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Chapter 2

Fourier Trigonometric Series

1. Write y(t) = 3 cos 2t — 4sin 2t in the form y(t) = Acos(27tft + ¢).
We can determine the constants by expanding the cosine function,

y(t) = Acos(2rtft + ¢) = Acos¢pcos2mft — Asin¢gsin27ft.
Comparing this to y(t) = 3cos 2t — 4sin2t, we see 27tf = 2 and
Acos¢p = 3,
Asing = 4.
Adding the squares of these equations,
25 = A2cos? ¢ + A%sin? ¢ = A?,

we obtain A = 5. Dividing the first equation into the second, tan¢ = 4/3.
So, we find

y(t) = 3cos2t—4sin2t
4
= 5cos (2t+tanl(3)>
~ 5cos (2t +0.927).

2. Determine the period of the following functions:

c. f(x)=sin27mx — 0.1 cos37x.

Each term has a different period: T = 2 _ land T = m g
27 37 3
Multiples of each give
nT:{123456...}
8 10
nT = 4,
G525 54
The smallest common Value is the period of f(x) = sin2mx —

0.1cos3mx : T = 2. This is seen in Figure 2.1.

f(x) = sin27mx,0.1 cos 3rrx
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Figure 2.1: Plots of f(x) = sin2my,

f(x) = 0.1cos3mx,
sin27tx — 0.1 cos 37rx.

and flx) =
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20 FOURIER ANALYSIS SOLUTIONS

d. f(x)=|sin5mx|.

The period of f(x) = sinbnx is T = E—Z = g However, the fre-

quency doubles under the absolute value,so T = —.

e. f(x) = cot2mx.

The periods of the tanx and cotx are T' = 7. So, for this function

e 1
h T=—=2-.
we have x =2

f. f(x) = cos? g

Just like the absolute value, the frequency of the cosine function

doubles when the function is squared. So, T = = 2.
2
g f(x)= 3sin% +2cos %
This problem is similar to 2c. Each term has a different period:
2 2
T= g =4and T = 3; = g Multiples of each give
nT = {4,8,12,16,...}
8 16 _ 32 40
nT = {g, ?,8, 5 ?,16, S

The smallest common value is the period of f(x) = 3sin = +

3
2 cos % is T = 8. This is seen in Figure 2.2.

. . TIX
Figure 2.2: Plots of f(x) = 3sin X f(x) — sin %,COS
f(x) 2 cos %, and f(x) =
. TIX 3rx
351n7+2c0sT. N ,

f(x)sin2mx — 0.1 cos 37rx

-3 - 1 2 5 8§ 9 10\1 12
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FOURIER TRIGONOMETRIC SERIES 21

3. Derive the coefficients b, in Equation (5.24).
This derivation parallels that for the a,’s. We begin with the Fourier
series
a0

fx) ~ >+ Y [an cos nx + by sinnx] .
n=1

We multiply this Fourier series by sinmx for some positive integer m and
then integrate:

27 27 ap
f(x)sinmxdx = / > sinmx dx
0 0

2w
+ / Y [an cos nx + by sinnx] sinmx dx.
0
n=1

Integrating term by term, the right side becomes

27
/ f(x) sinmxdx
0
27
= % sinmx dx
2 Jo

27T 27
cos nx sinmx dx -+ bn/ sinnx cosmxdx| .
0

+ Z [un /

n=1 0

We have shown that fozn sinmxdx = 0, which implies that the first term
vanishes. Also, we have that

27
/ cosnxsinmxdx =0
0

for integers n and m.

We still need to evaluate fom sin nx sin mx dx which was not done in the
book. We compute this integral by using the product identity for sines. We
have for m # n that

27 1 2n
/ sinnx sinmx dx 3 / [cos(m — n)x — cos(m + n)x| dx
0 0

2

1 [sin(m —n)x  sin(m+n)x
2 m—n m-+n 0

= 0.
For n = m, we have

27 27
/ sin? mxdx = / (1 — cos2mx)dx
0 0

1 271
{x — —sin me}
2m 0

NI— NI~ N

~
~

) =T

Now, we can finish the derivation. We have shown the orthogonality of
the sines,

27
/ sinnxsinmx dx = oy
0
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22 FOURIER ANALYSIS SOLUTIONS

So,
21 ol 27
/ f(x)sinmxdx = ) bn/ sin nx cos mx dx
0 = ")
= ) butoum
n=1

= by

Solving for b;;, we have
1 27 .
by = o f(x)sinmxdx.

4. Let f(x) be defined for x € [—L, L]. Parseval’s identity is given by
2 00

L/ F(x dx—EO‘F Y %+ b2

Assuming the Fourier series of f(x) converges uniformly in (—L,L), prove
Parseval’s identity by multiplying the Fourier series representation by f(x)

and integrating from x = —L to x = L. [In Section 5.6.3, we will encounter
Plancherel’s Formula for Fourier transforms, which is a continuous version
of this identity.]

We begin with the Fourier series

27tnx . 2mnx
f(x)~2+2[ancos T + by sin T ]

Multiplying this Fourier series by f(x) and integrating over x € [—L, L], we

obtain
/foz(x)dx = /7 dx+/ Z [ancos +bn inannx} f(x)dx
= %/_Lf(x)dx
+ i |:ﬂn LLf(X)C 0S d + by, / f(x)sin 27thx dx}
n=1 -

Recall the Fourier coefficients are given by

ap = %/Lf(x)dx
A L/ Flx 27mx dx

27mx

by — Z./_Lf(x)sin " ax

Replacing the integrals in the integrated Fourier series with Fourier coeffi-

cients, we have

/ F(x)dx = aOL i [an(anL) + by (byL)],
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FOURIER TRIGONOMETRIC SERIES 23

leading to the sought result,

L/ fA(x)dx = °+Za + b7,

5. Let f(x) be defined for x € [0, L]. Derive the Parseval identities, similar
to Problem 4, for the following series.
a. For the Fourier Cosine series,

nrtx

ap ad
fx) ~ > + ) aycos —,
n=1

show that
2 L 2 “% o 2
= [Uera=2+ Y

n—=
Multiply the Fourier Cosine series by f(x) and integrate from x =
Otox=1L.

[r@ra = [ 5w

L 0 L
= %/o f(x)dx—i—nZ‘llan/O f(x)cos?dx.

Noting that the integrals are given by

a > nrix
50 +n¥1ancosL1 dx

L
/f cosn—nxdx—zan, n=0,1,2,...,

we have )
2 (L a ad
= [ rerdr=2+ Y el
b. For the Fourier Sine series,
(e}
x) ~ Z b, sin Lnx’
n=1 L
show that
2
. / 2 4y = Z 2.

Multiply the Fourier Sine series by f (x) and integrate from x = 0
tox=L.

/()L[f(x)]zdx = i by sinn—;txdx

n=1
> L . NTTX
n§1 by /0 f(x)sin - dx.

Noting that the integrals are given by

L
/f sm—dx—ian, n=12,...,

we have

L/ dx—ZbZ.
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6. Consider the square wave function

f(x):{ 1, O0<x<m,

-1, m<x<2m.

a. Find the Fourier series representation of this function and plot the
first 50 terms.

Since f(x) is an odd function on a symmetric interval, a, = 0,
n=20,1,.... We need only compute the b,’s.

1 T
—/ f(x)sinnxdx
wTJ—m
2 7T
—/ sinnx dx
7T JO
2
= —= ~1).
o (cosnmt —1)
The Fourier series is then

flx

——(cos ni — 1)) sinnx
0.51

A= T2

=
i sin(2k —1)x.

2k—1

SR

The first 50 terms (n = 50) are shown in Figure 2.3.
o3 b. Apply Parseval’s identity in Problem 5 to the result in part a.

Parseval’s identity states

%/j;fz(x) dx = ébﬁ.

From part a we have

Figure 2.3: A plot of first terms of the
Fourier series of f(x) in Problem 2.6.

2
by = ——(cosnm —1).
nm

Noting that f?(x) = 1, we have

~rmar = Lw

n=1
1 7 0 2 2
—/ dx = Z((cosnnl))
wJ—n n—1 nrt
, _ oo< 4 )2
S\ (2k-1)m
_ e 1
n? = (2k —1)?
16 11 1
= S (ltptatat

Thus, we have
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c. Use the result of part b to show %2 = Z

n=1

-
(2n—1)%
Multiplying the series in part b,

by 72/16 yields this result.

7. For the following sets of functions: (i) show that each is orthogonal on
the given interval, and (ii) determine the corresponding orthonormal set.
[See page 288.]

Orthogonality and normalization can be done using simple substitutions
and relating the integrals to the basic orthogonality relations between sines
and cosines,

27 27
/ Ccos nx cos mx dx = / sinnxsinmxdx = 7wuy.
0 0

a. {sin2nx}, n=1,23,..., 0<x<m.
Let y = 2x, dy = 2dx. Then,

T 1 r2m T
/ sin2nxsin2mx dx = E/ sinnysinmy dy = E(Snm.
0 0

These can be normalized by letting ¢, (x) = A sin2nx. Then

T T
1:/ ¢3(x)dx:/ Azsin22nxdx:§A2,
0 0

So, we have A = \/% and the orthonormal set is given by {\/% sin2nx},
n=123,...,0<x <.

b. {cosnnx}, n=0,1,2,..., 0<x<2.
Let y = nx, dy = rwdx. Then,

2 1 r2m
/ COS N7TX COS MTTX dX = %/ cosny cos my dy = Spm.
0 0

These functions are already orthonormal.
c {sin™®}, n=123,.., xc[-LL]
Lety = nx/L, dy = /Ldx. Then,

L nnx | mnx L = . .
/7Lsstm T dx = g/iﬁsmnysmmydy:L(Snm.

These can be normalized by letting ¢,,(x) = A sin “J*. Then
L L nmx
1:/ 2xdx:/ A?sin? ——= dx = LAZ
[ Gwax= [ a2 T

So, we have A = - and the orthonormal set is given by {\% sin 17X 1

VL
n=123,...,x€[-L,L].

25
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8. Consider f(x) = 4sin®2x.
a. Derive the trigonometric identity giving sin® § in terms of sin § and

sin 30 using DeMoivre’s Formula.

We note that e3% = (¢%)3. Writing both sides of this equation in
terms of trigonometric functions, we have

631'9 — (ei9)3

cos 30 + isin 36 (cos§ +isin6)*

= 080+ 3icos?Osinf —3cosfsin®h —isin’ 0

Equating the real and imaginary parts we have

cos 30 cos® 0 — 3 cos 0sin 6,

sin30 = 3cos?fsinf —sin’ 6.
The second equation can be rearranged to get the result.

sin30 = 3cos?fsinf —sin®0
3(1 — sin? @) sinf — sin®f

= 3sinf —4sin’ 6.

Therefore,

3 1
sin®9 = 1 sinf — 1 sin 36.

b. Find the Fourier series of f(x) = 4sin>2x on [0,27] without com-
puting any integrals.

We need only let 6 = 2x in part a. Then,

f(x) = 4sin®2x = 35sin2x — sin 6x.

9. Find the Fourier series representations of the following:

The ay’s are computed separately from a. f(x) =X, Xc [0/ 2777]-
a,’s when determining the Fourier coef-

" We first compute the Fourier coefficients. Note that we compute ag
ficients.

separately from a;,.

1 27 x2 |27
apg = —/ xdx = — = 271.
T Jo 27 lo
1 27
a, = —/ xcosnxdx
7T Jo
171 . 1 2
= — |-xsinnx+ — cosnx =0.
TN n 0
1 27
b, = —/ xsinnx dx
7T JO
17 1 1 . 2 2
= — ——xcosnx—l——zsmnx = ——
T| n n 0 n
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The Fourier series is given by

X sinnx

f(x)~7‘zr—2n;1 -

A plot of the first terms of the series is given in Figure 2.4.

b. f(x) =

f(x) is an even function on |x| < 7. So, b, = 0 for all n. We only

2

—, x| < m.

need the a,’s.

1 (7 2
= —_ —d =
fo 71'/—7r4 X

ay =

1 7 x2
—/ — cosnxdx
T J—rm 4

1 7T
= — / x% cos nx dx
27T Jo

1, 2
x“sinnx +
n?

Y [
cosnm

2
—5 X COSNX — — sinnx
n3

2 (", 2
E/Oxdx—?

T

0

= 27_[ 7TCOSTl7T = 2

Then,the Fourier series is given as

& (-
L
n=1

cosnx.

_ =y

n2

A plot of the first terms of the series is given in Figure 2.5.

e f(x) =

i 0<x<m,
-7, m<x<2m.

We first compute the Fourier coefficients.

ap

an

by

= l/znf(x)dx
= —/ dx+ /Zﬂ -5

1 27
o Ex‘o_ﬁx‘rf
T T
= E—(n—z)_o.
1 27
= —/ f(x) cosnxdx
= / cosnxdx—l— /
21

= —smnx‘ ——sinnx’ =0.
2n 0 2n

1 27
= = f(x)sinnxdx

7T JO
= —/ s1nnxdx+ /
7T 271
= ——cosnx
2n ’0 ’

1—cosnrm

T

1
+ n cosnx

7T

n

) cosnxdx

) sinnx dx

FOURIER TRIGONOMETRIC SERIES 27

Figure 2.4: A plot of first terms of the
Fourier series of f(x) in Problem 2.9a.

0.5

Figure 2.5: A plot of first terms of the
Fourier series of f(x) in Problem 2.9b.
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EJ WMWWWW\ﬂ The resulting Fourier series is
2

= 1—cosnm sin sin(2k — 1)x
f(x)wn-’; n ”x_zz 2% —1

A plot of the first terms of the series is given in Figure 2.8.

N‘:l«

5 d f(x) = x, O0<x<m,
’ T, < x<2m.
We first compute the Fourier coefficients.

x| 1 27
2 ay = ;/0 f(x)dx

. . 1 T 1 21
Figure 2.6: A plot of first terms of the - - / xdx + = / Tdx
Fourier series of f(x) in Problem 2.9c. 7T Jo T Jr

21

= 23+,

= E4—(271—71)—§7r

2 T2
1

T
= — d
ay <)o f(x) cosnxdx

1 T 1 27
= —/ xcosnxdx+—/ Tcosnx dx
7T JOo T Jr

171 . 1 T o1 . 21
= — fxs1nnx+—zcosnx + —sinnx
T n n o N s
_ cosnm—1
2
1 27T
b, = — x)sinnx dx
vo= o @

1 T 1 27
= —/ xsinnxdx—k—/ msinnxdx
7T Jo TJr

1 1 1 T 1 27
= — |——xcosnx—+ — smnx — — COSNnx
7T n 1’l 0 n 7T

T Tl.

The resulting Fourier series is

37 & [cosnm—1 1 .
flx) ~=—+ ) [cosnx—nsmnx].

Ll 5
2 4 = mn
A plot of the first terms of the series is given in Figure ??.
T—x, 0<x<m,
0 ‘ ‘ ‘ ‘ e f(x)=
I k3 T 3n 2n 0, T < x <27,
2 N 2 We first compute the Fourier coefficients.
27
Figure 2.7: A plot of first terms of the apg = — /
Fourier series of f(x) in Problem 2.9d. 1
7T
= = / T —xdx
7T Jo
_ —x) ‘”
T 2 0
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2°
1 27
— f(x) cosnxdx
7T Jo
1 7'[
— T —x)cosnxdx
7T Jo
1 . 1 &
— | =(m —x)sinnx — — cosnx
TN n 0
1 —cosnm
nin?
1 r2m
= f(x)sinnx dx
7T Jo
1 T
— | (m—x)sinnxdx
T Jo
1] 1 . 1"
— |==(m—x)cosnx — — sinnx
Tl n n 0
1
o

The resulting Fourier series is

1—cosn7r 1 .
~f+z ——————cosnx + —sinnx| .
n

A plot of the first terms of the series is given in Figure ??.

10. Find the Fourier series representations of each function f(x) of period

27t. For each series, plot the Nth partial sum,

N\O

Z ay cos nx + by, sinnx]|,

FOURIER TRIGONOMETRIC SERIES 29

S

0 A
T 3n 2“ n
2

NER]

x

Figure 2.8: A plot of first terms of the
Fourier series of f(x) in Problem 2.ge.

for N = 5,10,50 and describe the convergence (Is it fast? What is it con-

verging to?, etc.) [Some simple Maple , MATLAB, and Python code for

computing partial sums is shown in the notes.]

a. f(x)=x, |x| <m.

Since f(x) = x is an odd function on |x| < 7, the a,’s vanish for

all n. So, we just compute the b,’s.

by

1 7T
= —/ xsinnxdx
T J—m

2 T
= —/ xsinnxdx
T Jo

2[ 1 1 . &
= — —fxcosnx—i-—zsmnx
T n n 0
2cosnm 2(—1)”+1
n N n

The resulting Fourier series is

ad sinnx
2 2 (_1>n+lT_
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As seen in Figure 2.9 the convergence is slow as the terms decay
like % The discontinuities in the periodic extension also are an

indication.
Figure 2.9: A plot of first terms of the -
Fourier series of f(x) in Problem 2.10a.
T |
2
T T T T T 1
BELI A x 3 _am smo 3n
2 2 2 2
X,
L
2

b. f(x)=|x], |x| < 7.
Since f(x) = |x| is an even function on |x| < 7, the b,’s vanish for
all n. We compute a9 and ay,.

1 /7

ay = —/ |x| dx
TJ—n
2 T

= —/ xdx =1

T Jo
1 7T

ap = —/ |x| cosnx dx
T J—m

2 7T
= —/ x cosnxdx
7T JO

2 [1 . 1 &
= — |-XsInnx+ — cosnx
T |n n 0
2
= ﬁ(cosnrf—l).
The resulting Fourier series is
= -1
flx) ~ g Zcosnrzz)cosnx
T 4 & cos 2k—1)
T2 E; (2k —1)2

The convergence is fast as the terms decay like % There are not
discontinuities in the periodic extension. See Figure 2.10.
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™ Figure 2.10: A plot of first terms of the
Fourier series of f(x) in Problem 2.10b.

c. f(x) =cosx, |x| < .
While one can compute the Fourier coefficients by carrying out
integrations, it should be noticed that this is a truncated Fourier
series and no integration is needed. The result is f(x) = cos x.

0, —mt<x<0
d. — 7 7
f(x) {1, O<x<m.

We need to compute all of the Fourier coefficients.
1 /7 g
w0 = [ faax

1 7T
= —/ dx = 1.
7T JO
1 7T
a, = —/ f(x) cos nx dx
T J—m
1 7T
= —/ cosnxdx
7T JO
1 s
= —sinnx’
nrt 0
1 [
b, = —/ f(x)sinnxdx
TJ—n
1 7T
= —/ sinnx dx
7T JO
1 n
= ——cosnx‘
0

1—cosnrm
nmt

The resulting Fourier series is

flx) ~

The convergence is slow as the terms decay like 1. There are dis-
continuities in the periodic extension as seen in Figure 2.11.

11. Find the Fourier series representation of f(x) = x on the given interval.
Plot the Nth partial sums and describe what you see.
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Figure 2.11: A plot of first terms of the | I,M

Fourier series of f(x) in Problem 2.10c.
08|

0.6

0.4 4

0.2 1

Il ) l
V' T Vi T LI T V! T LA T I T 1
dr sn bx sx ko x 0 x A sx e osn oan
2 2 2 2 2 2
X
a. 0<x<2

We compute the Fourier coefficients:

2 2 x22
= — d = — :2.
ag 2/Oxx 2 1o
a, = g/Zxcosznmcalx
" 2/ 2
2

= / X cosnmxdx
0
1. 1 2

= —XSINNX + ——5 COS Nmx =0.
nrm N4 0

2 (2 . 2nmx
b, = E/OXSIH > dx

2
= / xsinnsx dx
0

2
1.5 1 1
= | T =XCOSNMX + —5—> SINNTTX
nrm n=7r 0
1 . 2
nm’
03] The Fourier series representation is given by
2 & sinnmx
0 : : : :
I 0.5 1 1.5 2 flx)~1——= Z S
X t n=1 n
Figure 2.12: A plot of first terms of the A plot of the Fourier series is shown in Figure 2.12.
Fourier series of f(x) in Problem 2.11a. b, 2<x<?2

Since f(x) = x is an odd function on —2 < x < 2, we only need

the b,’s.
2 (2 2
b, = 1/_2xsin nfx dx

/2 . nmx

= x sin —— dx
0 2

B —ixcos nrcx+ 4 Sinnnx 2

o ni 2 n272 2 |,

4
= ———COosnr.
nm
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The Fourier series is

R )”Jr1 . N7X
— Z s .
= 2

A plot of this Fourier series is shown in Figure 2.13.

c l<x<2
The Fourier coefficients are found as

2 2
ag = 2/ xdx:x2’ =3.
1 1

2
a, = 2/ xcos2nmx dx
1

2

Ccos 2nnx} =0.

1

= Lx sin2nmx + L
T |onm 4n2 72

2
b, = 2/ xsin2n7mx dx
1

2

= —Lx Ccos2nx + L sin2nrmx
B 2nm 4n2n? 1

1

nrt

This gives the Fourier series

I\J\OJ

1 & 1n2n7rx
fo~3 -zl =7

A plot of this Fourier series is shown in Figure 2.14.

12. The result in Problem gb above gives a Fourier series representation of
2

x

—. By picking the right value for x and a little arrangement of the series,

show that [See Example 2.6.]

a.
LSRN S I S
6 2T

Using the results in Problem 5.12b, one has that

2 2 o
o + Z ( COS nx.
n=1
Letting x = 7, we have
2 )
% = % Z COS N7t
2 (e
T 1
- 5 Z .
Then,
> 1 m
L1 1mT 6

Figure 2.13: A plot of first terms of the
Fourier series of f(x) in Problem 2.11b.

1.6
1.44

1.29

Figure 2.14: A plot of first terms of the
Fourier series of f(x) in Problem 2.11c.
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7T—zfl—i—l—l-l+l+
§ ¥ 52 7 '
Hint: Consider how the series in part a. can be used to do this.
Let 1 1 1
S=ltmtgtomt
Note that
2 0
T Z1
6 = n?
B 1 1 1
= 1+27+¥+47+
_ g 11 1
= +22+47+62+
1 1 1
= (14 =+ =
S+4<+22+32+ >
1 [ n?
= S — _
*3(%)
2
T
= S+ —.
o1

Therefore, we have

1 1 1
v e
6 24 8

c. Use the Fourier series representation result in Problem ge. to ob-
tain the series in part b.
The result of Problem ge is

T & [1—cosnm 1 .
flx)~=+ ) 7cosnx+asmnx .

2
4 = mn

Setting x = 71, we have

> 1
— COS N7t
+ 2 ————— COS N7t
—

3

=R e

IR
= (2k—1)2

Therefore,

1 2

2k—1)2 8"

agh

k=1
13. Sketch (by hand) the graphs of each of the following functions over
four periods. Then sketch the extensions each of the functions as both an
even and odd periodic function. Determine the corresponding Fourier sine
and cosine series and verify the convergence to the desired function using

Maple.
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For these problems we make use of the Fourier cosine series,

a o0 nrix
f(x) = EO +7;ancos -

where
2 (L nrix
ay = Z A f(x) COs T dx,

and the Fourier sine series,

where

a. f(x)=x%0<x<1.
The given function is shown in Figure 2.15. In Figure 2.16 this func-
tion is reflected about the y-axis and the new function is then pe-

riodically extended to give the even periodic extension. In Figure
2.17 the function is reflected about the origin and the new function 0 1
is then periodically extended to give the odd periodic extension. Figure 2.15: Function given in Problem

2.13a.

Figure 2.16: Sketch of the even periodic
extension of the function given in Prob-
lem 2.13a.

Figure 2.17: Sketch of the odd periodic
extension of the function given in Prob-
lem 2.13a.

The Fourier cosine series coefficients are given by

1 2
ay = 2/ 2dx = =Z.
0 3

1
a, = 2/ x% cos nmx dx
0

1

1 5. 2 2 .
2| —x“sinnmx + —5—5 X COSNTTX + ———= sINN7TX
nrw n2s (nr) 0

4(-1)"
n?m?
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Figure 2.18: A plot of first terms of the
Fourier cosine series of f(x) in Problem
2.13a.

Figure 2.19: A plot of first terms of the
Fourier sine series of f(x) in Problem
2.13a.

The resulting Fourier cosine series is given by
4 v (="
T le n?
n=

A plot of this series representation is shown in Figure 2.18.

f(x) =

COSMn7rx.

@I =

The Fourier sine series coefficients are given by

1
b, = 2/ x?% sin n7tx dx
0
1, 2 2 !
= 2|——x COS NTIX + —5—5 X SINNTTX + ——= COS NTTX
nm n?rm (nm) 0
= —icosnrt—l—i(cosnn—l)
- onm (nm)3 '

The resulting Fourier sine series is given by
flx) = i( 2 cos ni + 4 (cosnm — 1)) sinnmx
=T (nm)3 '
A plot of this series representation is shown in Figure 2.19.
] -
0.8
0.6

0.4

0.54

(SO
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b. f(x)=x(2—x),0<x<2 fx)
The given function is shown in Figure 2.20. In Figure 2.21 this func-
tion is reflected about the y-axis and the new function is then pe-
riodically extended to give the even periodic extension. In Figure

f t u X

2.22 the function is reflected about the origin and the new function 0 1 2
is then periodically extended to give the odd periodic extension. Figure 2.20: Function given in Problem
2.13b.
f( x Figure 2.21: Sketch of the even periodic
extension of the function given in Prob-
X lem 2.13b.

—4-3-2-101 2 3 4

f ( xf Figure 2.22: Sketch of the odd periodic
extension of the function given in Prob-
x lem 2.13b.
—8-7-6-5 4—3—% 1 23/4 5 6\7/8
The Fourier cosine series coefficients are given by
2 ©Y\2 4
= 2—x)dx= (¥ —= ) =-.
a9 /0 x(2—x)dx (x 3 >0 3
2
ay, = / x(2—x)cos@dx
0 2
2 2\? 2\’
_ lmx(z —x) sin% —2(1-x) (m) cos? +2 < n) sin ”27”] 02
8
= ()2 (cosnm —1).

The resulting Fourier cosine series is given by

(2k— 1)

2 & 8 nmx 2 cos
f(x)—§+z (cosnm — 1)cosT = ): 2k—1

Figure 2.23: A plot of first terms of the
Fourier cosine series of f(x) in Problem
2.13b.
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Figure 2.24: A plot of first terms of the
Fourier sine series of f(x) in Problem
2.13b.

1 f x

0 1 2
Figure 2.25: Function given in Problem
2.13C.

Figure 2.26: Sketch of the even periodic
extension of the function given in Prob-
lem 2.13c.

Figure 2.27: Sketch of the odd periodic
extension of the function given in Prob-
lem 2.13c.

- flx) =

The Fourier sine series coefficients are given by

2 . NTX
by /0 x(2—x) sdex

The resulting Fourier sine series is given by

(2k—1)7tx

© 16 . nmx 32 & sinte—
L=

A plot of this series representation is shown in Figure 2.24.

11

0.5 1

,O.SA

0, 0<x<1,

1, T<x<2.
The given function is shown in Figure 2.25. In Figure 2.26 this func-
tion is reflected about the y-axis and the new function is then pe-
riodically extended to give the even periodic extension. In Figure
2.27 the function is reflected about the origin and the new function
is then periodically extended to give the odd periodic extension.

f(xfT -

—8-7-6-5—-4-3-2-101 2 3 45 6 7 8

X
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The Fourier cosine series coefficients are given by

ap = /Ozf(x)dx:/lzdle.

2 nrx
= —d
ap /Of(x)cos 5 dx
2 nrx
= —d
/1 cos 5 x
2 . nmx)|? 2 nrm
= —sin—| = ——sin—.
nr 2 I nrm 2

The resulting Fourier cosine series is given by

N\P—‘

x 2 nrix
Z — sm —— COS ——.
=nr 2

A plot of this series representation is shown in Figure 2.28.

1.59

0.54

-0.5-

The Fourier sine series coefficients are given by

2 nmx
b :/ in 7 4
n 0f(x)sm 5 dx
2 nmx
g i 7d
/1s1n 5 dx
2 nrx |2 2 nrm
= ——cos—| = (cos——cosnn)
nr 2 b am 2

The resulting Fourier sine series is given by

flx)=13 (cos % — cos nn) smnzﬂ

n=1

A plot of this series representation is shown in Figure 2.29.

FOURIER TRIGONOMETRIC SERIES 39

Figure 2.28: A plot of first terms of the
Fourier cosine series of f(x) in Problem
2.13C.
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Figure 2.29: A plot of first terms of the 157
Fourier sine series of f(x) in Problem
2.13C. "
05
r § ) 1 ! " )
-8 6 4 2 0 ' 4 ' 8
X
-0.5 1
RE
BER
f(x)
n —+

2m—x, w<x <27

d.f(x)—{ T, O<x<m,

The given function is shown in Figure 2.30. In Figure 2.31 this func-

% — x tion is reflected about the y-axis and the new function is then pe-
0 T 2 . s . ST . .

) L 8 riodically extended to give the even periodic extension. In Figure
Figure 2.30: Function given in Problem . . . .
2.13d. 2.32 the function is reflected about the origin and the new function

is then periodically extended to give the odd periodic extension.
Figure 2.31: Sketch of the even periodic f ( JQ

extension of the function given in Prob- t
lem 2.13d. w \/ W

x
—8A7mb6mAbmdr3m2mre=m 0 T 2n3ndnbn6m7m 8

Figure 2.32: Sketch of the odd periodic

le;t:r:ic;gof the function given in Prob- \ \ 9(72 h K
—8%7%6&5%4%3%%4? 7T 2T A7 57T 6RKAST

The Fourier cosine series coefficients are given by
2 27 J
ag = 5 /o f(x)dx

1 T 1 [2m

= —/ ndx—i——/ (2m — x)dx
7T Jo T Jr
3

TR
1 27 nx

g —_ 7(1

ap <)o f(x) cos 5 dx

1 T 1 27
= —/ ncosﬂdx—k—/ (27‘(—x)cosﬂdx
T Jo 2 T 2

1

T 2 4 27
nx + = [n(er—x) sin X nx

‘ — —COoS —
21lo m 2 n? 2|,

= —i(cosnﬂ — cos E)
- on? 27

The resulting Fourier cosine series is given by

37 ® cosnm — cos Mt nx
=20 4y =7 72 )
f(x) 4 T;l nz 2
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A plot of this series representation is shown in Figure 2.33.

VY

-8n -7n -6m -5m -4n -3m -2m - 0 T 2n 3m 4m Sm 6m  Imn 8w

Figure 2.33: A plot of first terms of the
Fourier cosine series of f(x) in Problem
2.13d.

The Fourier sine series coefficients are given by

by = 1 f()sm?dx

T Jo

1 T 1 2m
—/ nsinn—xdx—l——/ (ZN—x)sinde
7T Jo 2 TJr 2

= —2cosnxn+l[—2(2n—x)cosnx+4s'mnx 27T
2lo m| n 2 n? 2],

2 4 nm

= a T

The resulting Fourier sine series is given by

—i % — nmr)smE
_:n N2 2 27

A plot of this series representation is shown in Figure 2.34.

Figure 2.34: A plot of first terms of the

Fourier sine series of f(x) in Problem
2.13d.
‘ ‘ ‘ ‘
—8n —7 —51: 3n 2% -n 0 T ZUK s 6}\7:“]1:

14. Consider the function f(x) = x, - < x < 7.

a. Show thatx =2)" ;(— )n+1 smnnx
Since f(x) = x is an odd function on |x| < 7, the a,’s vanish for
all n.

The Fourier sine series coefficients are
1 T
b, = — / x sinnx dx
T J—m

2 7T
= —/ xsinnx dx
7T JO
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21 1 1. §
= — ——xcosnx—l——zsmnx
7T n n 0
2cosnm 2(—1)’“rl
n n

This gives the Fourier sine series representation

ni1Sinnx
-

f@~2ihﬂ

b. Integrate the series in part a and show that x> = %2 —4y % (—1)nHlcosnx,

For f(x) = x, we consider the integral

X x2
| red=7

Integrating the series as well, we have

(_1)n+1 /x Sinng dé.

0 n

2

[1e

| r@az ~ 2

n=1

agk

= 2

(="

cos mf‘x
n2 o

I
—

n

COS nx s 1
(~1) 2y (1)
n=1

agk

= 2

Il
—_

n

Therefore,
, COS X
2

7

X2 =C+4 i(—l)

n=1

where

d 1
C=-2 -1,
Eeva

We still need to evaluate C. We can use the results in Problem 15
to do this.

C = —4 i(—m"%

n=1
B 1 1 1 1 1 1
= tlteteretr et

1 1 1 1 1 1
= 4(1+32+52+72+"'>—4(+++"'>

- o(3)()-3)

Therefore, we have that

n
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c. Find the Fourier cosine series of f(x) = x?

on [0, 1] and compare
to the result in part b.

We first determine the Fourier cosine series coefficients.

2 [ ’ 272
a = — xtdx = —.
0 7T/o 3
2 7
an = —/ x% cos nx dx
7T JO
21, . 2 2 T
= — |—x“sinnx+ —XCcosnx — — sinnx
T |n n2 nd 0
2 (2 4 4
= —(Smcosnm | = —<cosnm=—(—1)".
7T<n2 > n2 n2( )

This gives the Fourier cosine series representation

2 (]
T cosnx
2= a Y ()
3 = n

d. Apply Parseval’s identity in Problem 5 to the series in part a. for
f(x) =xon —m < x < 7. This gives another means to finding the
value (4), where the Riemann zeta function is defined by

(6= L o

From the Parseval identity, we have

2 ko, G S
Z/o fo(x)dx = E-l—r;an
2 (7, 27 = 1
= dx = =416y —
7T/0 T 9 + 7;"11’14
270 2t &1
x5~ 9 thos
This gives
| 2 4 2 4 4
mzjzj;_lzﬁﬂ
=t 5 9 45

resulting in
o
= nt 90
15. Consider the function f(x) =x,0 < x < 2.

a. Find the Fourier sine series representation of this function and plot
the first 50 terms.

The Fourier sine series coefficients are

2
b, = /xsin@dx
0 2
2
2 nrix 2 2, nrix
= ——XCOS—— + | — | sin——
™ 2 nrw 2 0
_ _4cosn7'c:i(_1)n+1.

nrt nrt
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This gives the Fourier sine series representation

4 2 (-1 nnx
f(x)wgnz o sin——.

=1
The first few terms of this series are shown in Figure 2.35.
Figure 2.35: A plot of first terms of the

Fourier sine series of f(x) in Problem
2.15a.

b. Find the Fourier cosine series representation of this function and
plot the first 50 terms.

The Fourier cosine series coefficients are

2
ag = /xdx:z.
0

2 nrx
a, = X cos — dx
0 2

2

2 . Nnmx 2 \? nmx

= —xsin——+ | — | cos——
mnm 2 nrt 2 0

4
= W(cosnn -1).

This gives the Fourier cosine series representation

4 & cosnm—1 nix
flx) ~ 1+¥n§1 2 cos —
8 & 1 (2k —1)mtx
= 1-— .
w2 k; k-1 2

The first few terms of this series are shown in Figure 2.36.

Figure 2.36: A plot of first terms of the
Fourier cosine series of f(x) in Problem
2.15b.

c. Apply Parseval’s identity in Problem 5 to the result in part b.

Parseval’s identity can be extended to Fourier cosine series by
slightly modifying the derivation in Problem 5.8.
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We begin with the Parseval identity

2 L, ”(2)
Z/o f(x)dx—i

[ee]
+ Z a%l.
n=1

FOURIER TRIGONOMETRIC SERIES

Applying this result to f(x) = x, x € [0,2]. From part b, we have

ap =2 and
J— 4 —
an pp (cosnmt—1), n=1,2,
Then,
2 b, “% o 2
Z/o fo(x)dx = ?—i—n;lan
2 22 00 4
2 il
/0 x“dx = > + g (nznz
n=1
8 64+ & 1
- = 24 =
3 T k; (2k —1)4
This gives the sum
R
9 = (2k—1)*
_ 1 1 1 1
= 1+ = 3 + 5 + 7 + -

. Use the result of part c. to find the sum Y_;> ; n%

(cosnm — 1))2

The result in part c¢ is not quite the sum we seek as the terms

involve only the odd terms. We can rearrange the series to make

I
—_
+

ux"‘

=1
L
n=1

1 1 1 1

tot +§+@+

I
7 N
—_

+
|
+
+

'S

k-3 3E W

\O
o

Therefore, we have shown that } > %

1 1 1
3t ' 5t ”‘%%+ +&+

1 1,1
oIttt

I
L

S

use of the result in part c and solve for S =} ;7 4 nl—4 :

)

45
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16. Differentiate the Fourier sine series term-by-term in the last problem.
Show that the result is not the derivative of f(x) = x..
The Fourier sine series is given by

4 i sin 17X
Y 2
A simple term by term differentiation gives

4 & (-)td g oy > nrx
p X:: P (sm T) = .7_112::1(—1)”Jrl cos ——.

However, this is a divergent series and cannot sum to f’(x) = 1.

Figure 2.37: Plot of first 50 terms of (left) 201
the Fourier sine series of f(x) = x and 2]

(right) the derivative of these terms from

Problem 2.16. 10

1.5+

] . /\/\/\/\/\/\/\/\/\/\/\/\MMU(\

o J

0.5
x

0.5

-104

17. Consider the function f(x) = xsinx.

a. Find the Fourier series representation of this function if f(x) is
defined on [0, 277] and plot the first 50 terms.

We compute the Fourier coefficients:

ay = %/{)an(x)dx

1 27
= —/ xsin x dx
7T Jo

1 2
= —[—xcosx+sinx]

T 0
= -2

L d 1

an = A f(x)cosnxdx, n>1,

1 [2r
= —/ x sin x cos nx dx

T Jo

L s 1 i 1)x|d
= E/o x[sin(n 4+ 1)x — sin(n — 1)x] dx
1 [—xcos(n+1)x  sin(n+1)x
27 n+1 (n+1)2

_ —xcos(n—T)x sin(n—1)x 2

n—1  (n-1)2 |,
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a

_2
n2—1"
1 27
E/ xsin2x dx

0
27

L —lx x—i—1 in2x
o > Ccos 4s .

27
el i d
p f(x)sinnxdx
1 [2rm
—/ xsinxsinnxdx, n>1,
7T Jo
L 1)x]d
— —1Dx —
27t/0 x[cos(n —1)x — cos(n + 1)x] dx
1 [xsin(n+1)x  cos(n+1)x
21 n+1 (n+1)2
_xsin(n—1)x  cos(n—1)x
n—1 (n—1)2 |,

21

0.

1 27

—/ xsin? x dx,
7T Jo

1
2
1 [«2 1
o {xzzxsin2x4c052x .
TT.

27
/ x(1 — cos2x) dx,
0

21

The Fourier series representation is given by

1 .
flx) ~ —1- Ecosx+7rsmx+2n;2

2 cosnx
n2—1"

The Fourier series representation is shown in Figure 2.38.

b. Find the Fourier series representation of this function if f(x)

defined on [—7t, 71] and plot the first 50 terms.

We compute the Fourier coefficients:

ag

an

L[ e

1 7T
—/ xsinxdx
T )1
T

2 .
—[—xcos x + sin x]
T 0

2.

1 T

= f(x)cosnxdx, n>1,
T J—m

1 T

—/ xsin x cos nx dx

T J—m

1 T

ey x[sin(n +1)x —sin(n — 1)x] dx

FOURIER TRIGONOMETRIC SERIES 47

ISTERE

Figure 2.38: A plot of first terms of the

. Fourier series of f(x) in Problem 2.17a.
1S
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B 1[—xcos(n+1)x sin(n+1)x

us n+1 (n+1)2
—xcos(n—1)x sin(n—1)x]"
n—1 (n—12% |,
B 2(_1)n+1
n?z—1
1 ™
a = E/ﬁﬂxstxdx

1 7T
= —/ xsin2x dx
7T JO

1 1 1 &
= — |—=xcos2x + - sin2x
T 2 4 0

1

2
1 7T
by = —/ f(x)sinnxdx
T J—m
1 7T
= —/ xsin xsinnx dx
wTJ—m

= 0.

SIE

The Fourier series representation is given by

441 COS 11X
n2—1"

EESIERE

£(x) ~1—%mw+zfp@
n=2

Figure 2.39: A plot of first terms of the The Fourier series representation is shown in Figure 2.39.
Fourier series of f(x) in Problem 2.17b.

X, 0<x<1

18. Consider the function f(x) = { Iy lez<?

a. Find the Fourier series representation of this function and plot the
first 50 terms.

We compute the Fourier coefficients:
2 L
a = /0 f(x)dx

1 1 2
= /xdx+/ xdx+/ 1—xdx
0 0 1

_ 12)1_@‘2
2o 2 h
1 1
= ——Z=o
2 2
2 L 2nmx
a, = E/o f(x)cos dx
1 2
= /xcosnﬂxdx+/ (1 —x)cosnmxdx
0 N
1 1 !
= | ——XSINNTX + ——5 COSNTTX
nm n2? 0
1 , 1 2
+ | =—=(1 —x)sinnmx — —— cosnmx
nm n2m 1
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cosnmt—1
= 2
b, = L/f sm

= /xsmnnxdx—i—/ (1—x)sinnmxdx
0

1

1
= ———XCOSNITX + 2 2smm'fx
nr 0
1 2
+ |—==(1—x)cosnmx — ——5 sinnmx
nm n2sm 1
~ 1l—cosnm
o nr

The Fourier series representation is given by

X [ cosnm—1 1 —cosnrm
f(x) Y { Cos NTX + —— — smnnx}

= n2 72
o 4 2
k=1

The Fourier series representation is shown in Figure 2.40.

14 Figure 2.40: A plot of first terms of the
Fourier series of f(x) in Problem 2.18.

0.51
0 ‘ 1 ‘ ‘
0.5 1 1.5 2
X
-0.5

-1

b. Use the result of part a. to show that

1 1.1 _

12732 "5 8’

[Hint: Be careful using the discontinuity at x = 1 by noting that
the Fourier series converges to (1) = 3(f(11) + f(17)).]

Setting x = 1 in the previous result and noting that

F1) = S (FA) +FA) = 5,


https://testbanks.ac/product/9781498773706-SOLUTIONS-5/

[cLi oK HERE

TO ACCESS THE COVPLETE Sol uti ong

50 FOURIER ANALYSIS SOLUTIONS

we have
1 [ee)
5 ~ Z 2k— e cos(Zk— 1
72 ad
8 ; Zk —1)2

19. The temperature, u(x,t), of a one-dimensional rod of length L satisfies

the heat equation,

ou o%u

ot ox?

a. Show that the general solution,
[e9)
Z sm e 272kt / L2

satisfies the one-dimensional heat equation and the boundary con-
ditions #(0,t) = 0 and u(L,t) = 0.

Computing u; and uyy, we have

oo 2.2

ou _ Z nem b, sin "7 MY _w2n2ki/L2
ot 2 L

ou nrt niTx 204 /72

— = Z —b,, cos —— Y -kt /12

ox = L L

o%u _ i n’m? X 2 72kt/ 12
0x2 L

Comparing these derivatives, we see that u; = kuyy. Note that
the vanishing of the function at the interval endpoints allows the
differentiation of the sine series.

Furthermore, we have

u(0,t) = 2 b, sin 0Tk LE 0,

n=1

[ee]
u(L,t) =) bysin ne WKLY —
n=1
b. For k = 1 and L = 7, find the solution satisfying the initial con-
dition u(x,0) = sin x. Plot six solutions on the same set of axes for
€ [0,1].

For k =1 and L = 7, the general solution is
d 2
t) =Y bysinnxe ™",
n=1

Using the initial condition, #(x,0) = sin x, we have

(e}
sinx = 2 b, sinnx.
n=1
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The Fourier coefficients are easily found without integration as
b1 = 1and b, = 0, n > 1. Then, the solution to the initial-boundary
value problem is

u(x,t) = sinxe™".

This solution at six times is shown in Figure 2.41.

c. Fork =1 and L = 1, find the solution satisfying the initial condi-
tion u(x,0) = x(1 — x). Plot six solutions on the same set of axes
for t € [0,1].

For k = 1 and L = 1, the general solution is

u(x, t) =Y by sinnmxe 7,
n=1

Using the initial condition, u(x,0) = x(1 — x), we have
x(1—x) =) bysinnmx.
n=1

We need to determine the Fourier sine coefficients:

1
b, = 2/ x(1 — x) sinnmx dx
0
B 1 1 .
= 2 —Ex(l — x)cosnmx + nTrcz(l — 2x) sinnrx

So,
4
nm)3

(1 —cosnm)sinnmx,

3

Il

—_
~—

or

u(x,0) = k; ((2k81)7_[)3 sin(2k — 1) 7x.

The solution to the initial-boundary value problem is
u(x, t) = i 8 sin(2k — 1)7'cxe_(2k_1)2”2t.
= ((2k—=1)m)3

This solution at six times is shown in Figure 2.42.

20. The height, u(x,t), of a one-dimensional vibrating string of length L
satisfies the wave equation,

Pu  ,0%u
= =C"—.
ot2 dx2

0.84
0.61
u(x t)

0.41

0.2

0 . . .
0 1 2 3
X

Figure 2.41: A plot of solutions for the
heat equation in Problem 2.19b for t =
0,1/6,...,1.

0.251
0.20
0.151

0.10

0 012 014 016 018 l
X

Figure 2.42: A plot of solutions for the

heat equation in Problem 2.19c for t =

0,1/6,...,1.
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a. Show that the general solution,

[ee]
u(x,t) = Ay cos
n=1

nrwct | nmx
sin ——
L L

nrmct . nmwx
SN ——
L L’

+B;; sin

satisfies the one-dimensional wave equation and the boundary con-
ditions #(0,t) = 0 and u(L,t) = 0.

In order to verify that this is a solution, we compute a few deriva-

tives:
ou > nrec . nrct . nnx
3% - *X%AnTSHl T smT
n=
4B nrc nrmct . nmax
—— oS sin ——.
"L L L
o%u ad nrc\ 2 nrct . nwx
Frey = —;An<—L ) Ccos T sm—L
nmeN2 . nmct | nnux
—B, (T) sin T smT.
u ad nr nrct nrix
— = Y Ay~ cos cos ——
ox = L L L
4B nri sin nrct cos nix
"L L L’
%u o nrmN\2  nmcet . nmx
2 = "L A(T) cosTsin T
B (nn)zs,nnrfct Sinnnx
"\'L L L~

Comparing derivatives, we have
2
Ut = C Uyxy.

Note that the vanishing of the function at the interval endpoints
allows the differentiation of the sine series.

We also can verify the boundary conditions:

> nrct
u(0,t) = Y Aycos [ sin0
n=1
nrect
+B,, sin sin0 = 0.
> nrct
u(L,t) = Y Aycos 5 sinnrm
n=1
nrect
+B;; sin sinnmt = 0.

L

b. For c = 1 and L = 1, find the solution satisfying the initial con-
ditions u(x,0) = x(1 — x) and u(x,0) = 0. Plot five solutions for
t e [0,1].
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For this problem, the general solution takes the form

[e)
u(x, t) = Z A, cosnrtt sinnzmtx + By, sin ntt sinnx.
n=1

The initial conditions give

[e)
x(1—x) = Ay, sinnrx,
n=1
oo
0 = ) Bunmsinnmx.
n=1

The second equation gives B, =0,n =1,2,....
From the previous problem we have
4

A, = (n7r)3(1 —cosnm), n=12,....

Therefore, the solution to the initial-boundary value problem is

uh =1 ((stw sin(2k — 1)7x cos(2k — 1) tt.

This solution at five times is shown in Figure 2.43.
. For c =1and L =1, find the solution satisfying the initial condi-
tion

4x, 0<x
ux0) = { 5(1 1 <
31-x), <«

and u;(x,0) = 0. Plot five solutions for t € [0,0.5].

7

IA A
IR

7

For this problem, the general solution takes the form

[ee)
u(x,t) = Y Aycosnmtsinnmx + B, sinntsinnmx.
n=1

The initial conditions give

(o]
u(x,0) = A, sinnmx,
n=1
o
0 = ZBnnnsinnrcx.
n=1

The second equation gives B, =0, n =1,2,....

The remaining Fourier sine coefficients can be computed using
1
Ay = 2/ u(x,0) sinnrx dx.
0

Thus,

NI

An=8/
0

1
xsinnnxa’x—i—g/1 (1 —x)sinnmxdx
1

0.251

0.20

0.151

0.10

0.051

0
0 0.2 0.4 0.6 0.8 1

X
Figure 2.43: A plot of solutions for the
wave equation in Problem 2.20b for t =
0,1/8,...,1/2.


https://testbanks.ac/product/9781498773706-SOLUTIONS-5/

[CLI cK HERE TO ACCESS THE COMPLETE Sol uti ong

54 FOURIER ANALYSIS SOLUTIONS

1 1 . 1
= 8 ——XCOSNTIX + —5—5 SINNTX
nrm n2m

+§ [—1(1 — X)cosnmx — L sin nnx}

3| nm n2m? 1
nri 1
= {—Mcos n +n2 5 S 4}
8 3 nri 1 nri
3 [_41171 4 n2n? 4 ]
081 32 . nm

0.6

So, the solution to the initial-boundary value problem is

0.4 g 32 nrt
u(x,t) = Y —5—5 sin — sinnmx cos nt.
0.2 =1 3nsm 4

This solution at five times is shown in Figure 2.44.

x 21. Show that

-0.24

o0 o0
u(x,y,t) = HX::l mX::l(anm €08 Wyt + by Sin wyyt) sin L7er sin %,

=y () 4 (B,

satisfies the two-dimensional wave equation

Figure 2.44: A plot of solutions for the
wave equation in Problem 2.20c for t =
0,1/8,...,1/2. where

uttzcz(uxx+uyy), t>0,0<x<L,O<y<H,
and the boundary conditions,

u(0,y,6) =0, u(Lyt)=0, t>0, 0<y<H,
u(x,0,t) =0, u(x,Ht)=0, t>0, 0<x<IL,

Computing the needed second parital derivatives of u(x, y,t), we have

o0 o0
) . . MAX . mmy
Uy = _Z Z_;wnm(anmcoswnmt—l—bnmsmwnmt)sstmT
n=1m=1
o0 o0 2
nrm i . nmX . mm
Uy = — Y. ). <T) (anmcoswnmt—l—bnmsmwnmt)sstmTy
n=1m=1
© 2
Mr . . nmIX ., miT
Uy = —Z Z (H> (anmcoswnmt—i—bnmsmwnmt)sstmTy
n=1m=1

Inserting these derivatives into the the two-dimensional wave equation, we

find
5 5 (NTTN\2 mr\2
=< () + ()
The solution easily satisfies the boundary conditions. For example,

u(,y,t) = Y, Y (aumcos Wumt + by sin wymt) sin O sin =0,
n=1m=1 H
u(L,y,t) = 2 Z (@nm cOs Wymt + by, Sin wyyt) sin nt sin o = 0.

n=1m=1
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The boundary conditions, u(x,0,t) =0, u(x,H,t) =0, follow in the same
way.

22. Find the double Fourier sine series representation of the following:

A function f(x,y) defined on the rectangular region [0, L] x [0, H] has
a double Fourier sine series representation,

Z = X . My
=Y Yo nmsm—sm 0
n=1m=1

where

4 (H (L . NTX . M7
bnm:m/o /0 f(x,y)sstm Hydxdy nm=12,....
This representation will be used to obtain the series in this problem.

a. f(x,y) =sinmxsin27my on [0,1] x [0,1].

The series expansion for this problem is given by
fry) =Y ) bumsinnmxsinmmy.
n=1m=1

It is easy to see that the is only nonzero term, for n = 1 and m = 2.
Thus, b1 =1 and by, =0, for n # 1 and m # 2.

b. f(x,y) = x(2—x)siny on [0,2] x [0, 7T].

The series expansion for this problem is given by

o0 [ee) x
X, Y) = Z Z - sm— sinmy,
n=1m=1

Here by, = 0 for m # 1. We need only compute the b,,; terms.

2 e
by = E/ / flx,y) sin?sinydxdy
= —/ / 2—x sm?sm ydxdy

nmx
= /0 x(2—x)sdex

2 nrix 4 Y54 16 nrx]?
- [_mx(Z—x)cosvanznz(z_zx)sm 2 ndrd 2 ]y
16

= n377'c3(1 — COSNTT).

This gives the series expansion

flxy) = i

. nmX
(1 — cosnr) sin —5 - siny,

32 . (2k—1)mx .
sim > Sll’ly.
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c. f(x,y) =%y on [0,1] x [0,1].

The series expansion for this problem is given by

fx,y) =Y ) bunsinnmxsinmmy,

n=1m=1

The Fourier coefficients can be computed directly:

1 41
by = 4/ / x2y3sinnnxsinmnydxdy nm=12,....
0 Jo

1 1
= 4 (/ x? sinnx dx) </ v sinmnydy) .
0 0

Each integral can be computed separately:

Lo 1 5 2 .
x“sinnmtxdx = |——x COSNTIX + ——5 X SINN7TX
0 nr n27

) 1
+ —5—5 COSNTIX
n> 7T 0

2 CcosS N7t
= —1)— .
n3n3(cosn7r ) nrw
/1 Ssinmmydy = ——1 3 cosmrr +73 2sinmr
0 Y yay mny Y m27r2y Y

+ 6 mrt 6 inmrt 1
———=1/ COS — ———sin
m3m3? Y y 0
6cosmm  Ccosmr

m3 3 mrt

This gives

2 CcosS N7t 6cosmm  cosmrt
bum =4 | —5—(cosnm —1) — ol .
n3m nr m3 7 mit

The resulting Fourier series is
[e9) [0 9)
f(x,y) =Y ) buusinnmxsinmmy.
n=1m=1
23. Derive the Fourier coefficients in the double Fourier trigonometric series

in Equation (2.124).

The double Fourier trigonometric series in Equation (2.124) is given by

a 1 2n7Tx . 2nmx
flx,y) ~ 00+22{an0cos 7 + d0 sin T }

2
m y—l—c(]msin ng{y]

m
2 2nmtx  2mmy
Ay COS cos ——,
R T
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+Z Ebnmsm nrix si 2m7ry’
n=1m= H

+ Z Z Cnm COS Znrx mM,

H
n=1m=
2
+Z Zdnmsm i os%.
n=1m=1

In order to prove this, one needs to consider the Fourier basis on the rectan-
gular region [0, L] x [0, H],

$oo = 1,
_ . Sancx sin 2nrx 192
(PnO - L 7 L 7 7 — Ls4s - 7
2 2
don = {cos nI_?ITy,sin gy,}, n=12,...,
= Jos 2nrx cos 2mrmy cos 2nrx sin 2mmy
P = L H ' L H '
. 2nmx 2mmry . 2nmx |, 2mmy _
sin I Ccos 2 ,sin 7 sin 2 ,}, nm=12,....

Sample computations are below, using the orthogonality of the trigono-

metric functions.
L H L H apo uooLH
/ / flx,y)dxdy = /0 /0 e dxdy = TR

L (H
//fxy)cos dxd = %// xdxdy:

L rH
//f(x,y)cos ercoszmnydxdy _ anm// 22n71x 22mnydxdy:
0 JO

H H

This gives the Fourier coefficients as

4 L (H 2
Anm = 7LH/0 /0 f(x,y) cos

4 (L (H . 2nmx . 2mmy
bym = 7LH/0 /0 f(x,y)sin s

4 (L rH 2nmtx ., 2mmy
Chm = m‘/o A f(x,y) COS i3 Slanxd

nix 2mmy

p 4 L rH . 2
nm = m/o /O f(x,y)sm 7

nrx

oszm#dxdy, n,m=20,1,2,...,

dxdy, nm=12,...,

ﬂnoLH
i

dxdy, n=12,...,m=0,1,2,....

auymLH

57
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y(#)
2 £{
O B
_2 1
0 1 é 3
t
(@) y(t) = 2sin(47ft)
y()
2 1
o IR
2
0 1 é 3

(b) y(t) = sin(107f)
Figure 2.1: Plots of () = A sin(27 ft) on [0, 5] for f= 2 Hz and f = 5 Hz.
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y(t)=2 sin(4 m t) for N=201 points
4

y(t)=2 sin(4 = t) for N=200 points
4

| ]
S0 l S0 l
" | " |
-4 -4
0 1 2 3 4 5 0 1 2 3 4 5
Time Time
y(t)=2 sin(4 = t) for N=100 points y(t)=2 sin(4 nt t) for N=101 points
4 4
2 2
=X g0
) -2
-4 -4
0 1 2 3 4 5 0 1 2 3 4 5
Time Time

Figure 2.2: Problems can occur while plotting. Here we plot the function y(¢) = 2 sin 47t using N = 201, 200, 100, 101
points.
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(a) Sum of signals with frequencies

f=2Hzand f =5Hz.

y(t)

(b) Sum of signals with frequencies
f=2Hz f=5Hz and f = 8 Hz.

Figure 2.3: Superposition of several sinusoids.
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(a) Plot of each function.

y()
2,,
-2+
o 1 2 3

(b) Plot of the sum of the functions.
Figure 2.4: Plot of the functions y(¢) = 2 sin(4srt) and y(¢) = 2 sin(4st + 77/8) and their sum.
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1.5 ¢

(a) Plot of function f(t).

y(t)
1.5+

(b) Periodic extension of f(t).
Figure 2.5: Plot of the function f () defined on [0, 277] and its periodic extension.

002x005.eps
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Figure 2.6: Plot of discontinuous function in Example 2.3.
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0 L 0 27
Figure 2.7: A sketch of the transformation between intervals x € [0, 27z] and ¢ € [0, L].
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0.81
0.61
0.41
0.21

X

Figure 2.8: Plot of the first fifty terms of the Fourier series representation for f (x) = sin x, x € [0, 7].
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Figure 2.9: Area under an even function on a symmetric interval, [-a, a].

002x009.eps
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Figure 2.10: Area under an odd function on a symmetric interval, [-a, a].
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N=1 N=2
25 25
2.0 2.0
1.5 15
1.0 1.0
3 X N X
3720 . 0. 1. 20 3. 37 2. . 0. 1. 2. 3.
N=3 N=4
3.0 3.0
2.5 25
2.0 2.0
15 1.5
1.0 1.0
5 5
+ X | X
320 0 1. 20 3. 3720 1. 0 1. 20 3.

Figure 2.11: Plot of the first partial sums of the Fourier series representation for f (x) = |x| on the interval x €[-7,
.
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Figure 2.12: Plot of the first 10 terms of the Fourier series representation for f(x) = |x| on the interval x € [-27, 47].
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A i
A

A A A
2 I i

Figure 2.13: Plot of the first 10 terms and 200 terms of the Fourier series representation for f (x) = x on the interval x
€ [-2m, 4m].
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= N W ke Uy @

3 2-10 1 2 3
Figure 2.14: Plot of f (x) = 9 — x2 forx € [-3, 3].
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Figure 2.15: Plot of the first fifty terms of the Fourier series representation of f(x) = 9 — x2 for x €[-3,3].
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Figure 2.16: Plot of the periodic extension of the Fourier series representation of f(x) = 9 — x? for x €[-3,3].
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0.59

0 . . . . .
1 1.2 1.4 1.6 1.8 2

X

Figure 2.17: Plot of the first fifty terms of the Fourier series representation for f (x) = x, x € [1, 2].
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f(x) on [0,1]

Periodic Extension of f(x)

15
1 1
— —
Z o X o
= =
-05 -0.5
-1 -1
-15 -15
=1 0 1 3 =1 0 1 2 3
X X
Even Periodic Extension of f(x) Odd Periodic Extension of f(x)
15 15
1 1
05 \\/\/ 05
— —
X o 2 o
= =
—05 -0.5
- -1
-15 -15
=1 0 1 2 3 =1 0 1 2 3
X X

Figure 2.18: This is a sketch of a function and its various extensions. The original function f (x) is defined on [0, 1]
and graphed in the upper left corner. To its right is the periodic extension, obtained by adding replicas. The two lower
plots are obtained by first making the original function even or odd and then creating the periodic extensions of the

new function.
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Figure 2.19: The periodic extension of f (x) = x% on [0, 1].
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f(x) 0.57
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-1 0 1 2 3

Figure 2.20: The even periodic extension of f (x) = x? on [0, 1].
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f(x)

0.57

Figure 2.21: The odd periodic extension of f (x) = x? on [0, 1].
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Figure 2.22: Plot of the first fifty terms of the Fourier Cosine Series representation for Example 2.14.
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Figure 2.23: Plot of the first fifty terms of the Fourier Cosine Series representation for Example 2.14 for x € [-6, 6]..
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Figure 2.24: Plot of the first fifty terms of the Fourier Sine Series representation for Example 2.15.
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Figure 2.25: Plot of the first fifty terms of the Fourier Sine Series representation for Example 2.15 for x € [-6, 6].
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Figure 2.26: The Fourier series representation of a step function on [, 7] for N = 10.
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Figure 2.27: The Fourier series representation of a step function on [— 7, 7] for N = 10 plotted on [-37, 377] displaying
the periodicity.
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Figure 2.28: The Fourier series representation of a step function on [- 7, 7] for N = 20.
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Figure 2.29: The Fourier series representation of a step function on [- 7, 7] for N = 100.
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Figure 2.30: The Fourier series representation of a step function on [ 7, 7] for N = 500.
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Figure 2.31: The rectangular membrane of length L and width H. There are fixed boundary conditions along the edges.
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Figure 2.32: Nth Dirichlet Kernel for N=25.
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Figure 2.33: Nth Dirichlet Kernel for N=50.
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Figure 2.34: Nth Dirichlet Kernel for N=100.
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Figure 2.35: Nth Partial Sum in Maple.
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Plot of 100th Partial Sum

Figure 2.36: Nth Partial Sum done in MATLAB.
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Plot of 100th Partial Sum

Figure 2.37: Nth Partial Sum.
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Figure 2.38: Nth Partial Sum for f(x) = x> on x € [0,1] as found in MATLAB using symbolic computation of the Fourier
coefficients.
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