Lecture 11

Consider a function f(r) defined on an interval (0, a).

Is it possible to present this function as a series involving Bessel functions

. r
= o (Ty,n— 1.50
1) = S cndlean) (1.50)
and, if yes, how to find the coefficients ¢, in (1.50)%

Coefficients ¢, are obtained by multiplying (1.50) by r J,(2,,m*~) and integrating the result term by
term over the interval (0,a). Using (e) and (g), we find

2

/ rf(r)J,(x, mz)dr = Cn &—Jfﬂ(xy m)-
0 a 2 ’

and, therefore,

2 “ r
S S I (L me)d —1,2,..). 1.51
o= T O ) (151)
DEFINITION 17 The series (1.50) with coefficients ¢,, calculated from (1.51) is called

Fourier-Bessel series.

THEOREM 15 If a function f(r) is piecewise smooth in (0, a) and if the integral

[f¢ﬂﬂﬂhr

is finite, then the Fourier-Bessel series (1.50), with coefficients ¢, given by (1.51), converges to f(r)
at every continuity point of f(r) and to

S —0) + £ +0)],
if r is a discontinuity point of f(r).
DEFINITION 18 The series (1.50) where x,, ,, are positive roots of the equation
zJ(x)+ BJ,(x) =0 (1.52)
are called Dini series.

THEOREM 16 The system of functions T%Jy($1,7k7“/a), k > 1, where z,, ,, are positive roots of the
equation (1.52), is orthogonal on the interval 0 < r < a.



SKETCH OF PROOF The proof is similar to that in Theorem 14. Setting a =z, 1/a, 8 =z, »/a
in (d), where z,, ,, are positive roots of the equation (1.52), show that the RHS in (d) is equal to zero
if n # k. This implies that the system of functions is orthogonal.

SUMMARY

1. We studied LODE2 in standard form

y' +p(@)y +q(x)y = r(z). (0.1)
2. A general solution ygng(x) of the nonhomogeneous LODE (0.1) is given by

Yonu(r) = you(r) + ypvu(z), (0.8)

3. A general solution ygm(z) of the associated homogeneous equation is given by

yar(x) = ciyr(2) + coya(x) (0.5)

where y = y;(x) and y = yo(z) are linearly independent solutions of the associated homogeneous
equation.

4. Two solutions y = y;(x) and y = y»(x) are linearly independent (not proportional) on I if and
only if the Wronskian W (yy, y2)(xo) # 0 at a single point of I.

5. A particular solution ypyg(z) can be obtained by the method of variation of parameters

anta) = =n(o) [P ) [P0 (0.12)

if two linearly independent solutions y = y;(z) and y = y»(x) are given.

6. If a solution y;(x) of the H-LODE2 is known, then a second linearly independent solution ys(x)
can be found as

wle) = (o) [ @ esp(~ [ pla)de)ds (0.14)
7. We studied how to solve the IVP
y' +p@)y +a(x)y =r(x) (v€l), (0.16)

y(zo) = Ko, Y'(x0) =K1 (w9 € 1), (0.17)
8. We showed that the solution of the BVP

Y +pl)y +qla)y =r(z) (a<z<b),
ay(a) + By'(a) = Ko, My(b) + py/(b) = K, (0.20)



can be not unique or does not exist.

9. If both p(x) and ¢(x) in (0.1) have Taylor series, which converge on the interval I = (—R, R),
R > 0, and r(x) = 0, then solutions y = y;(x) and y = y2(x) can be obtained by Power Series
Method in the form

y(x) = Zanx”. (1.12)

10. We studied Legendre equation

(1—a2)y” — 22y +m(m+ 1)y =0 (1.10)

For integer m a regular solution of (1.10) which is equal to unity at z = 1 is known as the Legendre
polynomial, P,(z), of degree m.

11. We checked Rodrigues’ formula

1 4" 9 N
Pa(t) = g (@ = 1) (118)
12. We showed recurrence relations
(n+1)Pa(x) — 2n+ DzP,(z) + nPy1(x) =0 (n=1,2,3,....) (1.19)
P yi(x) = P,y (2) + (2n + 1) Py(x). (1.20)

13. We defined orthogonal systems of functions ¢,(x), (n =0,1,2,...)

/ (@) pm(x)dz =0 (n £ m).

and orthonormal systems

b
/ ¢ (z)dz = 1.

14. We proved that the Legendre polynomials P,(z), n > 0, are orthogonal on the interval (—1,1)
and

/1 P2(z)dr = 2 : (n=0,1,2,.....) (1.22)

1 2n +

15. If a function f(z) is piecewise smooth in (—1,1) and if the integral

/_11 2 (z)dz

is finite, then the function can be expanded in series of Legendre polynomials

fl@) = caPu() (1.23)

16. If associated homogeneous equation can be presented as



Px) ,  Qz)

" =0 1.28
vy =5y =0 (1.28)
where
P(z) =) pua",  Q(z)=) qu" (lz[<R) (1.29)
n=0 n=0

then a solution can be found by Frobenius Method in the form

y(z) =Y aa"t, (1.30)

n=0
where « satisfies the indicial equation
ala—1)+poa+q =0 (1.35)
17. Solutions of Bessel’s differential equation
2.1 ’ 2 .2 _
Yy +azy + (2° —v7)y =0, (1.36)

can be found by the Frobenius Method. The regular solution of (1.36) is known as Bessel function
of first kind of order m

s —1)* x\ 2k+m
Tn(2) :Zm&—Jr)m)!G) . (1.42)

k=0

18. The Bessel functions of higher order can be expressed in terms of the two functions Jy(z) and
Ji(x) [Th12].

19. We studied recurrence relations

Jn-1(x) + Jpa1(x) = 2?n(]n(ac) (n>1), (1.45)
T(a) = —5lhn(@) = @] (n>1) (1.46)

Jy(x) = = Ji(x).

20. The Bessel functions of order n + 1, n = 0,41, 42, ... can be expressed in terms of elementary

27
functions. In particular,

Ji(x) = <—> sin z, J_

T

(x) = <—> COS . (1.49)

™

21. The system of functions r2.J,(z,,r/a), k > 1, is orthogonal on the interval 0 < r < a [Th14].
Here x,1 < 2,2 < 2,3 < ... <, < ... are positive roots of the equation J,(z) = 0.

22. We considered Fourier-Bessel series

o0

f(?") = Z anu(xu,ng) (150)

n=1



and stated that if a function f(r) is piecewise smooth in (0,a) and if the integral

/O NGOG

is finite, then the Fourier-Bessel series (1.50) with coefficients ¢, given by

2 * r
= — =1,2,...). 1.51
" @ J3+1($u,n)/o Tf(T)J,,(:L',,’na)dr (n 0 25000) (1.51)

converges.

23. The system of functions réjy(xukr/ a), k > 1, is orthogonal on the interval 0 < r < a, where
Ty1 < Tpo < Tpyg < ... < Ty < ... are positive roots of the equation

zJ, () + BJ,(z) = 0. (1.52)

HIGHER ORDER LINEAR DIFFERENTIAL EQUATIONS [EK, 2.9,2.11]

We consider LODEn

pn(x)y(”) + pn_l(m)y(”_l) + ..p1(2)y + po(z)y = r(x) (2.1)

and the associated homogeneous equation

pn(x)y(") +pn_1(x)y(”_1) + ..p(2)y + po(z)y = 0. (2.2)

In standard form, p,(z) = 1 in (2.1) and (2.2).Only this case is considered in this module. It is
assumed that the coefficients p;(z), 0 < 7 <n — 1 are continuous on an open interval I = (a, b).

A general solution of (2.2) is

yar(r) = cryk(@), (2.3)

where y;(x), y2(z), . . , yo(z) are linearly independent solutions of (2.2) and ¢y, ¢, ...., ¢, are arbi-
trary real constants.

Functions y; (), y2(z), . . , yn(x) are linearly independent on interval I = (a,b) if the equation
Zbkyk(x) =0 (a <z <b)
k=1

implies that all by, b, ...., b, are zero.

THEOREM 17 Solutions y;(x), y2(z), . . , ys(z) of (2.2) are linearly dependent on interval

I = (a,b) if and only if their Wronskian W (y, .., y,)(z) is zero at some point xy € 1.



The Wronskian is defined as

W (g, - ) () = vi(z) @) . ()

W@ @) e ()
A general solution of the NH-LODEnR (2.1) is given by

yena(r) = yau(x) + ypnu (),

where ypyp(x) is a particular solution of (2.1).

An initial value problem for equation (2.1) consists of equation (2.1) and n initial conditions

y(ﬂfo) = Ko, y/(ﬂfo) = Ki,. -y(n_l)(iﬂo) = Kn 1. (2-4)

The solution of the IVP (2.1), (2.4) is unique in I if the coefficients in (2.1) are continuous functions
on [.

Lecture 12

HOMOGENEOUS LINEAR DIFFERENTIAL EQUATIONS OF ORDER n WITH
CONSTANT COEFFICIENTS [EK, 2.10]

Consider equation (2.2) where the coefficients p; are real constants and p, = 1. A solution is sought
in the form y(z) = exp (rz). Substitution of y(x) = exp (rz) and its derivatives into (2.2) gives the
characteristic equation

Q(r) =1"+puar" " ..+ pir+po=0 (2.5)

Let r be a simple root of (2.5).

If r is real, then y(z) = €™ is a solution of (2.2).

If r = a+if is a complex root, then a — i3 is also a root since the coefficients in (2.2) are real.
These two roots generate two linearly independent solutions

e cos(fzr) and e sin(fx).

Let r be a root of (2.5) with multiplicity m.
If r is real, then

em:’ xerm, o xmfler:r

are m linearly independent solutions of (2.2).



If r = a+ 13 is a complex root, then a — i3 is also a root with multiplicity m. These two roots
generate 2m linearly independent solutions

e cos(fBr), xe™ cos(Bx),. ..,z e cos(Bx),

e sin(fx), xe*sin(Bz),..., 2™ e sin(fr).

Therefore, to find a general solution of the homogeneous equation (2.2) with constant coefficients,
we need to calculate the roots of equation (2.5).

EXAMPLE:

y/l/_3yl/+3y/_y:0
=3 +3r—1=0, =3 +3r—1=(r—1)>

7’1:]., 7“2:1, 7"3:1.

Therefore, the characteristic equation has the root » = 1 with multiplicity 3. The linearly independent
solutions are

T

yi(z) =€®, yo(x) =xe®, ys3(z) = z’e

and a general solution reads

y(x) = ®[cr + e + c32?].

A particular solution of the equation (2.1) with constant coefficients can be found by
method of undetermined coefficients, if r(z) = e* cos(bx)P(x) or r(x) = e sin(bx)P(z), where
P(z) is a polynomial function.

Step 1: Find roots of the characteristic equation (2.5) and their multiplicities.
Step 2: Generate the complex number z = a + ib.
If Q(2) # 0, then set s = 0;

If Q(z) =0, then z is a root of (2.5) and s is its multiplicity.

Step 3: A particular solution of (2.1) is sought in the form
ypnu(x) = 2°e [T (x) cos(bx) + R(zx) sin(bx)],

where T'(z) and R(z) are two polynomial functions with degree(T) = degree(R) = degree(P). If

P(z) = Z Ve,
k=0



where v, are given, then

T(x) = Z Arz®, R(z) = Z,ukxk,
k=0 k=0

where the coefficients A\, and g, 0 < k < m, should be determined (2m + 2 unknown coefficients in
total).

Step 4: Plug ypnpy(z) into the equation (2.1) and calculate the unknown coefficients A\ and g

Step 5: Write down a particular solution ypyg(z).

EXAMPLE:

y" —yf = sin(b)

Step I: Q(r) =13 —r=0, r(r*—-1)=0=r;=0,1p=1,1r3 =1

Step 2. z=1b=Q(2) #0=s5=0

Step 3. P(x) =1, y(x) = T cos(bx) + Rsin(bz), where T and R are real constants.
Step 4: y'(x) = —Tbsin(bx) + Rbcos(bx), ¥ (x) = TV sin(bx) — Rb> cos(bx),

y" — 1y = Tb?sin(bx) — Rb® cos(bx) + Thsin(bx) — Rb cos(bx)

y" —y' = T[b® + b]sin(bx) — R[b* + b] cos(bz) = sin(bx)

T +b =1, R=0.

Step 5:

EXAMPLE:
A particular solution of the equation

y" — 1y = Asin(bx)

18

_ Acos(bx)
VW=




EXAMPLE:
A particular solution of the equation

y" —y' = Acos(bx)

18

_ —Asin(bx)
="y

EXAMPLE:

A particular solution of the equation

y" —y' = sin(z) + 2sin(2z)
1s
~ 1-sin(x) 2 -sin(27)

ylw) = 13+1 + 23+ 2

EXAMPLE:

A particular solution of the equation

18




Lecture 13

GENERAL THEORY:

Consider equation (2.1) with constant coefficients

> pey™ =r(x) (2.6)

on the interval I = (—m, ) and assume that

(e 9]

r(z) =Y _[am cos(mz) + by, sin(ma)], (2.7)

m=0

where coefficients a,,, b,, are given and decay as m — oc.
Note that

QU cOS(Mx) + by sin(ma) = R{(ap, — by, )™}

Denote A, = a,, — ib,, and write down (2.7) as

=R {i Ameimz} : (2.8)

A particular solution of (2.6) with the RHS (2.8) is sought in the form

=R {i AmRmem} (2.9)

with unknown complex coefficients R,,. Calculate

y®(z) =R {i AmRm(z’m)keimx} . (2.10)

Plug (2.10) and (2.8) into equation (2.6)

k=0 m=0 m=0

and change the order of summation on the left-hand side

m=0 k=0 —

or

10



{Z AR Q(im) 1]6“7”‘“} =0,
where the function Q(r) is defined by (2.5). We assume that Q(im) # 0 for m > 0.

Therefore, R,, = 1/Q(im) and a particular solution of (2.6) is

zé)%{;] oG } (2.11)

IMPORTANT If the RHS r(x) in differential equation (2.6) can be presented in the form (2.7),
then a particular solution of (2.6) is given by (2.11).

IMPORTANT The series (2.7) represents a periodic function of period 27.

DEFINITION 19 A function r(x) is said to be periodic if it is defined for all real z and if there is
a positive number p such that r(z + p) = r(x). The number p is called a period of f(x).

IMPORTANT The solution (2.11) is a periodic solution of (2.6) for the periodic RHS r(x).
Check that p = 2x for the function defined by (2.7).

DEFINITION 20 The series (2.7) is known as Fourier series.

FOURIER SERIES [EC 10.2]

We assume that f(x) is a periodic function of period 27w. The Fourier series of the function f(x) is
a trigonometric series

flz) =ap+ Z[an cos(nx) + by, sin(nx)], (2.12)

n=1

whose coefficients a,, and b,, are determined from f(x) by Euler formulas

1 iy
=5 /_7r f(z)dx, (2.13)

= %/_ﬂ f(z) cos(nzx)dz, (2.14)

11



b, = — /7r f(z) sin(nz)dz. (2.15)

Derivation of (2.13-15)

(2.13)

Integrate both sides of (2.12) from —7 to 7 term by term

—T —T

/: f(x)de = /: apdz + g [an /7r cos(nz)dx + by, /7r Sin(ngj)dx] :

/ cos(nz)dz = 0, / sin(nz)dz = 0, / apdz = 2may,

—T —T —T

/7r f(z)dz = 2ray = (2.13)!

(2.14)

Multiply (2.12) by cos(mz), where m is any fixed positive integer, and integrate both sides of the
resulting equation from —7 to 7 term by term

™

/:rr f(x) cos(max)dr = ag /7; cos(mx)dx+§:l {an/ cos(nz) cos(maz)dz + bn/ sin(nx) cos(mx)dx

™

—Tr —T

By using trigonometric formulae

1 1
cos Acos B = 5 {cos(A+ B) +cos(A—B)}, sinAcosB = 5 {sin(A + B) +sin(A — B)},

we have
f(z) cos(mz)dr = am/ cos? (ma)dz.
Here . -
cos?(mz) = 5 {1 + cos(2mz)}, / cos?(mz)dr = 7+ 0 = (2.14).
(2.15)

12



Multiply (2.12) by sin(mz), where m is any fixed positive integer, and integrate both sides of the
resulting equation from —7 to 7 term by term

/:rr f(x)sin(maz)dr = ag /7; sin(mm)dx+§: [an /7r cos(nx) sin(maz)dz + b, /7r sin(nx) sin(mx)dx

—Tr —Tr

n=1

By using trigonometric formulae

sin Asin B = % {cos(A — B) —cos(A+ B)}, sinAcosB = % {sin(A+ B) + sin(A — B)},

we have

/7r f(z)sin(ma)dx = bm% /7r cos(mx — mx)dzr = b, 7 => (2.15).

The coefficients given by (2.13) - (2.15) are called the Fourier coefficients of f(z).

EXAMPLE

Consider f(x) = —k, where —7 < & < 0, and f(z) = k, where 0 < x < m. Calculate the Fourier
coefficients of f(x).

This is an odd function, f(—x) = —f(z), defined on the symmetric interval —m < z < w. Therefore,
a, =0, n > 0. Formula (2.15) gives

by = % /_ : F(x) sin(nz)dz = » /_ i(—k) sin(nz)dz + /0 " fsin(na)dz

(e

™
ko[° E [™ L/ — 0 g/ 7
= ——/ sin(nz)dx 4+ —/ sin(nz)dr = —— (M) + ( COS(WU))
) . T Jo T n . T n 0
= Ricoslnm) KL=t - By costom) = 2241 - (1)
T n T n nim nw
4k

bam = 0, bam+1 = m

The Fourier series of our function has the form

flz) = % (Sin(g;) + % sin(3z) + %Siﬂ(&'f) + .. ) - % Z %:11)1’]

™

This Fourier series, in particular, provides a useful formula

13



4k 1 1
f(g) =k=— (sm(z) + §sin(3§) + gsin(%r) + >
or
TR S
3 5 7 4
Lecture 14

THEOREM 17 If a function f(x) defined in the interval [—m, 7] and its first derivative f’(z) are
continuous, satisfy the conditions

fl=m)=f(m),  fi(=m)=[f(x) (2.16)

and the second derivative is integrable
[1rwie<c, 2.17)

then the Fourier series (2.12), with coefficients a,, and b,, given by (2.13) — (2.15), converges at every
point of the interval.

SKETCH OF PROOF Integrate (2.14) and (2.15) by parts twice and use conditions (2.16). This

gives

an = % / f"(z) cos(nx)d.

Estimate |a,| as

lay| = % / () cos(na)da| < % / | () cos(nz)| dz

1 r 1 j
Use (2.17) to deduce

C
la,| < —.
n

In a similar way find
|bn| <

14



These inequalities give

. 2C
|a, cos(nx) + by, sin(nz)| < |a,| + |by| < o)

which implies that the series (2.12) converges for any x € [—m, ].
THEOREM 18 If a function f(x) defined in the interval [—m, 7], its first and second derivatives

are piecewise continuous, then the Fourier series (2.12), with coefficients a,, and b, given by (2.13) —
(2.15), converges to f(z) at every continuity point of f(x) and to

[f(z = 0) + f(z +0)],

N | —

if x is a discontinuity point of f(x).

IMPORTANT Fourier series (2.12) is defined in unique way for a given function f(x) and given
interval of .

FOURIER SERIES OF FUNCTIONS DEFINED IN INTERVAL [a, a+2L] [EK, 10.3]

Consider a function f(z) defined in the interval (a,a + 2L), where a can be different from —m and
2L can be different from 27. The function f(x) is assumed to be piecewise smooth.

Define the new function F'(v) as [x = vL/7m 4+ a + L]

F(v)=f(vL/m+a+ L), (—m <wv<m). (2.18)

The function F'(v) is defined on the interval —7 < v < 7 and is piecewise smooth. This function can
be presented by its Fourier series as

F(v) = Ao+ Z[A" cos(nv) + B, sin(nv)], (2.19)

n=1

where the coefficients A,, and B, are given by Euler formulas (2.13) — (2.15):

1 v
Ay = — F(v)dv,
2 J_ .
1 [7 1 [7 )
A, = _/ F(v) cos(nv)dv, B, = —/ F(v) sin(nv)dv. (2.20)
) T ) _r

Substituting v = (x —a — L) /L into (2.19) and using (2.18), we can write down (2.19) as

™

flz) =Ao+ io: [An Ccos (T([L' —a— L)> + By, sin <%(m —a— L))] : (2.21)

Here

15



cos (%(m —a— L)) = COS <%(w - a)) (—=1)", sin <%(:{; —a— L)) = sin (%(x - a)) (=)™
Substituting v = (x — a — L)7/L into (2.20) and using (2.18), (2.22) we find 22
Ay = % :HL f(z)dx =: ao,
A, = %/jm £(z) cos (%(x - a)> dz(—1)" =: ap(—1)",
B, = %/aam f(x)sin (%(m . a)) da(=1)" =: by(—1)" (2.23)

Substituting (2.22) and (2.23) into (2.21), we arrive at the Fourier series for a function defined in an
arbitrary interval

f(z) =ao+ i [an cos (%(x - a)) + b, sin (%(x - a))} , (2.24)
ap % j f(z)dz,
ap = %/;HL f(x) cos <—(a: — a)) dz,
b, = %/QGHL f(z)sin <%(m - a)) dz. (2.25)

EXAMPLE

Consider a piecewise smooth function f(z) defined in the interval (0,27). Equations (2.24) and
(2.25) with @ = 0 and L = 7 provide the Fourier series for this function and the coefficients of the
series as

flx)=ag+ Z la,, cos(nx) + b, sin(nx)] ,
! ' f(z)dz, a,= L (x) cos(nx)dz, b, = L[ (x) sin(nz)dx. (2.26)

ap = —
2m Jo T Jo T Jo

These formulas are similar to (2.12) — (2.15) but the limits of integration are different.

EXAMPLE

Consider a piecewise smooth function f(x) defined in the interval (—L,L). Equations (2.22) and

(2.23) with a = —L provide the Fourier series for this function and the coefficients of the series as
f(z) = Ao+ ; [An Ccos <7T—£Lx) + B, sin (%x)} . (2.27)

16



iL/LLf(x)dx, / f@)cos (Tha) de, B, = %/LLf(x)sin (o) de. (229)

These formulas are identical to (2.12) — (2.15) if L = 7.

Lecture 15

EXAMPLE
Find the Fourier series of z(1 — z) in the interval (0, 1).

In this example, a = 0 and L = . Equations (2.24) and (2.25) with a = 0 and L = £ provide the
Fourier series for this function and the coeflicients of the series as

z(l—x) =ag+ Z lan, cos(2mnx) + by, sin(2mna)] (2.29)

n=1

1 1 1
ag = / (1 —2x)dz, a,= 2/ (1 — x) cos(2mnx)dz, b, = 2/ z(1 — x) sin(2mnx)de.
0 0 0

By algebra,

1 1
a0:67 an:—w, b, =0
which make it possible to present (2.29) as
I 1 X cos(2mnz)
Setting = 0 in (2.30), we find
oL 1 = 1
6 m<=n’
or
1 72
26
—n 6

FOURIER SERIES OF EVEN AND ODD FUNCTIONS

Consider a piecewise smooth function f(x) defined in the interval (—L, L). Such a function is called

odd if f(—) = —f(x), and even if f(—a) = f(x).

17



If f(x) is odd, then (2.28) give (check!)

A, =0 (n>0), B,=— %/OL Fla)sin (Tr) do (0> 1), (2.31)

The corresponding Fourier series has the form

fla) = i B, sin (%x) . (2.32)

If f(x) is even, then (2.28) give (check!)

B,=0(n>1), A,= %/OL f(z) cos <%x> dz (n>1), Ay = %/OL f(z)dx. (2.33)

The corresponding Fourier series has the form

flz) = Ao+ i A, cos (%x) . (2.34)

HALF-RANGE FOURIER SERIES [EK 10.5]

Consider a piecewise smooth function f(x) defined on some interval (0, L). Suppose we extend the
domain of definition to (—L, L) by defining the odd function

F(z)=f(z) (0<z <L) and F(z)=—f(-2) (-L <z <0).
According to (2.31) and (2.32), the Fourier series for the odd function F'(z) is

F(z) = i B, sin (%x) (-L<x< L), B,= % ’ (x) sin <ﬂl’) dz.
n=1 0

Limiting the range of x to (0, L), we obtain

s . /TN 2 [k . (TN
f(z) = ;Bn sin (Tx) (0<z< L), B,= /) (x) sin (Tx> dz. (2.35)
EXAMPLE f(z) =cosx (0<z<m)
Calculate with L = m:
2 [T 2
B, = %/0 cos(z) sin(nz)dz = %[1 - (—1)”“]%.
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2m

2
Bopmi1 =0, By =—X2X —5—°,
2t 2 7TX ><47712—1

8 = msin(2mr)
COST = ; Z m .

Suppose we extend the domain of definition of the original function f(x) to (—L, L) by defining the
even function

F(r)=f(z) (0<x <L) and F(z)= f(-2) (=L <z <0).
According to (2.33) and (2.34), the Fourier series for the even function F(x) is

F(z) = A0+ZA cos(wgb )

Limiting the range of x to (0, L), we obtain

flz)= Ao+ iAn cos <%x) (0 <z < L), (2.36)
L L
= %/0 f(x)cos <7rL_n$> dz, Ag= %/o f(x)dz

EXAMPLE flx)=2* (0<z<m)

Calculate the coefficients in (2.36) with L = 7

1 [ 2
Aoz—/ x2dx:7r—,
T Jo 3

/OW 22 cos(nz)dz = (1),

The half-range Fourier series for 22 is

cos(nx) (2.37)

oo|>‘

Setting x = 0, find

or in another form



Dealing with Fourier series (2.30), we derived the formula

TN RS W S
22 32 42 52 62 6
Summing up these two series, we find
2+2+2+2+ i
32 52 T 4
or
1+1+1+1+ 7T2
32 52 7 8

or in another form

nd s
> G 2n—|—1 )

n=0

The Fourier series (2.37) can be integrated wrt = term-by-term from x = 0 to « with the result

3 2 e _1)n

2 o7 ( .
3251—4—42 3 sin(nx).

Setting in this equality # = 7 and taking into account that sin(n7/2) = (—1)™ for n = 2m + 1 and
sin(nm/2) = 0 for n = 2m, obtain

3 3 0 m
_:__4 Y
3-8 6 %Qm—l— 3

or
S
m:02m—|— 32
or
. 1+1 1+1 s
3B 5 7393 T 32

It is seen that Fourier series for different functions defined in different intervals provide useful formulas
for series in a simple way. However, the Fourier series are very useful for solving boundary value
problems for Partial Differential Equations.
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Lecture 16

PARTIAL DIFFERENTIAL EQUATIONS [EK 11]

DEFINITION 21 An equation involving one or more partial derivatives of an unknown
function of two or more independent variables is called a partial differential equation. The order of
the highest derivative is called the order of the equation.

Important linear partial differential equations of the second order

1D wave equation

0? 02
8_751; - CQa—Z, u=u(x,t) hyperbolic equation
x
1D heat equation
ou 0%u : :
5 = Dam u= u(z,t) parabolic equation
2D Laplace equation
0? 0?
a_;; T 8_;; =0, wu=u(x,y) elliptic equation
2D Poisson equation
0? 0?
8_12‘ + 8_7“2‘ — f(z,y), u=u(z,y) -elliptic equation
x2 Oy

2D wave equation

Pu , (0*u DPu

—— = - + -

ot? oxr?  Oy?
2D heat equation

> ., u=u(z,y,t) hyperbolic equation

ou D (82u 0%u

i 2 + 8_?;2) ,  u=u(z,y,t) parabolic equation

DEFINITION 22 A function which has all the partial derivatives appearing in the equation
in a region R and satisfies the equation in R is called a solution of the partial differential equation
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in the region R.

SUPERPOSITION PRINCIPLE If uy and uy are two solutions of a PDE in some region,
then ciu; + cous is also a solution.

The unique solution of the PDE corresponding to a given physical problem is obtained by using
additional information (boundary and initial conditions) specifying the physical situation under con-
sideration.

One-dimensional Wave Equation [Vibrating spring] [EK 11.2]

An elastic string with tension 7" and mass per unit length p is stretched to length L along the z-axis
and fixed at the endpoints. The string is distorted and then at ¢t = 0 is released and allowed to
vibrate in the (x,y) plane. We need to determine the vibrations of the string, this is, to find its
deflection u(z,t) at any point 0 < z < L and at any time ¢ > 0.

Consider a small element of the string [,z + Az of length Az. The mass of the element is pAx.
Motion of this element in y-direction is governed by Newton’s second law

2
u
pAzx - — = vertical component of the force due to the tension = F(z, )

ot?
Let 7(z,t) be the unit tangent vector to the distorted string, y = wu(x,t). Then F(z,t) is the
y-component of the force vector

T7(x + Ax,t) — T7(x,t).
Recall that 7(z,t) = (1,u,)/+/1 4+ u2 =~ (1, u,) for small deflections of the string. Therefore,

T7(x+ Ax,t) — T7(x,t) = T - (Luz(x + Az, t)) =T - (L uz(x,t) =T - (0, uy(z + Az, t) — uy(z,t)).
We have

0*u
pAzx - ol T (ug(x + Az, t) — up(z,t)).

Divide the latter equation by pAz, denote ¢* = T'/p and let Az tend to zero:
Pu 0%
— =Cc"—.
ot? Ox?
The constant ¢ in (3.1) is known as the wave speed. This equation is also known as acoustic equation
because it describes sound propagation along a tube. The sound speed in air ¢ = 330 m/sec.

(3.1)

Show that u(x,t) = f(£), & =x — ct is a solution of (3.1) for any differentiable function f(&).
Show that u(x,t) = g(¢), &=z + ct is also a solution of (3.1) for any differentiable function g(¢).

Equation
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o =\ oy
describes vibration of a membrane. 3D wave equation
Pu  , (*u Pu  D*u
= = + +
ot? ox?  0y*? 022

is used in studies of acoustic characteristics of rooms and noise produced by moving (and vibrating)
airplanes and ships.

Pu 2 (82u 82u)

Lecture 17

Heat equation

Consider a solid R. We need to find an equation which governs the temperature distribution
O(x,y, z,t) inside R. Let us distinguish an arbitrary volume V inside the solid and write down
the energy conservation law for this volume. This conservation law states that a variation of thermal
energy of the volume V' is only due to the flux of the heat energy from outside through the volume
boundary V. We assume that there are no sources of the thermal energy inside R.

Variation of the thermal energy of a volume V' is calculated as

/ / / peANO(z,y, 2 1)V,
Vv

where p is the solid density, ¢ is the specific heat capacity, Af is the temperature increment in time,
Af = 0(z,t + At) — 0(Z,t). The specific heat capacity of a material is equal to the energy required
to raise the temperature of 1kg of solid by 1C. For water ¢ = 4.1813;;—.‘% and for iron ¢ = 0.45,:;—?1(

If ¢'if the flux of the thermal energy (per unit area, per unit time) out of V', then the increase of the
thermal energy in V' is (7 is the outer unit normal)

—//J-ﬁdS-At.
oV
The energy conservation law provides

///pcA@(m,y,z,t)dV = —//q_’-ﬁdS-At.
1%

ov
Dividing this equality by At and letting At — 0, we find

00 -
///pcadv——//cpndé’
% oV

—~
S
~—

The divergence theorem gives
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//cf-ﬁdS:// V.-qdV. (b)
oV %

///{pc%%—v-q"}d‘/:O

%

and taking into account that V' is an arbitrary volume in the solid R, we have

Substituting (b) into (a)

00 "
pca—i-v-q:(). (¢)

The flux of thermal energy ¢ is given by Fourier law of heat conduction

where the constant k is the coefficient of thermal conductivity of the material.

Substituting (d) into (c) and taking into account that V -V = V2 we arrive at the heat equation

% = DV?0, (3.2)

where D = k/(pc) is the thermal diffusion coefficient and V? is the Laplacian

0%0  0%*0 0%
02 + ? + 9.2 (3.3)

For heat conduction along a 1D bar, when 6 = 0(x,t), equation (3.3) reduces to

V3 =

00 020
—=D— 3.4
ot Ox?’ (34)
Laplace’s equation
Steady state distribution of temperature, when 6; = 0, is governed by Laplace’s equation
V20 =0, (3.5)

as it follows from (3.3). This equation arises in many different contexts: water waves theory, poten-
tial flows, electromagnetism.

In 2D case, Laplace’s equation reads
0%u N Pu
ox2  oy?

in this unit we concentrate mainly upon solving the 1D wave equation (3.1), 1D heat equation (3.4)
and Laplace’s equation (3.6).

0, wu=u(zvy). (3.6)

24



We will use the Method of Separating Variables to solve each of these equations and Fourier method
to satisfy initial and boundary conditions.

Method of Separating Variables for 1D wave equation [EK 11.3]

An elastic string with tension 7" and mass per unit length p is stretched to length L along the z-axis
and fixed at the endpoints. The string is distorted and then at ¢t = 0 is released and allowed to
vibrate in the (x,y) plane. We need to determine the vibrations of the string, this is, to find its
deflection u(z,t) at any point 0 < z < L and at any time ¢ > 0.

The string deflection is governed by the 1D wave equation (3.1)

2 2
%202% 0O<z<L, t>0). (3.7)

We have two boundary conditions

u(0,t) =0, u(L,t) =0 (t > 0). (3.8)

The motion of the string depends on the initial deflection u(x,0) and initial velocity of the deflection
u(z,0). We have two initial conditions

ou

u(x, O) = f($)7 a(mv O) = g(x)v (39>

where the functions f(x) and g(x) are given and such that f(0) = f(L) = 0 and ¢(0) = g(L) = 0,
this is, the endpoints of the string are fixed.

We need to find the function u(z,t) satisfying equations (3.7) — (3.9).
We shall proceed step by step, as follows.

Step 1. By applying the method of separating variables, we obtain two ODZEs;

Step 2. We determine solutions of these ODEs, which satisfy the boundary conditions;

Step 3. We compose these solutions so that their superposition satisfies the initial conditions.

Step 1

We are searching for functions in the form
u(z,t) = F(z)G(t) (a)
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which satisfy the wave equation (3.7).
By inserting (a) into (3.7) we have
F(2)G"(t) = AF"(2)G(t). (b)
Dividing (b) by 2FG
G//(t) _ F//<x> (C)
AGEt)  F(x)’

In (c), the LHS depends only on ¢ and the RHS only on z. Therefore, both sides must be equal to a
constant k, say. This procedure gives us two ODEs

F" — kF =0, (d)

G" — kG = 0. (e)

Step 2

We shall now determine solutions of equations (d) and (e) such that the function (a) satisfies the
boundary conditions (3.8). These conditions should be satisfied for any ¢ > 0. This is possible if and
only if

F(0) =0, F(L)=0. (f)

This implies that we should find solutions of H-LODE2 (d) subject to homogeneous boundary conditions
(f). Note that F' = 0 is a solution of this homogeneous BVP. The question is Are there non-trivial
solutions and for which values of k these solutions can be obtained?

Up to now the constant k in (d) was arbitrary. Let’s consider three different cases.
First, £ = 0. In this case

F(z) = 1z + ¢

and (f) provides ¢; = 0 and ¢; = 0. Thus, we have only the trivial solution if k£ = 0.
Second, k is positive. In this case, k = p?, p > 0, and the general solution of (d) is

F(z) = cpexp (ux) + coexp (—pux).
Check that the boundary conditions f can be satisfied only with ¢y = 0 and co = 0.

Therefore, for k£ > 0 in (d) there are no non-trivial solutions which satisfy the boundary
conditions (f).

In the third case k is negative, say, k = —u?. A general solution of (d) reads
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F(x) = ¢; cos(pux) + cosin(ux)

(9)

Substituting (g) into the boundary condition F(0) = 0, we find ¢; = 0. The boundary condition

F(L) = 0 provides

cosin(pul) = 0.
If ¢ =0 in (h), then F(z) = 0, which is the trivial solution. Hence sin(pL) = 0 which gives
fn =nm/L, n=1, 2, 3,..
Setting co = 1, we obtain infinitely many solutions
F,(x) = sin(mnz/L).
Substituting (i) into (e), we find a general solution of this equation

G(t) = A, cos(enmt/L) + By, sin(cnmt/ L)
with undetermined coefficients A,, and B,. Equations (a), (j) and (k) provide the functions

Up(z,t) = [An oS <CT£7T ) + B, sin (Cnthﬂ sin <%x>

which satisfy the wave equation (3.7) and the boundary conditions (3.8).

Step 3

(h)

(4)

(7)

The solutions (1) cannot satisfy the initial conditions (3.9) on their own. The Superposition Principle

shows that the linear combination

t) = Z un(z,t)

also satisfy the wave equation (3.7) and the boundary conditions (3.8).

Substitute (m) and (e) into (3.9):

5~ s (750) s (270) o () = 3 i () = 1,

n=1

(m)

i [ Ancn—ﬂ sin (CRTWO> + Bnch7T cos <CTLT7T0>} sin ( ) Z B 7 sin ( ) =g(z). (o)

n=1

It is seen that (n) and (o) are half-range sin-Fourier series (2.35). Therefore, formulas (2.35) give

enm 2 [ . (TN
/ f(x sm ) dz, BTLT = E/o g(z) sin <fx> dz.

(p)



EXAMPLE [EK, 11.3]

Find the shape of the string corresponding to the triangular initial deflection
flz) =2azx/L (0<xz<L/2), f(zr)=2a(L—2)/L (L/2<z<0L),

where a is the amplitude of the initial deflection. The string deflection is described by the wave
equation with ¢ = T'/p. The string length is L. There is no initial velocity of the string, g(z) = 0.

Using formulae (1), (m) and (p), show that

u(ot) = 23 % cos|re(2m + 1)t/ L] sin[wz(2m + 1)/I] (3.10)

m=0

The string shapes for ¢ = 1m/s, L = 1m and a = 10cm at t=0s, 0.25s, 0.5s, 0.75s, 1.0s are shown in
the following Figures with 100 and 10 terms taken in the series (3.10).

It is seen that the solution is well reproduced even with small number of terms.
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Lecture 18

Method of Separating Variables for 1D heat equation [EK 11.5]

The temperature distribution in a long thin bar of constant cross section and homogeneous material
is described by the one-dimensional heat equation (3.4)

00 020

— =D—,

ot Ox?
The bar of length L is oriented along the z-axis. The ends of the bar are kept at temperature zero.
This gives us the boundary conditions

(3.11)

0(0,t) =0, O(L,t)=0. (3.12)

Let f(x) be the initial distribution of the temperature in the bar. Then the initial condition is

0(z,0) = f(x). (3.13)

Note that the number of initial conditions is equal to the highest order of the time derivatives in the
equation. Two initial conditions were required for the wave equation but one for the heat equation.

We shall determine a solution 0(x,t) satisfying (3.11), (3.12) and (3.13).

FIRST STEP.

We are searching for functions in the form

O(z,t) = F(x)G(t) (3.14)
which satisfy the heat equation (3.11).
By inserting (3.14) into (3.11) we have
F(z)G'(t) = DF"(x)G(t). (3.15)

Dividing (3.15) by DFG

G'(t F”
) _ ) (3.16)
DG(t)  F(x)
In (3.16), the LHS depends only on ¢ and the RHS only on z. Therefore, both sides must be equal
to a constant k, say. This procedure gives us two ODEs
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F' — kF =0, (3.17)

G’ — DkG =0, (3.18)

SECOND STEP.

We shall now determine solutions of equations (3.17) and (3.18) such that the function (3.14) satisfies
the boundary conditions (3.12). These conditions should be satisfied for any ¢ > 0. This is possible
if and only if

F(0)=0, F(L)=0. (3.19)

The problem (3.17), (3.19) is identical to the problem (d), (f) for the wave equation. Therefore,
non-trivial solutions of problem (3.17), (3.19) exist only for k = —(7n/L)? n > 1, and have the form

. (TN
F,(x) = sin <fx> : (3.20)
A general solution of ODE (3.18) with k = —(7n/L)? is
™\ 2
Ga(t) = A, exp {— (T) Dt} (3.21)
Equations (3.14), (3.20) and (3.21) provide the functions
T\ 2 . /TN
On(x,t) = A, exp {— (T> Dt} sin (Tx) (3.22)

which satisfy the heat equation (3.11) and the boundary conditions (3.12) for any coefficients A,,.

THIRD STEP.

The solutions (3.22) cannot satisfy the initial conditions (3.13) on their own. The Superposition Principle
shows that the linear combination

O(z,t) = i&n(a:,t) (3.23)

also satisfies the heat equation (3.11) and the boundary conditions (3.12).
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Substitute (3.23) and (3.22) into the initial condition (3.13):

oo 2 o0

nz:l A, exp {— (%) D - 0} sin (%:p) = nz:l A, sin <%x> = f(x), (3.24)
This equation is identical to equation (n) for the string problem.
It is seen that (3.24) is half-range sin-Fourier series (2.35). Therefore, formulas (2.35) give

A, = %/OL f(x)sin (%x) dz (3.25).

Formula (3.23) with (3.22) and (3.25) provides the required solution of the problem (3.11) — (3.13).

EXAMPLE [EK, 11.5]

Find the temperature evolution in a bar of length L whose ends are kept at zero temperature,
6(0,t) = 0 and 0(0,t) = 0. Initial temperature distribution in the bar 8(x,0) = f(z) is triangular

flz)=2az/L (0<xz<L/2),f(x)=2a(L—2)/L (L/2<zx<L)

where a is a given constant.

Compare the solutions of the wave equation and the heat equation to deduce

O(x,t) = % 2 % exp {— (W) Dt} sin[rz(2m + 1)/L] (3.26)

The temperature distributions for D = 1m?/s, L = 1m and a = 10C at t=0s, 0.1s, 0.2s, 0.3s are
shown in the following Figures with 10 terms taken in the series (3.26).

IMPORTANT

If the initial temperature distribution is given as f(z) = 6y sin(mwx/L), then (3.24) provides A; = 6
and A, =0 for n > 2. Correspondingly, 0(z,t) = 0;(x,t) in (3.23), where

buant) = toexp { = (7)" Dt fsin ().
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Method of Separating Variables for 2D Laplace’s equation [EK 11.5]

If the temperature does not change in time, then the steady temperature distribution 6(z,y) in a 2D
solid R is governed by Laplace’s equation
020 0%
V= —+— =
ox?  0y?
We should determine a solution of (3.27) which satisfies a given boundary condition on the boundary
curve C' of 2D solid R. There are three types of the boundary conditions:

0. (3.27)

1. Dirichlet BC, if 6 is prescribed on ('
2. Neumann BC, if the normal derivative 96/0n is prescribed on C

2. mized boundary conditions, if 6 is prescribed on a portion of C' and 90/9n on the rest of C'.

We consider a Dirichlet problem in a rectangular R, assuming that the temperature # is equal to a
given function f(x) on the upper side, y = b, 0 < < L, and zero on the rest of the rectangular
boundary:

O(x,b) = f(z) (0<z<L), 0(z,0)0=0 (0<z<L), (3.28)

0(0,y) =0 (0<y<b), 0Ly =0 (0<y<b), (3.29)
We shall determine a solution 0(x,y) satisfying (3.27), (3.28) and (3.29).
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FIRST STEP.

We are searching for functions in the form

0(z,y) = F(z)G(y) (3.30)
which satisfy Laplace’s equation (3.27).
By inserting (3.30) into (3.27) we have
F"(2)G(y) + F(x)G"(y) = 0. (3.31)
Dividing (3.31) by FFG
F'(z) _ G"(y)
= — . 3.32
o)~ Gl 532

In (3.32), the LHS depends only on = and the RHS only on y. Therefore, both sides must be equal
to a constant k, say. This procedure gives us two ODEs

F' — kF =0, (3.33)

G"+ kG =0, (3.34)

SECOND STEP.

We shall now determine solutions of equations (3.33) and (3.34) such that the function (3.30) satisfies
the boundary conditions (3.28) and (3.29). The conditions (3.29) should be satisfied for any 0 < y < b.
This is possible if and only if

F(0)=0, F(L)=0. (3.35)

The problem (3.33), (3.35) is identical to the problem (d), (f) for the wave equation. Therefore,
non-trivial solutions of problem (3.33), (3.35) exist only for k = —(7n/L)? n > 1, and have the form

. (TN
F,(z) = sin (Tl) (3.36)
A general solution of ODE (3.34) with k = —(7n/L)? is

Gn(y) = A, sinh {%y} + B, cosh {%y} (3.37)

The boundary condition on y = 0 provides B,, = 0.
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Equations (3.30), (3.36) and (3.37) provide the functions

On(z,y) = A, smh{ 7 y} sin (%x) (3.38)

which satisfy Laplace’s equation (3.27) and the boundary conditions along the boundary of the rect-
angular except of its part where y = b.

THIRD STEP.

The Superposition Principle shows that the linear combination

= Oulx,y) (3.39)

also satisfies Laplace’s equation (3.27) and the boundary conditions along the boundary of the rect-
angular except of its part where y = b.

Substitute (3.39) and (3.38) into the boundary condition at y = b:

> ™ ™
A, si h{—b} i <— ): , 3.40
; sinh | by sin (— f(z) (3.40)
This equation is identical to equation (n) for the string problem.
It is seen that (3.40) is half-range sin-Fourier series (2.35). Therefore, formulas (2.35) give

A, smh / f(z)sin —a:) dz (3.41).

Formulae (3.38) with (3.39) and (3.41) prov1de the required solution of the Dirichlet problem (3.27)
~(3.29)

O(x,y) = ia M sin (an> a, = %/OL f(z)sin (%x) dz.

— sinh {"”b}
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