — 1)t
Hy=-+ 2N 22 T
/) 2 * ™ Z 27 —1



For 0 < t < 7 this gives

, thsir13t_{_sin5t+
— = SIn PR
4 3 D ’
and for m <t < 27 it gives

sin 3t n sin bt
3 5

T —gint+
—— = S1n
1

Parseval’s equality becomes
o

1
:Z(2j—1)2'

Jj=1

1.3 Fourier series on intervals of varying length,
Fourier series for odd and even functions

Although it is convenient to base Fourier series on an interval of length 27
there is no necessity to do so. Suppose we wish to look at functions f(z) in
L?[a, B]. We simply make the change of variables

27(z — «)
g —a
in our previous formulas. Every function f(x) € L*[«, 3] is uniquely associ-

ated with a function f(t) € L2[0,2x] by the formula f(z) = f(%) The

set {\/ﬁlfa, ﬁ_iacos%, ﬁsin%} forn =1,2,--- is an ON

basis for L?[a, 3], The real Fourier expansion is

t=

2 — 2 —
flz) ~ +Z a, COS ————= Tz Oé) + by, sin %), (1.3.5)

2 — 2 [f 2 —
/ f(z) cos ——= 7m(x a) dx, b, = (x) sinM dx

—O./

with Parseval equality

o0

|Cbo|2
2)|2d = ; + (anl* + [bal)
n=1




For our next variant of Fourier series it is convenient to consider the
interval [—, 7] and the Hilbert space L?[—m, 7|. This makes no difference in
the formulas, since all elements of the space are 2w-periodic. Now suppose
f(t) is defined and square integrable on the interval [0, 7]. We define F(t) €

L*—7m, 7| b
| b P — f(t)  on[0,7]
(t)_{f(—t) for —m<t<0

The function F' has been constructed so that it is even, i.e., F(—t) = F(t).
For an even functions the coefficients b,, = % fjﬂ F(t)sinnt dt =0 so

F(t) ~ % + Zancosnt
n=1

on [—m, x| or

f(t) ~ % + ;an cosnt, for0<t<n (1.3.6)
1 [7 2 [T
an:—/ F(t) cosnt dt:—/ f(t) cosnt dt.
T ) x T Jo

Here, (1.3.6) is called the Fourier cosine series of f.
We can also extend the function f(t) from the interval [0, 7] to an odd
function on the interval [—m, 7]. We define G(t) € L*[—n, 7| by

S on (0,7]
Gt)=4 0 for t =0
—f(=t) for —m <t <O.

The function G has been constructed so that it is odd, i.e., G(—t) = —G(t).
For an odd function the coefficients a, = £ [7 G(t) cosnt dt = 0 so

G(t) ~ Z by, sin nt
n=1
on [—m, x| or
f(t) ~ Z b,sinnt, foro<t<m, (1.3.7)
n=1

1 [ 2 [T
b, = —/ G(t)sinnt dt = —/ f(t)sinnt dt.
77 7 Jo

—T

Here, (1.3.7) is called the Fourier sine series of f.
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Example 1 Let f(t)=t, 0<t<m.

1. Fourier Sine series.

2 [T —2t t 2 [T 2(—1)"H
b, = —/ tsinnt dt = —— " H —I——/ cosnt dt = 2= .
T Jo nm nm Jo n

Therefore,
n+1

= 2(—
Z sin nt, 0<t<m.

n=1

2. Fourier Cosine series.

2 (7 2t sinnt 2 [T 21(-1)" =1
ap, = —/ tcosnt dt = 200 H ——/ sinnt dt = M,
0 0

T nmw nw n2m

forn>1andag=2 [t dt=m, so

m cos(2j —
== —— 0<t<m.
2 Z 2]—1 m

1.4 Convergence results

In this section we will prove Theorem 2 on pointwise convergence. Let f be
a complex valued function such that

e f(t) is periodic with period 2.
e f(t) is piecewise continuous on [0, 27].
e f'(t) is piecewise continuous on [0, 27].

Expanding f in a Fourier series (real form) we have

Qo > .
[ty ~ 5+ > (an cosnt + b, sinnt) = S(t), (1.4.8)
n=1
1 27 1 .
a, = — f(t) cosnt dt, b, = — f(t)sinnt dt.
T Jo T Jo



For a fixed t we want to understand the conditions under which the Fourier
series converges to a number S(t), and the relationship between this number
and f. To be more precise, let

k
= 50 Z a, cosnt + by, sinnt)

be the k-th partial sum of the Fourier series. This is a finite sum, a trigono-
metric polynomial, so it is well defined for all ¢ € R. Now we have

S(t) = lim S,(1)
if the limit exists. To better understand the properties of Si(¢) in the limit,
we will recast this finite sum as a single integral. Substituting the expressions
for the Fourier coefficients a,,, b,, into the finite sum we find

k 27r 2m
1 1 . .
Sk(t) = — f Ydz+— Z ) cos nz dx cosnt + f(z)sinnz desinnt |,
n 0
n=1

SO

N B
Sk(t) = ;/0 5 Z cosnxcosnt—l—smnxsmnt] f(z)dx
= l/27r _ Xk: n(t —x)]| f(x)dx
=/ .,
= T Dt - o) fa)de (1.4.9)
T™Jo

We can find a simpler form for the kernel Dy(t) = 3 + Sk cosnt =
—% + an:o cosmt. The last cosine sum is the real part of the geometric
series

k i
Z(ez‘t)m _ (6 t)k+1 —1
o eit — 1
SO i
1 it\k+1 1
—— 4+ cosmt = —— + Re (e )
2~ et —1



it\k+1 _ 1t 1 1( p—iu/2 iu/2 _ Li(k+1/2)u
_pe T e s ale e e
et — 1 e—u/2 _ piu/2
R sin(k + 1/2)u + i(cosu/2 — cos(k + 1/2)u)
= Re :
2sinu/2

Thus,
sin(k + $)t

s t
281n§

Dy(t) = (1.4.10)

Note that Dj has the properties:
o Dy(t) = Dy(t +27)
o Dy(—t) = Dy(t)
e Dy(t) is defined and differentiable for all ¢ and Dy(0) = k + 3.

From these properties it follows that the integrand of (1.4.9) is a 27-periodic
function of x, so that we can take the integral over any full 27-period:

s =+ | " Dult = @) f(2)d,

for any real number a. Let us set a = t and fix a § such that 0 < § < 7.
(Think of § as a very small positive number.) We break up the integral as
follows:

Su(t) = % (/tthr/t:W) Di(t — z) f(z)dz + % /ttj Dy(t — 2)f(x)dz.

For fixed t we can write Dy(t — z) in the form

_ fi(z,t) cosk(t —x) + folz,t)sink(t — x)

Dt = =) SnL(t — )]

= g1(x,t)cosk(t — x) + go(x,t) sink(t — x).

In the interval [t — 7, ¢t — 0] the functions g;,¢> are bounded. Thus the
functions

Gyla,t) = {

ge(z,t) for x €[t —m,t— 0]

0 elsewhere t=12

Y

11



are elements of L?[—m, 7| (and its 27-periodic extension). Thus, by the
Riemann-Lebesgue Lemma, applied to the ON basis determied by the or-
thogonal functions cos k(t — x), sin k(t — x) for fixed ¢, the first integral goes
to 0 as k — oo. A similar argument shows that the integral over the interval
[t+9,t+7] goes to 0 as k — oo. | This argument doesn’t hold for the interval
[t — &, + 8] because the term sin[} (¢ — z)] vanishes in the interval, so that
the G, are not square integrable.] Thus,

1 t+4
lim Si(t) = lim — Dy(t — x) f(x)dx, (1.4.11)

k—o0 k—oo T t—§
where,
sin(k + $)t

1
2sm2

Dy(t) =

Theorem 3 Localization Theorem. The sum S(t) of the Fourier series of
f at t is completely determined by the behavior of f in an arbitrarily small
interval (t — 6,t + 9) about t.

This is a remarkable fact! Although the Fourier coefficients contain in-
formation about all of the values of f over the interval [0, 27), only the local
behavior of f affects the convergence at a specific point t.

Now we are ready to prove a basic pointwise convergence result. It makes
use of another simple property of the kernal funtion Dy(t):

Lemma 6 o
Di(z)dr =
0
Proof;
27 2 k
i Dy(x)dx = /0 (5 + ;cos nx)dx = .
O

Theorem 4 Suppose
o f(t) is periodic with period 2.
o f(t) is piecewise continuous on [0, 27].

o f/(t) is piecewise continuous on [0, 27].
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F(t+0)+f(t—0)
2

Then the Fourier series of f(t) converges to at each point t.

Proof: It will be convenient to modify f, if necessary, so that
Ft+0)+ f(t—0
oy = L0120
at each point ¢t. This condition affects the definition of f only at a finite

number of points of discontinuity. It doesn’t change any integrals and the
values of the Fourier coefficients. Then, using Lemma 6 we can write

1 2

Se(t) = f(t) = = | Dt —x)[f(z) — f(t)]dx

™ Jo

/ De(@)[f(t + )+ f(t — 2) — 2f(1)]de
L1 [ Uea) g0 =250

2sm§

1
sin(k + §)x dx

1 ™
= —/ [H:(t, x)sin kx + Hy(t, x) cos kx]dx
0

T
From the assumptions, Hy, Hy are square integrable in x. Indeed, we can use
L’Hospital’s rule and the assumptions that f and f’ are piecewise continuous
to show that the limit
t t—x)—2f(t
L) ()~ 20(0)

z—0+ 2 sin %

exists. Thus Hy, Hy are bounded for x — 04. Then, by the Riemann-
Lebesgue Lemma, the last expression goes to 0 as k — oo:

T [5,(1) — F(1)] = 0.
O

Exercise 3 Suppose f is piecewise continuous and 2m-periodic. For any
point t define the right-hand derivative fr(t) and the left-hand derivative

f(t) of | by
Fl(t) = lim flu) — f(t—l—())’ (1) = lim flu) — f(t—0)

u—t+ u—t u—t— u—t

)

respectively. Show that in the proof of Theorem 4 we can drop the requirement
that f" is piecewise continuous and the conclusion of the theorem will still hold
at any point t such that both fr(t) and f;(t) exist.
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Exercise 4 Show that if f and f' are piecewise continuous then for any point
t we have f'(t 4+ 0) = fr(t) and f'(t —0) = f1(t). Hint: By the mean value
theorem of calculus, for uw >t and u sufficiently close to t there is a point c
such thatt < ¢ <wu and

f(u) = f{t+0)

u—t

= f'(c).

Exercise 5 Let 2in(l) f L
t°sin(+ ort#0
— i

1) { 0 for t = 0.
Show that f is continuous for all t and that fr(0) = f1(0) = 0. Show that
f'(t+0 and f'(t — 0) do not exist for t = 0. Hence, argue that f' is not a
piecewise continuous function. This shows that the result of Exercise 3 is a
true strengthening of Theorem 4.

Exercise 6 Let

2sin £ .
2 ifo<|t|<m
t: t 1 — )
f®) {1 if t=0.

Extend f to be a 2m-periodic function on the entire real line. Verify that f
satisfies the hypotheses of Theorem /4 and is continuous att = 0. Apply the
Localization Theorem (1.4.11) to f at t = 0 to give a new evaluation of the

improper integral [~ ®22dr = T

1.4.1 Uniform pointwise convergence
We have shown that for functions f with the properties:
e f(t) is periodic with period 2,
e f(t) is piecewise continuous on |0, 27],
e f'(t) is piecewise continuous on [0, 27},

then at each point ¢ the partial sums of the Fourier series of f,
ao & 1 2T

fi&) ~ —+ Z(an cosnt + b, sinnt) = S(t), an = —/ f(t)cosnt dt
2 — T Jo

n=1
1 21
b, = —/ f(t)sinnt dt,
T Jo
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converge to w

k
ag . . ft+0)+ f(t-0)
Sk(t) = 5 + g (ay, cosnt + by, sinnt), ]}1_)%10 Sk(t) = 5 .

n=1

(If we require that f satisfies f(t) = w at each point then the series
will converge to f everywhere. In this section we will make this requirement.)
Now we want to examine the rate of convergence.

We know that for every € > 0 we can find an integer N(e,t) such that
|Sk(t) — f(t)] < € for every k > N(e,t)|. Then the finite sum trigonometric
polynomial Si(t) will approximate f(¢) with an error < e. However, in
general N depends on the point t; we have to recompute it for each t. What
we would prefer is uniform convergence. The Fourier series of f will converge
to f wuniformly if for every ¢ > 0 we can find an integer N(e) such that
|Sk(t) — f(t)] < € for every k > N(e) and for all t. Then the finite sum
trigonometric polynomial Si(¢) will approximate f(¢) everywhere with an
error < €.

We cannot achieve uniform convergence for all functions f in the class
above. The partial sums are continuous functions of ¢, Recall from calculus
that if a sequence of continuous functions converges uniformly, the limit
function is also continuous. Thus for any function f with discontinuities, we
cannot have uniform convergence of the Fourier series.

If f is continuous, however, then we do have uniform convergence.

Theorem 5 Assume f has the properties:

o f(t) is periodic with period 2,

e f(t) is continuous on [0, 27|,

o f'(t) is piecewise continuous on [0, 2mw].
Then the Fourier series of f converges uniformly.

Proof: : Consider the Fourier series of both f and f”:

9] 1 2m
flt) ~ @—I—Z(ancosnt—i—bnsinnt), an:—/ f(t) cosnt dt
2 ot T Jo
1 2m
b, = —/ f(t)sinnt dt,
T Jo
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A o0 1 2T
~ ?0 + Z(A” cosnt + B, sinnt), A, = —/ f'(t) cosnt dt
— 0

™

n=1
1 27
B, = —/ f'(t)sinnt dt,
™ Jo

1 o 1 2m
A, =~ f'(t) cosnt dt = = f(t) cosnt|z™ + L f(t)sinnt dt
™ Jo ﬂ- ™ Jo
| nb,, n>1
10, n=0

(We have used the fact that f(0) = f(27).) Similarly,

1 2 1 27
B,== [ f(t)sinntdt == f(t)sinntZ" — = [ f(t)cosnt dt = —na,.
™ Jo m ™ Jo

Using Bessel’s inequality for f’ we have

S (A + (B < X / Tk < .
n=1
hence -
D (a4 bal?) < oc.
Now - :11 .
ot | <3 VimPE I =3 VAP IBE
< (O DA + 1B
n=1 n=1

—~

which converges as m — oo. (We have used the Schwarz inequality for the
last step.) Hence > 7 |a,| < 0o, > .07 |by] < 0o. Now

% + ;(an cosnt + b, sinnt)| < |%] + ;(lan cosnt| + |b, sinnt|) <

Qo >
51+ > (lan] + |ba]) < oo,
n=1
so the series converges uniformly and absolutely. O
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Corollary 1 Parseval’s Theorem. For f satisfying the hypotheses of the
preceding theorem

‘aO‘Q - 2 2 I 2
n=1

Proof: The Fourier series of f converges uniformly, so for any e > 0 there
is an integer N (e€) such that |Si(t) — f(t)| < € for every k > N(¢) and for all
t. Thus

k

s 2
[ 18010 = 11811 = 1P =754 a5, 7) < 20

n=1
for k > N(e). O

Remark 1: Parseval’s Theorem actually holds for any f € L%[0,27], as we
shall show later.

Remark 2: As the proof of the preceding theorem illustrates, differentia-
bility of a function improves convergence of its Fourier series. The more
derivatives the faster the convergence. There are famous examples to show
that continuity alone is not sufficient for convergence.

1.5 More on pointwise convergence, Gibbs
phenomena

Let’s return to our Example 1 of Fourier series:

0, t=0
h(t)=< It 0<t<2m
0, t = 2.

and h(t 4 27) = h(t). In this case, a,, = 0 for all n and b, = +. Therefore,

T—t . sinnt
T:Z —,  O<t<om

n=1

The function h has a discontinuity at ¢ = 0 so the convergence of this series
can’t be uniform. Let’s examine this case carefully. What happens to the
partial sums near the discontinuity?
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Here, Sj,(t) = S2F_ snnt o4

n=1 n

1 sin(k+ %)t gin Bt cog (D

k
Sé(t):Zcosnt:Dk(t)——:—_ 2 p)
n=1

1
2 2 sin % 2 sin %

Thus, since Si(0) = 0 we have

t t (sin k¢ cog L
t) = (x)dr = 2 2| dr.

Note that S;.(0) > 0 so that Sy starts out at 0 for ¢ = 0 and then increases.
Looking at the derivative of Sy we see that the first maximum is at the

critical point ¢, = 75 (the first zero of cos @ as x increases from 0).
Here, h(t;) = 5. The error is
b sin(k + %) 7
Sk(te) — h(ty) = —— 2 dy — —
k(te) = hlf) /0 2sinz 2

t gsin(k + 1 b 1 1 1
0 z 0 2sing 2 2

= I(ty) + J(tg) — g

where

te gin(k 4+ L (k+3)tk o T
I(ty) = / sin(k +3)7 . _ / R N / P 1~ 1.851397052
0 0 0

€T u u

(according to MAPLE). Also

J(lﬁ)—/tlc L1 sin(k—i—l)xdx
Y )y \2sinZ 2"

Note that the integrand is bounded near x = 0, (indeed it goes to 0 as x — 0)
and the interval of integration goes to 0 as k — oo. Hence we have J(tx) — 0
as k — o0o. We conclude that

lm (Sy(ts) — h(ty)) ~ 1.851397052 —

T~ 280600725
k—oo 2
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To sum up,limy,_. Sk(tx) = 1.851397052 whereas limy_.o h(tx) = 5 ~ 1.570796327.
The partial sum is overshooting the correct value by about 17.86359697%!
This is called the Gibbs Phenomenon.

To understand it we need to look more carefully at the convergence prop-
erties of the partial sums Sy (t) = 22:1 snnt for all t.

First some preparatory calculations. Consider the geometric series Ey(t) =
Zﬁ:l et = ezt(11_—_;zkt)
Lemma 7 For (0 <t < 2m,

2 1

< — = .
< |1 — et sin%

| Ex(t)

E eint
n=1 n °

Note that Si(t) is the imaginary part of the complex series ) |

Lemma 8 Let 0 < o < 8 < 2w. The series Y ., % converges uniformly
for all t in the interval [, G].

Proof: (tricky)

ko it k
e 1 1 1 1 1 2
< - - — ,
|nz:; nl_sin% <nz:;(n n+1>+j+k’+1> jsin g

This implies by the Cauchy Criterion that Zﬁ: i en—m converges uniformly on
0, 8. ©

This shows that the Fourier series for h(t) converges uniformly on any
closed interval that doesn’t contain the discontinuities at t = 2w/, { =
0,£1,42,---. Next we will show that the partial sums Si(t) are bounded
for all t and all k. Thus, even though there is an overshoot near the discon-
tinuities, the overshoot is strictly bounded.

From the lemma on uniform convergence above we already know that the
partial sums are bounded on any closed interval not containing a disconti-
nuity. Also, Sk(0) = 0 and Si(—t) = —Sk(t), so it suffices to consider the
interval 0 <t < 3.
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We will use the facts that % < %nt < 1for 0 <t < 7. The right-hand
inequality is a basic calculus fact and the left-hand one is obtained by solving
the calculus problem of minimizing Smt over the interval 0 < ¢ < 7. Note

that
k sin nt tsinnt sin nt
< .
EEs S Y S

1<n<1/t 1/t<n<k

Using the calculus inequalities and the lemma, we have

sin nt 1 2
2

1<n<l/t ™

|
N

Thus the partial sums are uniformly bounded for all ¢t and all k.

We conclude that the Fourier series for h(t) converges uniformly to A(t)
in any closed interval not including a discontinuity. Furthermore the partial
sums of the Fourier series are uniformly bounded. At each discontinuity
tny = 2rN of h the partial sums Sy overshoot h(ty + 0) by about 17.9%
(approaching from the right) as £ — oo and undershoot h(ty — 0) by the
same amount.

All of the work that we have put into this single example will pay off,
because the facts that have emerged are of broad validity. Indeed we can
consider any function f satisfying our usual conditions as the sum of a con-
tinuous function for which the convergence is uniform everywhere and a finite
number of translated and scaled copies of h(t).

Theorem 6 Let f be a complex valued function such that
o f(t) is periodic with period 2.
o f(t) is piecewise continuous on [0, 27].
o f/(t) is piecewise continuous on [0, 27].
o f(t)= w at each point t.
Then .
ft) = % + Z(an cos nt + by, sin nt)

n=1
pointwise. The convergence of the series is uniform on every closed interval
in which f is continuous.
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Proof: let z1,xs,- -, x, be the points of discontinuity of f in [0, 27) Set
s(x;) = f(z; +0) — f(x; — 0). Then the function

s(z;)
o) = 16) = 3 "t~ )
j=1
is everywhere continuous and also satisfies all of the hypotheses of the theo-
rem. Indeed, at the discontinuity x; of f we have

g(x]—()) _ f(xj_o)_@h(_(n _ f(xj_o)_f(xj + 0) :Tf(xj — O)) (?)
f(z; —0)+ fz; +0)

= : — f(y).

Similarly, g(z; + 0) = f(x;). Therefore ¢g(¢) can be expanded in a Fourier

™
can be expanded in a Fourier series that converges pointwise and uniformly

in every closed interval that doesn’t include a discontinuity. But

series that converges absolutely and uniformly. However, Z§:1 Mh(t — ;)

70 =90+ S(j;j)h(t — 1),

and the conclusion follows. O

Corollary 2 Parseval’s Theorem. For f satisfying the hypotheses of the
preceding theorem

|ag|? - 2 oy _ 1 o 2
5 + > (anl +1bal?) = = [ [f()dt.
n=1 T Jo
Proof; As in the proof of the theorem, let x1, x5, -+, x, be the points of

discontinuity of f in [0,27) and set s(z;) = f(z; +0) — f(z; — 0). Choose
a > 0 such that the discontinuities are contained in the interior of I =
(—a,2m — a). From our earlier results we know that the partial sums of
the Fourier series of h are uniformly bounded with bound M > 0. Choose
P = sup,cpoq [f()]. Then [Si(t) — f(t)]* < (M + P)* for all ¢t and all k.
Given ¢ > 0 choose non-overlapping open intervals Iy, Is,--- , I, C I such

that z; € I; and (Z§:1 |1;|)(M + P)* < 5. Here, |I;] is the length of the
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interval I;. Now the Fourier series of f converges uniformly on the closed
set A =[—a,2r —a] — [ UL U---UI, Choose an integer N (¢) such that
1Sk(t) — f(t)]> < & forall t € A,k > N(e). Then

L”mw—ﬂm%szﬁ&m—ﬂm%:

a

/wk |ﬁ+/ 1Su(t) — f(0)[2dt
1LUlLU---Uly

<2— IMP< — =
A Z" +P) 2+2

7=1
Thus limg_ ||Sk — f|| = 0 and the partial sums converge to f in the mean.
Furthermore,
o 2 2 2 ’CLO’Q - 2 2
e> [ 18(t) = fO dt = [[Sk = fIIP = [IfII" = m(=~ + > (anl* + [ba]*)
0 n=1

for k > N(e). O

1.6 Mean convergence, Parseval’s equality, in-
tegration and differentiation of Fourier
series

The convergence theorem and the version of the Parseval identity proved
in the previous section apply to step functions on [0,27]. However, we al-
ready know that the space of step functions on [0, 27| is dense in L?[0, 27].
Since every step function is the limit in the norm of the partial sums of its
Fourier series, this means that the space of all finite linear combinations of
the functions {e™} is dense in L?[0,2x]. Hence {e™/v/27} is an ON basis
for L?[0,27] and we have

Theorem 7 Parseval’s Equality (strong form) [Plancherel Theorem/. If f €
L?[0,27] then

|OLO|2 = 2 2 1 [ 2
9 + Z(|an| + [ba]”) = - ; |f(®)|7dt,
n=1

where a,, b, are the Fourier coefficients of f.
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Integration of a Fourier series term-by-term yields a series with improved
convergence.

Theorem 8 Let f be a complex valued function such that
o f(t) is periodic with period 2.
o f(t) is piecewise continuous on [0, 27].
o f'(t) is piecewise continuous on [0, 27].

Let

~ — +Z a, cosnt + b, sinnt)

be the Fourier series of f. Then

t o0 1
/o f(z)de = %t + ; - la, sinnt — by, (cosnt — 1)].

where the convergence is uniform on the interval [0, 27].
Proof: Let F(t fo — %¢. Then
o F(2m) = 0 " f(x)dx — %2(2m) = 0= F(0).
e F(t) is continuous on [0, 27].
o F'(t) = f(t) — % is piecewise continuous on [0, 27].

Thus the Fourier series of F' converges to F' uniformly and absolutely on
0, 27]:

A oo
Fit)==2 +Z (A,, cosnt + B, sinnt).
n=1
Now
1 [ F(t)sinnt|"™ 1 [*
An:—/ F(t)cosmfdt:M - — (f(t)—@)sinntdt

T Jo nmw 0 nw Jo 2

bn

= T 717&0,
n
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17 F(t)cosnt|”™ 1 [
Bn:—/ F(t)sinnt dt = — () cosm +— (f(t)—@)cosntdt
™ Jo nm o N Jy 2
Therefore,
Ay, ba
F(t) = —1—2 ——Cosnt+ —smnt)
AO - bn
F2r)=0=— — —.
(2m) = ) T2y
Solving for Ay we find
/f d:zc——t—il[ansinnt—bn(cosnt—l)].
n=1 n

a

Example 2 Let
0<t<2m

Tt
_ 2
f(t)_{ 0 =02
Then

m—t > sinnt
2 Z n
n=1
Integrating term-by term we find

o

2t—t2 1
T :—Z 2cosmf—l), 0<t<2r.
n

Differentiation of Fourier series, however, makes them less smooth and
may not be allowed. For example, differentiating the Fourier series

T—t > sinnt
2 N; n
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formally term-by term we get

—% ~ i cosnt,
n=1

which doesn’t converge on [0, 27]. In fact it can’t possible be a Fourier series
for an element of L?[0,2x]. (Why?)

If f is sufficiently smooth and periodic it ¢s OK to differentiate term-by-
term to get a new Fourier series.

Theorem 9 Let f be a complex valued function such that
o f(t) is periodic with period 2.
e f(t) is continuous on [0, 27].
o f/(t) is piecewise continuous on [0, 27].
o f"(t) is piecewise continuous on [0, 27].
Let -
ft) = % + Z(an cosnt + by, sinnt)

n=1
be the Fourier series of f. Then at each point t € [0,27] where f"(t) exists
we have -
f'(t) = Z n [—a, sinnt + b, cos nt] .

n=1

Proof: By the Fourier convergence theorem the Fourier series of f’ con-
verges to w at each point to. If f”(to) exists at the point then
the Fourier series converges to f’(ty), where

A <

f(t) ~ 5 + Y (A, cosnt + B, sinnt).
n=1
Now
1 2m t t 2m 2
A = —/ f'(t) cosnt dt = 1) cosnt + E/ f(t)sinnt dt
™ Jo ™ 0 T Jo

= nb,,
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Ag=1 02” f/(t)dt = L(f(2m) — £(0)) = 0 (where, if necessary, we adjust the
interval of length 27 so that f’ is continuous at the endpoints) and

2w

B, = % :ﬂ f'(t)sinnt dt = m . - % 0% f(t)cosnt dt
= —nay,.
Therefore, .
f'(t) ~ Z n (b, cosnt — a, sinnt).
_ n=1

Note the importance of the requirement in the theorem that f is con-
tinuous everywhere and periodic, so that the boundary terms vanish in the
integration by parts formulas for A, and B,. Thus it is OK to differentiate
the Fourier series

ot — 2 7? =1
f(t):T—E:—;ﬁcosnt, 0<t<2nm

term-by term, where f(0) = f(27), to get

, m—t = sinnt
t) = ~ .
') == Z -

However, even though f’(¢) is infinitely differentiable for 0 < ¢t < 27 we have
1(0) # f(2m), so we cannot differentiate the series again.

1.7 Arithmetic summability and Fejér’s the-
orem

We know that the kth partial sum of the Fourier series of a square integrable
function f:

k
Qo .
Sk(t) = 5 ;(an cos nt + by, sin nt)
is the trigonometric polynomial of order k that best approximates f in the
Hilbert space sense. However, the limit of the partial sums
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doesn’t necessarily converge pointwise. We have proved pointwise conver-
gence for piecewise smooth functions, but if, say, all we know is that f is
continuous then pointwise convergence is much harder to establish. Indeed
there are examples of continuous functions whose Fourier series diverges at
uncountably many points. Furthermore we have seen that at points of dis-
continuity the Gibbs phenomenon occurs and the partial sums overshoot
the function values. In this section we will look at another way to recap-
ture f(t) from its Fourier coefficients, by Cesaro sums (arithmetic means).
This method is surprisingly simple, gives uniform convergence for continuous
functions f(t) and avoids most of the Gibbs phenomena difficulties.

The basic idea is to use the arithmetic means of the partial sums to
approximate f. Recall that the kth partial sum of f(¢) is defined by

1 2m
Sk(t) = o ), flx)dx +
1 k 2w 2w
il Z (/ f(z) cosnx dx cosnt +/ f(z)sinnz dzsin nt) ,
i n=1 0 0
SO

1l &
Si(t) = —/ =+ Z(cos nx cos nt + sinnx sinnt] f(z)dx

T Jo 2 —

N B

= - 3 + ; cos[n(t — )| f(x)dx

J

1 27
—/ Di(t — x)f(x)dx.

T Jo

where the kernel Dy (t) = 5 + S cosnt = —3+ Sk _ cosmt. Further,

_ coskt —cos(k+ 1)t sin(k+ )t

. 2t . E
4 sin 5 281112

Dy (t)

Rather than use the partial sums Sk(t) to approximate f(¢) we use the
arithmetic means oy(t) of these partial sums:

or(t) = p o k=1,2,---. (1.7.12)
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Then we have

1 k—1 2 2 1 k—1
n(t)= -3 [ Dt ap@is = [ LY Dyt - o) fa)ds
Ti0J0 0 =0
1 2
= —/ Fp(t — ) f(x)dx (1.7.13)
T Jo
where - -
1 — 1 w—sin(j + 1)t
Fp(t)==) D;(t)=~+ 2
M =2 2 D=2 =55
7=0 7=0 2
Lemma 9 )
1 (sinkt/2
Fy(t) = —
k(1) k ( sint/2 )
Proof: Using the geometric series, we have
k—1 i Kt
o)t — it eZt —l_ sin 2.
= et —1 sin 3
Taking the imaginary part of this identity we find
o sinkt/2\°
1 sin(j a k int/2
sin 3 = sin
O
Note that F' has the properties:
[} Fk() Fk(t—f-Qﬂ')
o Fi(—t) = Fi(t)
(¢

e [}(t) is defined and differentiable for all ¢t and Fj,

o Fi(t) > 0.

From these properties it follows that the integrand of (1.

the arithmetic means:

28

(0) =&

7.13) is a 27m-periodic
function of x, so that we can take the integral over any full 27-period. Finally,
we can change variables and divide up the integral, in analogy with our study
of the Fourier kernel Dy (t), and obtain the following simple expression for



Lemma 10

O'k(t)

2 /ﬂ/2 Flt+2z) + f(t — 22) <sinkx)2dx
0 .

- ke 2 sin x

Exercise 7 Derive Lemma 10 from expression(1.7.13) and Lemma 9.

2 [T/2 (sinkx)2dx .

km Jo sinx

Lemma 11

Proof: Let f(t) =1 for all t. Then o(t) =1 for all k and ¢. Substituting
into the expression from lemma 10 we obtain the result. O

Theorem 10 (Fejér) Suppose f(t) € L'[0,2n], periodic with period 27 and

fet L fitFn)+ ft—x)  fE+0)+ f(t—0)
oft) = lim 2 - 2

whenever the limit exists. For any t such that o(t) is defined we have

i o4t = ot = LEOE D)

Proof: From lemmas 10 and 11 we have

oult) — o(t) 2 /0”/2 {f(t+2a:)+f(t—2a:)_a(t)} (sinlm)de-

- kr 2 sin x

For any ¢ for which o(t) is defined, let G(z) = w — o(t). Then
Gi(z) — 0 as t — 0 through positive values. Thus, given ¢ > 0 there is a
d < /2 such that |G¢(z)| < €/2 whenever 0 < x < d. We have

ou(t) — o(t) = % /05 G(x) (Smkxfdx s 2 e (Si“k""“)de.

sin km Js sin x

Now

2 0 sin kz '\ ?
E/O Gilz) ( sinx ) d
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and

21

krsin?é’

2 7r/2
< 2 / Gu(a)|dr <
)

= krsin?é

2 /2 sin k2 '\
E/(; Gilz) ( sin x ) da

where [ = OW/2 |Gy(x)|dz. This last integral exists because F is in L'. Now

choose K so large that 21 /(Nmsin®§) < €/2. Then if k > K we have

2 [ in ka2 9 [T/ inka\”
_/ Gy() (Sl? x) dx —/ Gy() (Slfl x) dx
km Jo sinx km Js sinx

Corollary 3 Suppose f(t) satisfies the hypotheses of the theorem and also
is continuous on the closed interval [a,b]. Then the sequence of arithmetic
means o(t) converges uniformly to f(t) on [a,b].

|ok(t)—a(t)] <

_l_

< €.

a

Proof: If f is continuous on the closed bounded interval [a, b] then it is
uniformly continuous on that interval and the function G; is bounded on |a, b|
with upper bound M, independent of ¢. Furthermore one can determine the
d in the preceding theorem so that |Gy(z)| < €/2 whenever 0 < z < ¢ and
uniformly for all ¢ € [a, b]. Thus we can conclude that oy — o, uniformly on
la, b]. Since f is continuous on [a,b] we have o(t) = f(¢t) for all t € [a,b]. O

Corollary 4 (Weierstrass approximation theorem) Suppose f(t) is real and
continuous on the closed interval [a,b]. Then for any e > 0 there exists a
polynomial p(t) such that

|f(t) —p()] <e
for every t € |a, b).

Sketch of Proof: Using the methods of Section 1.3 we can find a lin-
ear transformation to map [a, b] one-to-one on a closed subinterval [a, 0] of
0, 27], such that 0 < @’ < V' < 27. This transformation will take polyno-
mials in ¢ to polynomials. Thus, without loss of generality, we can assume
0 <a<b<2m Let g(t) = f(t) for a <t < b and define g(t) outside that
interval so that it is continuous at 1" = a, b and is periodic with period 27.
Then from the first corollary to Fejér’s theorem, given an € > 0 there is an
integer N and
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arithmetic sum

A
o(t) = =2 + Z A, cos jt + Bjsin jt)

j=1

such that |f(t) — o(t)] = |g(t) —o(t)] < 5 for a <t < b. Now of(t) is
a trigonometric polynomial and it determines a poser series expansion in
t about the origin that converges uniformly on every finite interval. The
partial sums of this power series determine a series of polynomials {p,(¢)} of
order n such that p, — o uniformly on [a, b], Thus there is an M such that

lo(t) —pu(t)| < § for all t € [a,b]. Thus

[F(t) = pau@)] < |F@) = o (@) + [o(t) = pu(t)] < e

for all t € [a,b]. O

This important result implies not only that a continuous function on a
bounded interval can be approximated uniformly by a polynomial function
but also (since the convergence is uniform) that continuous functions on
bounded domains can be approximated with arbitrary accuracy in the L2
norm on that domain. Indeed the space of polynomials is dense in that
Hilbert space.

Another important offshoot of approximation by arithmetic sums is that
the Gibbs phenomenon doesn’t occur. This follows easily from the next
result.

Lemma 12 Suppose the 2m-periodic function f(t) € L?|—x, 7| is bounded,
with M = supye_n o |[[(t)]. Then |o,(t)| < M for all t.

Proof: From (1.7.13) and (10) we have
2 sin kx /2 M [* (sinkz/2\>
der < — —— | dx = M.
(D = 32 2km / <smx/2) Y= % 0 <sinx/2> v
Q.E.D.

Now consider the example which has been our prototype for the Gibbs
phenomenon:

0, t=0
h(t) = ”Tt, 0<t<2m
0, t = 2.



and h(t + 2m) = h(t). Here the ordinary Fourier series gives

T—t . sinnt
= ) 0<t<2m.
2 ; n

and this series exhibits the Gibbs phenomenon near the simple discontinuities
at integer multiples of 27. Furthermore the supremum of |h(t)| is 7/2 and
it approaches the values +7/2 near the discontinuities. However, the lemma
shows that |o(t)] < /2 for all n and ¢. Thus the arithmetic sums never
overshoot or undershoot as t approaches the discontinuities, so there is no
Gibbs phenomenon in the arithmetic series for this example.

In fact, the example is universal; there is no Gibbs phenomenon for arith-
metic sums. To see this, we can mimic the proof of Theorem 6. This then
shows that the arithmetic sums for all piecewise smooth functions converge
uniformly except in arbitrarily small neighborhoods of the discontinuities
of these functions. In the neighborhood of each discontinuity the arithmetic
sums behave exactly as does the series for h(t). Thus there is no overshooting
or undershooting.

Remark 1 The pointwise convergence criteria for the arithmetic means are
much more general (and the proofs of the theorems are simpler) than for
the case of ordinary Fourier series. Further, they provide a means of getting
around the most serious problems caused by the Gibbs phenomenon. The tech-
nical reason for this is that the kernel function Fy(t) is nonnegative. Why
don’t we drop ordinary Fourier series and just use the arithmetic means?
There are a number of reasons, one being that the arithmetic means oy(t)are
not the best L* approximations for order k, whereas the Sy(t) are the best L*
approximations. There is no Parseval theorem for arithmetic means. Fur-
ther, once the approximation Si(t) is computed for ordinary Fourier series,
in order to get the next level of approximation one needs only to compute two
more constants:

Sk41(t) = Sk(t) + agr1 cos(k + 1)t + by sin(k + 1)t.

However, for the arithmetic means, in order to update oy (t) to opy1(t) one
must recompute ALL of the expansion coefficients. This is a serious practical

difficulty.
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1.8 Additional Exercises

Exercise 8 (1) Let X be the Eucldean space C™ of alln > 1 tuples (z1, .., ;)
of complex numbers. For x,y € X, define

(xy) = Z xY;
j=1

where Z denotes the complex conjugate of z € C. Show that (;.;) sat-
isfies the properties of positivity, homogeneity and linearity and with
symmetry, replaced by compex symmetry (x,y) = (x,y). Hence (;.;)
defines a compex inner product on X.

(2) Define ||z|| = \/(z,x) for v € X and verify directly that (1) ||;]| is a
norm on X, (2) that the Cauchy-Schwartz inequality

(2, )| < [l][[ly]]

holds on X and (3) that the parallelogram law
2+ ylI* + [l — yI* = 2l|=* + 2/ly||*
holds on X.

Exercise 9 Let X b the space R[—m,w| with inner product

(f.9) = %/_w f(x)g(z)dx.

Show that the sequence of functions

{% cos(x), sin(z), cos(2z), sin(2z), ... }

s an orthonormal sequence in X.

Exercise 10 Let X = R[—1, 1] with inner product
1

(r9) = | f@yg(o)is
-1
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Find polynomials Py, Py, P> of degree 0,1,2 respectively such that for j, k =
0,1,2

0, j#k
(Pjapk>: j,k:{ 1, j=k

Hint: First find Py(x) = ¢ satisfying (Py, Py) = 1. Next, find Pi(z) = a + bz
satisfying
(PbPO) :0, (Phpl) = 1

Next, find Py(x) = d + ex + fz* satisfying
(P27P0) == <P27P1) :07 <P27P2) - 1

This procedure can be continued indefinitely and is called the Gram-Schmidt
process.

Exercise 11 Let f(x) =, x € [-m, 7.

(a) Show that f(x) has the Fourier series

(=1)" sin(nzx).

M8
SERS

1

3
Il

(b) Let o > 0. Show that f(x) = exp(ax), x € [—m, 7| has the Fourier

series
e — e o 1 = acos(kx) — ksin(kz)
S Y . _ 1)k .
( T ) (204 - Z( ) a? + k?

k=1

(c) Let a be any real number other than an integer. Let f(x) = cos(ax), © €
[—7, w]. Show that f has a Fourier series

shlem) , 1 5 v ey sl ]

T a—+n a—n
n=1

(d) Find the Fourier series of f(xr) = —asin(ax), x € [—m,7]. Do you
notice any relationship to that in (c)?

(e) Find the Fourier series of f(z) = |z|, x € [—m, 7.
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(f) Find the Fourier series of

-1, <0
f(z) =sign(z) =< 0, =0
1, x>0

Do you notice any relationship to that in (e)?

Exercise 12 Show that if f € R[—n,w| is odd, then all its Fourier cosine
coefficients a, = 0, n > 0 so f has a Fourier series . b,sin(nz). Like-
wise, if [ is even, show that all its Fourier sine coeffcients b, =0, n > 0 and
[ has a Fourier series ag/2+ >~ a, cos(nx).

Exercise 13 By substituting special values of x in convergent Fourier series,
we can often deduce interesting series expansions for various numbers, or just
find the sum of important series.

(a) Use the Fourier series for f(x) = z* to show that
i n 1 71.2
Z 12°

n=1

(b) Prove that the Fourier series for f(x) = x converges in (—m,m) and

hence that
S
— 20+ 1

(¢) Show that the Fourier series of f(z) = exp(azx), x € [—m,7) converges
in [—m,m) to exp(ax) and at ¥ = 7 to eXp(MH;Xp(*M).
that

Hence show

tanh (o) - Z k;2 + 042

(d) Show that

I & (=)
N

n=1

N}



(e) Show that

2 -_ T .

— (21 +1) 8

Exercise 14 Let f € R[—m, x| be 27 periodic and let o,, n = 0,1,3,... de-
note its Fejer means. Show that

max {|o,(2)| : © € [-m, 7]} < sup{|f(z)|: x € [-7,7|}.

Exercise 15 The following exercise concerns an extension of Parsevals for-
mula to R[—m,|. Consider R[—m, | with inner product

1

™

(f.9) =~ [ f@ot)ds, f.9€ Rl-mx

and ||f|| =/ (f, f). Fiz f € R[—m, 7] and € > 0.

(a) Because f € R[—m,m|, choose a partition
T =20 <1 < T2 < ...<ZTp =T

such that if

M; = sup{f(x):z € [xj_1,z;]}, mj :=inf{f(z):x € [rj_1,2]},j=1,..

then .
Y (M —my)(a; — x54) <e.
j=1
Now define g(x) == M;, x € [xj_1,2;), 1 < j <n and g(b) arbitrarily.
Show that -
| 1) - g(@ds <=
(b) Show that there is a continuous function h : [—m, 7] — R such that
[ l9ta) = haplde < =
and

|h(z)| < M = max {|M],....,|M,|}, x € [-m, 7]
Hint: Sketch the graph of g and modify g near each x;.
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(c) Deduce that ﬂ
/ |f(x) — h(x))|dz < 2¢

—Tr

and

1f = A|I? = %/_ f(2) — h(2))Pdx < %M*

where M* = sup{|f(z)|: x« € [a,b)}.

(d) Deduce that given any f € R[—m,w| and § > 0, we can find a continuous
h:[—m ] — R such that ||f — h|| < 0/2 and hence, that there ezists a
trigonometric polynomaial t such that

1f =t <o

(e) Let S, be the sequence of partial sums of the Fourier series of f. Show
that
lim ||f — S,|| =0.

(f) If (a,) and (b,) are the Fourier series coefficients of f, deduce that
o 1 T
ag/2+;(ai+bi) =2/ *(x)dz.

This is Parseval’s identity for R[—m, |

Exercise 16 By applying Parsevals identity to suitable Fourier series:

(a) Show that

;ﬁ:%-

(b) Show that

<1 i
2"

(¢) Evaluate



(d) Show that

P
(20 +1)* 96

=0

Exercise 17 Is

the Fourier series of some f € R[—m,m|? The same question for the series

Exercise 18 Show that

e, (1 - ﬁ) =1/3.

Exercise 19 Show that
oo 6
2, (1 + )> = 21/8.

Exercise 20 Show that

n 1
Hzozo(l +.CE2 ) = m, ‘l" < 1.

Hint:(Multiply the partial products by 1 — x.)

Exercise 21 Let a,b € C and suppose that they are not negative integers.

Show that -
a — — a
1> 1 = .
”=1< +(n+a)(n+b)) b+1

Hint: Note that ((Zi)) =ab+a—-b—-1,(b+1)+(a—1)=a+b.

Exercise 22 [s II2° (1 +n™') convergent?
Exercise 23 Prove the inequality
0<e"—1<3u,ue(0,1)

and deduce that T2, (14 L[e!/™ —1]) converges.
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Exercise 24 The Euler Mascheroni Constant. Let

Hn:i%,nZI.
k=1

Show that 1/k > 1/x, x € [k, k + 1] and hence that

k+1
1/k 2/ 1/xdx.
k

Deduce that _—
H, > / 1/xdx = log(n + 1)
1

and that

1 1
H, -1 +1)|—-[H, -1 = —+ 1— ——
[H,, — log(n +1)] — [H,, — logn] ntl ZOQ( >

n+1
) 1 k
:—Z( 1) Jk < 0.
p n -+

Deduce that H,, —logn decreases as n increases and thus has a non-negative
limit v, called the Euler-Mascheroni constant and with value approximately
0.5772... not known to be either rational or irrational. Finally show that

n-+1

I (14 1/k)e ™ VF =TI (1 + 1/k)IE_ e V* = exp(—(H, — logn)).
Deduce that
12, (14 1/k)e™/F = e,

Many functions have nice infinite product expansions which can be de-
rived from first principles. The following examples illustrate some of these
nice expansions.

Exercise 25 The aim of this exercise, is to establish Fuler’s reflection for-
mula:
———, Re(z) > 0.
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Step 1: Sety=1—x, 0 <z <1 in the integral

/"O : s L)l (y)

d
T+s)et  T(aty)

to obtain
o] tx—l

T(2)(1 - z) = /

o 1+t

Step 2: Let now C' consist of 2 circles about the origin of radit R and ¢
respectively which are joined alog the negative real azis from g to —e. Show

that .
/ - dz = =2
cl—=z

where 2°~ 1 takes its principle value.

Now let us write,

T ;DT ; € yx—1 ;
o — / iR exp(zx?) " +/ t exp(z:mr)dt
_» 1 — Rexp(if) R 1+t

™ ie” exp(izb) /R t*~ L exp(—izm)
———df dt.
+/W1—€exp(i9) * . 1+1

Let R — oo and e — 0% to deduce the result for 0 < x < 1 and for Rex 0 by
continuation.

Exercise 26 Using the previous exercise, derive the following expansions for
all arguments the RHS is meaningful.

(1 2
sin(z) = 21152, (1 — (z/j7)°) .

cos(x) = 12, (1 - (ﬁ)j .

(8) Eulers product formula for the Gamma function.

(2)

al(z) =152, [(1+1/n)"(1+ 2/n)"].
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(4) Weierstrass’s product formula for the Gamma function
(D(x))™ = ze™112, [(1 + m/k:)e_m/k] .
Here, v is the Euler-Mascheroni constant.

Exercise 27 Define

o 1+ azq
H(z) =112, (W) gl <1, |2z| < 1, |a| < 1.

(i) Show that
(a + 1)an)

H(z)=1I>2,( 1
R

converges absolutely.

(11) Show that
(1—=2)H(z) = (1 +az)H(zq).

(iii) Write
= A", Ag= 1.
n=0
Use (ii) to show that
(1—q¢MA, =1 +ag" YA, 1,n>1

Deduce that

(1+a)(1+aq)...(1 +ag™™ ) I

S S TSy G R B

So for |z| < 1,

~(1+a)(1+aq)..1+ag"™") , o (1+azq"
apy =g —¢)-01—q) _H”ZO(l—zq”)'

n=1

(iv) Deduce that if 0 < |b| < |a| and |2b] < 1,
(b+a)(b+ aq)...(b+ ag™™) 1+ azq”

1 noqree, (5L
+Z( (1—-q)(1—=¢?)...(1 —qm) - =0\ 1 — bzgn
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Exercise 28 Let D(n) denote the number of partitions of n into distinct
parts (that is, n=sum of positive integers, all different). For example, D(5) =
2as5=441,5=34 2. Show formally that

> D(n)g" =112, (1+ ¢).
n=0
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