Chapter 5

Fourier series and separation of variables

5.1 Introduction

In the previous chapter, we introduced the finite difference method as a numerical approach for solving
a specific class of linear partial differential equations (PDEs). In this chapter, our goal is to solve these
same PDEs analytically. We recall that a PDE is said to be linear if the dependent variable and its
derivatives appear at most to the first power and in no functions.

To achieve this, we will employ the method of separation of variables, which involves transforming
the PDE into a system of ordinary differential equations (ODEs).

General idea of the separation of variables

The idea of separation of variables is quite simple. Assume that you have a linear PDE along with some
boundary and/or initial conditions. For clarity, let us assume that the PDE is linear and homogeneous,
and that the boundary conditions are also linear and homogeneous. Assume also that the equation
involves two variables: the first, referred to as time ¢, and the second, referred to as space .

Methodology 5.1.1 (Idea of the separation of variables). The method of separation of
variables can be broken down into three steps:

Step 1: Find nonzero solutions of the PDE which have a product form

u(z,t) = X(x)T(t).

Step 2: Select from among the solutions found in Step 1 those solutions which satisfy the BC.
There will typically be an infinite sequence of these:

up(z,t) = Xp(2)To(t), n=1,2,...

Step 3: Observe that, because the PDE and BC are linear and homogeneous, any linear com-
bination of solutions of these will again be a solution. Thus for any choice of coefficients
b1, ba, ... the linear combination

u(z,t) = Z b (z,t)

7
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will again be a solution of the PDE and BC' (assuming the series converges). Choose the
constants by, so that u(x,t) satisfies the initial condition.

5.2 Solution to the heat equation by separation of variables

Now, let us apply the previous method to the heat (diffusion) equation. We recall that the equation is
given by:

uy(2,t) = upe(w,t), 0<ax <L, t>0 (5.1)

We consider the heat equation (5.1)subject to the following initial condition:

u(e,0) = f(x) (5.2)

5.2.1 Dirichlet boundary conditions: Fourier sine series

Consider the heat conduction in an insulated rod whose endpoints are held at zero degrees for all time
and within which the initial temperature is given by f(x) as shown in Figure 5.1.
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u(e,0) = () -

Figure 5.1: Consider a conducting bar with thermal conductivity a? that has an initial temperature
distribution u(x,0) = f(x) and whose endpoints are maintained at 0°C, i.e. embedded in ice. See Prof.
Peirce’s lectures.

The system of equations is given by:
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U = Uy, 0<z <L, t>0 (5.3a)
BC:u(0,t) =0, wu(L,t)=0, (5.3b)
IC : u(z,0) = f(x), (5.3¢)

We assume a solution of the form:

u(z,t) = X(x)T(t). (5.4)
Differentiating both sides:

w = X(z)-T(t)

Uy = X" () - T(1)
Substituting these into the heat equation (5.3):

X(x)-T(t) = ®X"(x) - T(t). (5.5)

Dividing by a?X (z)T(t):
() _ X"(x) _
T - X)) (56)

Since both sides depend on different variables, they must equal a constant, denoted as A. This gives
two ordinary differential equations (ODEs):

Time equation:
T(t) = \a*T(t)

Solving this gives:

T(t) = Ce (5.7)

Space equation: an eigenvalue problem

X"(z) = AX(z), X(0) =0 = X(L) (5.8)

An obvious solution of (5.8) is X = 0. This is a trivial solution. Can we find nontrivial solutions?
The nature of X (z) depends on .

Case 1; A\ > 0: Let A\ = 2, then:

X"~ 12X =0

The general solution is (we have chosen this form for simplifications, it is also fine to use the
exponential form):

X(z) = Asinh(px) + B cosh(px) (5.9)

Applying boundary conditions:
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X(0)=0=B=0, X(L)=0= Asinh(uL)=0 (5.10)
Since sinh(uL) # 0, we must have A = 0, leading to the trivial solution.

Case 2: A = 0: The equation simplifies to:

X"(z)=0= X(z)=Ax+ B
Applying boundary conditions:
X(0)=0=B=0, X(L)=0=AL=0=A=0 (5.11)

Again, we get the trivial solution.

Case 3: \ < 0: Let A = —p?, then:
X"+’ X =0
The general solution is:

X(x) = Asin(ux) + B cos(ux). (5.12)

Applying boundary conditions:

X(0)=0=B=0, X(L)=0= Asin(uL) =0

For a nontrivial solution ( A # 0 ), we require:

sin(ul) =0=puL =nm, n=1,23,... (5.13)
Thus,
_nroy __<T>2 (5.14)
,U/n - L 9 n - L .

A, are eigenvalues. The corresponding eigenfunctions are:

X, (x) = sin (%x) (5.15)
So, the solution will have the form
nwm 2
up(z,t) = e~ (')t gin (?) =12 .. (5.16)

Since the Equation (5.3) is linear, a linear combination of solutions is again a solution. Thus the
most general solution is:

ulwt) =3 bue @ (F) tsin (?) Cbyn=1,2,.. . (5.17)

n=1




5.2. SOLUTION TO THE HEAT EQUATION BY SEPARATION OF VARIABLES 81

How can we find those coefficients?

Using the initial condition u(z,0) = f(z) :

flz) = ibn sin (n_zgc)

This is the Fourier sin series of f(z). We have the following question in mind:

(5.18)

Given a function f(z) defined on [0, L], do there exist constants by, by,

... such that (5.18) holds? If
the answer is "yes" then (5.17) is the solution to the heat equation problem (5.3).

We want to write the function f(x) in terms of the sum of an infinite number of basis functions
sin (“7%)

72). This is similar to projecting a vector on a set of basis vectors. The sine function is periodic
on the interval [0,2L] or [-L, L] :

. (nm(x+2L) _ (mrac +o ) ) (mm)
sin | ——= | =sin(—— +2n7) =sin ( —
L L " L
. (nn(z—L) . (mrx L9 ) . (nn(z+ L)
sin | ——= | =sin(—— —n nr) =sin | ———=
i 7 T 7T T 7
Now, we use an important property of trigonometric functions:
Theorem 5.2.1 (Orthogonality of trigonometric functions). The trigonometric functions
sin () and cos ("22) (forn =1,2,3,...) are orthogonal over the interval [0, L] in the following
sense:
L .
0
/ sin (w) sin (m) dz =/ an 7 m (5.19a)
0 L L 3, ifn=m
L nwx mmx 0, #n#m
/ Cos <T) Ccos (T) dr=< % ifn=m+#0 (5.19b)
0 L, ifn=m=0
L
/ cos (m) sin (mmc) dx =0, VYn,m (5.19¢)
; L L

The concept of orthogonality means that the inner product of two functions (or two vectors) is
zero over an interval.

(f(x),g9(z)) = /OL f(z)g(x)dx.  (Inner product of two functions)

Proof of Theorem 5.2.1. To prove the first property (5.19a), we use the trigonometric identities:
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cos(A + B) = cos Acos B — sin Asin B
cos(A — B) = cos A cos B + sin Asin B

Using these, we rewrite the product of two sine functions:

1
sin Asin B = §(cos(A — B) —cos(A+ B))
For m #n :

I Y e e R e e R (e

_ % [(n _Lm>7r i <m(nL— m)) b mx(n + m)>
0

o (m+m)m S ( L

)

For m = n, we use:

Thus:
/L sin? (@) dr = /L1 <1 — cos (2mm:)) dx
0 0 2 L
1 I L onma |-
:§[x|0—%sn< 7 >0]
L
T2
The case of (5.19b) and (5.19¢) follow with similar arguments. O

Finding Fourier coefficients b,

Going back to our Fourier series representation:

flz) = ibn sin (n_zx)

To find b, multiply both sides by sin (%) and integrate over [0, L] :

/OL f(x)sin (m;rx) dr = ibn /OL sin <$> sin (mj;r:c) dz

So:

L L
. (MmTx . . o (MTX
/0 f(a:)sm( 7 )d:v—0+()+ +bm/0 sin <—L )dm—I—O—I—O—i—...

all terms in the sum, except the m' term are zero. Hence,
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/OLf(x)sin (?) dx = by, g

Thus, the Fourier sine coefficients are:

2 L
bm:Z/o f(x)sin<m2x>dx, m=123,...

Finally, the most general solution to (5.3) is given by

u(z,t) = i (z /OL () sin (%) d:zt) e (E)  sin (”Z‘”) (5.20)

Example 5.2.1 (Fourier sine expansion). Let us solve (5.3) with f(x) =z,0 <z <1,L=1. We
have using the integration by part formula,

1 (_1)n+1
b, = 2/ xsin(nmz)dr = 2
0 nm
Hence,
2 e (1) e e
) == —a?(nm)t L
u(z,t) . ,?:1 e sin(nmx)

We can use the latter expression to compute some series: for example, if t =0 and x = %, then
we have

€o -1 n+1
u(1/2,0) = f(1/2) =1/2 = %Z % sin(nm/2)

k n sin(nmw/2)
0 1 1

2 0
1 3 -1

4 0
2 5 1

Therefore,

—~ (=DF o«
§(2k+1) T4

k=0

Example 5.2.2. We want to solve the following PDE problem:

upy = 0.003uy,, O0<zxz<1,t>0
u(0,t) =u(l,t) =0
u(z,0) =50z(l —z) forO<az<1
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Figure 5.2: Representation of the terms of the Fourier series of f(x) = z.
As previously, we need to write f(zr) = 50z(1 — z) for 0 < x < 1 as a sine series. That is,

f(z) =577 bysin(nnz), where

! 200 200(=1)" [0 -
b, = 2/ 50x(1 — x) sin(nmx)dx = _ (—1) = an even
0 win? mon? =3 ifn odd

Hence the solution u(zx,t), is given by:

> 1

m sin((2k + 1)7rx)e*(2k+1)27r20.003t
0

5.2.2 Neumann boundary conditions: Fourier cosine series

Consider the heat conduction in an insulated rod whose endpoints are insulated and within which the

initial temperature is given by f(z) as shown in Figure 5.3
The system of equations is given by:

PDE : u; = 0®ugy,
BC: u,(0,t) =0,
IC:  w(z,0) = f(z),

O<zx<L,t>0
uz(L,t) =0,

We assume a solution of the form:
u(z,t) = X(2)T'(t)
Differentiating both sides:

u = X(z)-T(t)
Uy = X" (x) - T(2)
Substituting these into the heat Equation (5.21):

X(z)-T(t) = a®X"(z) - T(t)

(5.21a)
(5.21Db)
(5.21c)

(5.22)

(5.23)
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Figure 5.3: Consider a conducting bar with thermal conductivity o?" that has an initial temperature
distribution u(z,0) = f(x) and whose endpoints are insulated, Prof. Peirce’s lectures.

Dividing by o?X (z)T(t) :

() _ X'(x)
= =\ 5.24
a?T(t) X(x) (5:24)
Since both sides depend on different variables, they must equal a constant, denoted as A. This gives
two ordinary differential equations (ODEs):

Time equation:
T(t) = \T(t)

Solving this gives:

T(t) = Ce ™ (5.25)

Space equation: an eigenvalue problem
X"(z) = AX(z), X'(0) = 0= X'(L) (5.26)
The nature of X (x) depends on A.
Case 1: X\ > 0: Let A = p?, then:

X//—,U2X:0

The general solution is (we have chosen this form for simplifications, it is also fine to use the
exponential form):
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X(z) = Asinh(ux) + B cosh(ux). (5.27)

We note that
X'(z) = Apcosh(uzx) + Bpsinh(uz)

Applying boundary conditions:
X'0)=0=A=0, X'(L)=0= Businh(uL)=0 (5.28)

Since sinh(uL) # 0, we must have B = 0, leading to the trivial solution.

Case 2: A =0: The equation simplifies to:

X"(zr)=0= X(x) =Bz + A
Applying boundary conditions:
X'0)=0=B=0, X(L)=0=B=0 (5.29)

So, X (x) = Ais a non-trivial solution. The eigenvalue Ay = 0 and the corresponding eigenfunction
is X()(I) =1.

Case 3: \ < 0: Let A = —p2, then:

X// + ,LLQX — O
The general solution is:
X(z) = Asin(uz) + B cos(pux) (5.30)
We have
X'(x) = pAcos(ux) — puB sin(uz) (5.31)

Applying boundary conditions:

X'0)=0=>A=0, X'(L)=0= —uBsin(uL) =0

For a nontrivial solution (B # 0), we require:

sin(ul) =0=puL =nm, n=123,... (5.32)
Thus,
_onm \ o <n7r>2 (5.33)
lun - L ) n - L .

A, are eigenvalues. The corresponding eigenfunctions are:
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nmx
Xn(x) = cos (T) , n=1,23,... (5.34)
So, the solution will have the form
= (g (TEEY =
un(z,t) =e L) " cos ( 7 ) n=12 ... (5.35)
We also had another eigenvalue/function from A = 0, ug(z,t) = Ay - e®* = Ay. Since the equation

(5.21) is linear, a linear combination of solutions is again a solution. Thus the most general solution is
of the form:

= Ao + ; Ane e % " cos (%) . A,,n=20,1,2,... are constants (5.36)
Using the initial condition u(z,0) = f(z) :
nmw
flz) = AO+ZA COS< 7 ) (5.37)

As previously, we use the inner product (-,-) to project f(x) onto the basis functions in the series:
We multiply both sides of (5.37) by X(z) = 1 and integrate over [0, L]:

L L o L —
/0 f(x)dx:Ao/O 1dx+;An/0 cos (T) dx

l.e
L

= AL +0

/OLf( )Jdz = Ag - £C|0 + ZA —&n(n}iw)

= %/Lf(x)dx

Now, if we multiply both sides of (5.37) by cos (2%

L
/ f(z cos )dx—Ao/O coS (mzx) dm—l-gAn/OLcos (?) COS<

0
Hence,

) and integrate over [0, LJ:

mmnx

L

) do

L mmx nmay | " L
/o f(x)cos( 7 )dm = AOEsin <T) i + A, - 5
So,
9 L
= Z/o f(x) cos (mz:z:) dx
Thus, the Fourier cosine coefficients are:
I 2 [*
— Z/0 f(x)dx, A, = Z/o f(z) cos (mzx) dx, =1,2,3 (5.38)
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The final solution is:

= E/OL f(x)dx + szl (i /OL f(x) cos (%x) dx) cos (ﬂ%x) e Ea (5.39)

We observe that as t — oo it follows that u(z,t) — Ay = £ fo x)dzx, which is just the average
value of the initial heat f(x) distributed in the bar. This is con81stent Wlth physical intuition. It is
sometimes convenient to re-define the Fourier coefficients as follows:

CL0:2A0
ak:Ak, k=1,2,...

so that the a; can be rewritten on a unified form

/f cos( )das k=0,1,2,...

In terms of the new coefficients a; defined, the Fourier expansion for the initial condition function
f(z) is of the form

f(z) = % + nio:l ay, COS (?) (5.40)

while the solution of the heat equation (5.23) is of the form

> 2( nm 2
u(z, t) = % + Zan coS (sz) e ()t (5.41)

Example 5.2.3 (Fourier cosine expansion). Determine the Fourier coefficients ay, for the function

flz)=2z, O0<z<l=1L
and use the resulting Fourier cosine expansion to prove the identity
o0 2
2 G 2k; +1)2 §

k:O

We have,
1 e
a0:2/ xdxz?[—} =1 and
0 2 1o
1 1" =1 _ 4
a, = 2/ z cos(nmz)dr = 2% = { iy 1 odd
0 n2mw 0, n even
Therefore,
fa) =2 A5 L@k + 1yma) (5.42)
T2 W2kt : ‘

To obtain the required identity we set x = 1 in and rearrange terms. We can also deduce that the
solution of (5.23) with the initial condition u(z,0) = z is given by
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[e.e]
1 4 1 2 2
u(z,t) =5 — = E =5 Cos((2k + 1)mx)e™ (@2k+1)m)%t (5.43)
2 (2k+1)
k=0
The partial sums are shown in Figure 5.4
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Figure 5.4: Partial sums of the Fourier Cosine Series of the function f(z) =z
Example 5.2.4. Let us solve now the following PDE problem
uy = 0.003u,,,

O<x<1,t>0
uz(0,t) = u,(1,t) =0,

u(z,0) =50z(l —z) for0<ax<l.
We must find the cosine series of u(x,0). For 0 < x < 1 we have
25 50
50z(1 —z) =

=1
Hence, the solution to the PDE problem, is given by:

25 50 = 1
u(z,t) = —

2.2
2 - = p COS(2]€7TI)€ k*m<0.012¢
T

k=1

5.2.3 Heat equation on a circular ring - Full range Fourier series

Consider a thin circular wire in which there is no radial temperature dependence as shown in Figiure
5.5, i.e., u(r,0) = u(f) so that % = 0. In this case the polar Laplacian reduces to

2
Au 0“u 10u

_ n 1 0*u
o2 ror r2002
_ Pu
~0(rf)?
and if we let 2 = 76 then 2%

5,91z = Use- In this case the heat distribution in the ring is determined by
the following initial value problem with periodic boundary conditions:
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Figure 5.5: Consider a thin conducting ring with thermal conductivity o that has a given initial
temperature distribution.

PDE : u; = 0®uy,, 0<z<2L,t>0 (5.44a)
BC :u(—L,t) =u(L,t), wux(—L,t)=wu.(L,t), (5.44b)
IC : u(z,0) = f(x), (5.44c¢)

We assume a solution of the form:

u(z,t) = X(x)T(t) (5.45)
Differentiating both sides:

Substituting these into the heat equation (5.44):

X(z)-T(t) = o®X"(z) - T(t) (5.46)
Dividing by o X (z)T(¢) :

() _ X'(x)
= =\ 5.47
a?T(t) X(x) (5.47)
Since both sides depend on different variables, they must equal a constant, denoted as . This gives
two ordinary differential equations (ODEs):

Time equation:

T(t) = \a*T(t)
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Solving this gives:

Space equation: an eigenvalue problem
X"(x) = AX(z), X(-L) = X(L), X'(-L)
The nature of X (z) depends on A.

Case 1: \ > 0: Let A\ = p2, then:

X”—,M2X:0

(5.48)

(5.49)

The general solution is (we have chosen this form for simplifications, it is also fine to use the

exponential form):

X(z) = Acosh(pux) + Bsinh(ux)

We note that

(5.50)

X'(x) = Apsinh(pz) + B cosh(px)

Applying boundary conditions:

X(—L)=X(L)= 2Bsinh(uL) =0= B =0

and

X'(-L)=X'(L) = 2Apusinh(uL) =0= A =0

leading to the trivial solution.

Case 2: A =0 The equation simplifies to:

X"(z)=0= X(z)=Ax+ B

We also have

X'(z)=A

Applying boundary conditions:

(5.51)

(5.52)

X(—L)=X(L)=2AL=0= A=0

and

X'(~L)=A=0=X'(L)

So, X (z) = B is a non trivial solution. For this case, the eigenvalue Ay = 0 and the corresponding

eigenfunction is Xy = 1.
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Case 3: )\ < 0: Let A = —p?, then:

X"+ 12X =0
The general solution is:
X(z) = Acos(ux) + Bsin(pux) (5.53)
We have
X'(z) = —pAsin(pz) + uB cos(ux) (5.54)

Applying boundary conditions:

X(—=L)=X(L)=2Bsin(uL) =0

and

X'(—=L)=X'(L) = 2Ausin(uL) =0

For a nontrivial solution (A, B, u # 0), we require:

sin(ul) =0= puL =nmw, n=123,... (5.55)
Thus,
Ty <n7r>2 (5.56)
IU/n - L ’ n — L .
A, are eigenvalues. The corresponding eigenfunctions are:
X (z) € {cos (@> sin (@ﬂ . n=1,2.3,... (5.57)
L L
So, the solution will have the form
nm 2
up(z,t) = e (E) [An cos (?) + By, sin (?ﬂ n=1,2 ... (5.58)

We also had another eigenvalue/function from \ = 0, ug(xz,t) = Ag - " = A,.
Since the equation (5.44) is linear, a linear combination of solutions is again a solution. Thus the most
general solution is of the form:

u(z,t) = Ag + Z ()t [An cos (%) + B, sin (?)} (5.59)

for some coefficients Ay, A,,, B,,n=1,2,....
Using the initial condition u(z,0) = f(z) :

nmx

flz) = Ao+ i [An cos (T) + B,, sin (ﬂ;ﬂ (5.60)

As previously, we use the inner product (-,-) to project f(x) onto the basis functions in the series.
We state the following important result:
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Theorem 5.2.2 (Orthogonality of trigonometric functions). The trigonometric functions

sin (”—F) and cos (”Lﬂ) (form = 1,2,3,... ) are orthogonal over the interval [—L, L] in the fol-

lowing sense:

L inmzN . /mrx 0, ifn#m
/_L sin <T> sin ( 7 ) dx = L. ifnem (5.61a)

7 0, ifn#m

nmwx mmnx ,
/_L cos (T) cos <T> dr = 51,; z;n =m # 8 (5.61Db)
., ifn=m=
L nmwx mmx
cos [ —— ) sin de =0, foralln,m 5.61c

[ e () (") (5610

The concept of orthogonality means that the inner product of two functions (or two vectors) is
zero over an interval.

L
(f(x),g(x)) = /_L f(x)g(z)dz.  (Inner product of two functions)

We multiply both sides of (5.60) by Xo(z) = 1 and integrate over [—L, L] :

L L 00 L 0o I
/_Lf(ﬂf)dxIAO/_lex—l—nZ:;An/_Lcos (?) dx—i—nZZ;Bn/_Lsin (?) dx

i.e

L L
L = L nmx = L nmx
L .
/_L f(ZU)dSU = AO . ‘Tl—L + ;AnE Sin (T) B — ;Bn% COS (T) y = 2AOL +04+0
Hence,
1 L
Ay = — d .62
o= 57 | s (5.62)
Now, if we multiply both sides of (5.60) by cos (m].zm) and integrate over [—L, L] :

/I; f(z) cos <ml7j$> dx = A, /LL coS <m£r$> dr + E;An /I; coS (77,_’/[T;%'> oS <m£rm> "
+ g B, /_i sin (?) cos <m£rx> da
i.e. (using (5.61a) and (5.61c¢))

/_i f(z) cos (m;rcc) dr = AO£ sin (?) ’

nmw L

+A,L+0

So,
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= %/_i f(z) cos (m;rx) dx (5.63)

Now, if we multiply both sides of (5.60) by sin (%) and integrate over [—L, L] :

/_LL f(z)sin (m;_jl') dx = Ay /_LL sin <$) dx + nio:IAn /_LL Cos (?) sin <m2x> i
+ an /_LL sin (?) sin (m2x> dr

i.e. (using (5.61b) and (5.61c))

So,

/ flo sin m”)d (5.64)

So, in summary, the full Fourier series of f(z) is

f(z) = —i—Zancos <nzx> + b, sin <nzx>

where
—l/Lf(x) (W)dx n=0123 (5.65)
-1/, cos (— , =0,1,2,3,... )
and
b—l/Lf()s' (m”)d ~1,2,3 (5.66)
n =T . Z)sin i r, m=12,9,... .

The final solution is:

»\s

—Eo—l—ie

n=1

K [an cos (mlt ) + b, sin (nzx)} (5.67)

We observe that as ¢ — oo it follows that u(x,t) — % = ;- ffL f(z)dz, which is just the average
value of the initial heat f(z).

Example 5.2.5 (Full Fourier expansion). Let us solve the equation (5.44) with the initial condition
u(z,0) = f(z), where

z, 0<zx<m

f<x):{0, —rT<zx<0

In this case, L = m. We need to write the full Fourier expansion of u(z,0). We have,
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1 [7 1 [7
—;/_Wf(x)dx:;/o xdx:g
/f cos(nz)d

= —/ x cos(nx)dx

T Jo
s 1 e ]
——/ sm(nx)dx}
o "Jo

1 {msin(nx)
|

n

sin mr)

-1 { L cos(na)

n n2
1

- — (-1

mn?

For even indices, as,, =0 form =0,1,.... For odd indices:

2

m+1 — — NG9 20,1,2,...
Gml = T om )2

Now, we compute b,

3

o
3
I

f(x)sin(nz)dx

|
3

xsin(nz)dx

T 1 T
—|——/ cos(nx)dx}
o "Jo

J

Therefore, the Fourier series representation of f(x) is given by

S

A= = = 3|

1.
+ 3 sin(nx)

—N —
|
8
(@)
o
=,
S3
)
S~—

f(z) = % + Z a, cos(nx) + by, sin(nz)
1 2 ~cos[(2m+1)z] o i1 Sin(na)
“1 TRl emry TV

Finally, the solution takes the form:

—a?m?t

sin(mz)

T 2= e M)  eog[(2m + 1)z] & m+1€
_1—;2 +Z

(2m +1)2 m

m=0 =1

(5.68)

(5.69)

(5.70)
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I: The Dirichlet Problem (Ice on Both Sides)

Dirichlet Modes

sin(n T x/L)

X"+ XX = 0 An = 2E, n=1,2 ..
e
X(0) = 0= X(L)

II: The Neumann Problem (Insulation on Both Sides)

Neumann Modes

0.5

cos(n m x/L)
o

X"+ )2X =0 A = B, n=0,1,2,...
—
X'(0) =0 = X(L)

-0.5

x/L

III: The Periodic Boundary Value Problem (The Closed Ring)

Periodic Modes

05 f

X"+ XX =0
Ap =5, n=20,1,2
X(—=L)=X(L) — _
X, (z) € {1, cos 2% sin 1=
X'(=L) = X'(L)

LS oL

1, cos(n m x/L), sin(n m x/L)
o

x/L

IV: Mixed Boundary Value Problem A (Ice Left and Insulation Right)
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Mixed Type A Modes

@ =O|

-

{X°°+)\2X=O i{%:%, k=0,1,2... <o
N i (k47 &
X(0) =0=X°L) Xo() = sin =57 5 o

0 0.2 0.4 0.6 0.8 1

x/L

V: Mixed Boundary Value Problem B (Insulation Left and Ice Right)

Mixed Type B Modes

x ok ok
AU
W= o

X0 4 )2X =0 Ay = Zetle k=0,1,2,... < °©
0 — (2k+1)mz 3
X°(0)=0=X(L) Xn(7) = cos 57— % .

0 0.2 0.4 0.6 0.8 1
x/L

5.3 Fourier Series

In the previous sections, we solved the heat equation under various boundary conditions, including
periodic, Dirichlet, and Neumann conditions. In each case, a key step in the solution was expressing
the initial condition u(z,0) as a sum of sine and/or cosine functions. This type of expansion known as
a Fourier series. The fundamental idea behind Fourier series is that any "reasonable" function can be
represented as an infinite sum of trigonometric terms. In the following section, we explore Fourier series
in more detail, developing the formalism that allows us to decompose functions into their fundamental
frequency components.
We consider the expansion of the function f(x) of the form

D)~ %3 cos (M0) + b, sin (20 = S(a), .71

3
—_

where i )
1 nmx ao 1
L L 2 oL = lue of 72
n L/_Lf(w)cos< 7 )dw, 5 2L/_Lf(azz)dalz average value of f (5.72)
and )
1 . nmx
L /—L f(aysin (<) do- (5.73)

We recall that a function f(z) defined for all x is periodic with period T"if f(x +T) = f(z) for all
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We observe that cos (22 (z 4+ T)) = cos (23£) provided 22L = 27, T = 2L and similarly sin (%X (z + 2L)) =
sin (“%). Thus each of the terms of the Fourier Series S(z ) on the RHS of (5 71) is a periodic function

L
with a maximal period 2L (a constant function is periodic with any period). As a result the function

S(x) is also periodic.
But the question is: How does this relate to f(z) which may not be periodic?
The function S(z) represented by the series is known as the periodic extension of f on [—L, L].

Definition 5.3.1 (Periodic extension). If f is defined on the interval |a,b] then the periodic
extension fper of f, which has period T = b — a, is defined simply by "repeating” f in all the
intervals [a +nT, b+ nT] forn=0,%1,..., so that for all x,

fper () = f(x —nT)  whenever a+nT <z <b+nT, n=0%1,%2,... (5.74)

In Figure 5.6, we show a picture for a = —1,b = 1, and functions f(z) = 22 and f(x) =

fix)

4

~.f
~.
™

~
~

/ / /

1

\

Figure 5.6: Periodic extension fye () of the function f(z) = 22 (blue curve) and the function f(z) =z
(red curve) with a = —1 and b = 1.

Note that f,.. may be discontinuous at a,b, etc., even if f is continuous. A related fact is that in
defining fyer we have taken foe (a) = f(b) and not fye (a) = f(a); some choice must be made but this
has no effect in practice.

Note: t can be useful to shift the interval of integration

Since the periodic extension f,e, is periodic with period 2L (as are the basis functions cos ("zx)

and sin ("Z""") ), the interval [—L, L] over which the integration is carried out may be replaced by

any other interval of the same length: that is for any X,
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| px+L | pXeL
g = BY7 ; Joer (x)dz,  an = 7 /X Jer (%) cos ?d% n=>1

| X+
b, = Z/X Jper () sin ?dag, n>1

Example 5.3.1. Consider the example given in Example 5.2.5. Then, we have

0 —mT<z<0

f(a:):{ x 0<z<nm
On [m, 37,

fper(l’)Z{O T<xT <27

r—27 2n <z <3rm
1 3

ap = — fper (x) cos(nz)dx,  change of variables: t = v — 21 dr =dt,x =t + 27

T Jr

_1 /:m(:c — 27) cos(nx)dx

Y

2m
= —/ tcos(nt)dt  since  cosn(t+ 2m) = cosnt
0

5.3.1 Half range Fourier Series: even and odd functions

We consider the Fourier Expansions for Even and Odd functions, which give rise to cosine and sine
half range Fourier Expansions. If we are only given values of a function f(z) over half of the range
[0, L], we can define two different extensions of f to the full range [—L, L], which yield distinct Fourier
Expansions. The even extension gives rise to a half range cosine series, while the odd extension gives
rise to a half range sine series.

We first recall the elementary definitions of even, odd, and periodic functions.

Definition 5.3.2 (Even and odd functions). A function f(x) is said to be even if it is defined
for all x (or possibly in some interval symmetric about x = 0, that is, of the form ( —L,L ) or
[—L, L] ) and satisfies f(x) = f(—x); it is odd if it is similarly defined and satisfies f(—x) =
—f(x). We will frequently use the observation that if f(x) is defined for —L < x < L then,

L o, if f is odd
/—L fw)dz = {2 fOL f(x)dz, if f is even (5.75)

This formula is easily be derived by writing f_LL f(x)dx = fEL f(z)dz+ fOL f(z)dz and making the
change of variable y = —x in the first integral.

Let E(x) represent an even function and O(x) an odd function. Then,
(a) If f(x) = E(z) - O(x) then f(—z) = E(—z)O(—z) = —E(2)O(z) = — f(x) = [ is odd.
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(b) Ey(z) - Ex(x) — even.
(c) O1(z) - Oy(x) — even.

(d) Any function can be expressed as a sum of an even part and an odd part:

even part odd part

Check: Let E(z) = 3[f(z) + f(—=)]. Then E(—z) = 3[f(—2) + f(z)] = E(z) (even.)
Similarly let O(x) = %[f(x) — f(==z)]. Then, O(—z) = %

Important!: Consequences of the Even/Odd property for Fourier Series

One may use (5.75) to considerably simplify the formulas (5.72)-(5.73) when f is even or odd.

o If f is even then f(z)cos(nmx/L) is even and f(x)sin(nmz/L) is odd, so that from (5.75),

L
= %/ f(z)dz, / flx cos@d:p b, =0, n>1 (5.76)
0

e If f is odd one has f(x)cos(nmz/L) is odd and f(z)sin(nmx/L) is even

a =0, ap by / f(z)sin @dx n>1 (5.77)

e Since any function can be written as the sum of an even and an odd part, we can interpret
the cosine and sine series as corresponding to even and odd functions:

1

£(z) = 51@) + f(=o) + 51f(z) - f(~2)

where the first term represents the even part of f(z) and the second term represents the odd part.
Thus, the Fourier series expansion can be expressed as:

o {C;O Z()} {Zb Sm(W)}

where the cosine terms correspond to the even part and the sine terms correspond to the odd part
of the function. In addition,

a, = %/OL %[f(x) + f(—x)] cos (?) dr = %/i f(z) cos (?) dx

b, = %/()L%[f(x)—f(—x)]sin (n_zsc) dx = %/j:f(a:)sin (%) dx

Let us emphasize that in (5.76)-(5.77) we are considering the Fourier series of a function defined on
the interval [—L, L].
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5.3.2 Half-range expansions

If we are given a function f(x) on an interval [0, L] and we want to represent f by a Fourier series, we
have two choices: a cosine series or a sine series.

Cosine series:

If f(z) is extended as an even function on [—L, L], it can be represented by a Fourier cosine series:

f(z) = % +nzo::lancos (?)

where the Fourier coefficients are given by

ay, = %/OL f(z) cos (?) dx

We note that the even periodic extension is obtained by simply computing the Fourier series repre-
sentation for the even function

flz), O0<ax<L
fe(z)_{ f(=z) —-L<z<0

Since fe(x) is an even function on a symmetric interval [—L, L], we expect that the resulting Fourier
series will not contain sine terms.
We can simplify this by noting that the integrand is even and the interval of integration can be
replaced by [0, L]. On this interval f.(x) = f(x). So, we have the Cosine Series representation of
f(z) for x € [0, L] given as above.

Sine series:

If f(x) is extended as an odd function on [—L, L], it can be represented by a Fourier sine series:

flz) = ibn sin (n_z:c)

where the Fourier coefficients are given by

b, = %/OL f(z)sin (ﬂ;) dx

Similarly as the case of the cosine series, given f(x) defined on [0, L], the odd periodic extension is
obtained by simply computing the Fourier series representation for the odd function

. f(x), 0<z<L
Jol2) = { “f(~) ~L<z<0

The resulting series expansion leads to defining the Sine Series representation of f(x) for z € [0, L]
as described above.

Example 5.3.2 (Half-Range Expansion of f(z) = z). Expand f(z) =z on 0 < z < 2 in a
half-range (a) sine series, (b) cosine series.
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(a) Sine Series (L =2).

b, = %/()Lxsin<n%x) dxr = /02 xsin(%x) dx

oz cos(%x) ?

nm

Hence

and at x = 1:

4
=5 [cos(nm) — 1]
Thus ((2k+1) )
_ Gt SN W I e e S
f(@) 1+P; 2 COS(T“”)_“P; 2k + 172
At x = 2:
2—1+8i 1 _— 2_1+1+1+
M (2k+ 1) Sy '

Example 5.3.3 (Cosine Series of sinx on 0 < = < 7 ). Find the Fourier cosine series of
f(z) =sinx on [0, ].

2 [T 4 2 [T 1 [7
aoz—/ sinxdr = —, alz—/ sinxcosxdx:—/ sin 2x dx = 0.
0 0 0

T T T T
Forn > 2, use 2sinz cos(nz) = sin((n + 1)z) — sin((n — 1)z):

a, = 2 /OTr sin x cos(nx) dz = 1 /Oﬂ[sin((n + 1)z) —sin((n — 1)z)] dx

™ s

n—1
_ l [cos((n—l)x) . cos((n+1)z):|ﬂ- _ 2((_1) B 1) ‘

Ll nl o Jo o w(n2—1)
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Hence
2
T

2N

sinx = — + cos(nx) =

n= 7=1 (

i "11 2 400(:082]30
m

Example 5.3.4 (Periodic Extension of f(z) = z). Assume f(z) =z on 0 < x < 2 with period 2
so that L = 1. Compute its full Fourier series.

1 (L 1 2
ag = T / rdr = / xdr =07 (equivalently compute / xdx =2 for even part.)
- 0

~L 1
Forn > 1:

1 2
an =7 / xcos(nmx) dr = / x cos(nmx) dz
— 0

. 2 1 ?
— [%] - _/ sin(nrx) dr = 0,
0 0

nm

1 2
/ xsin(nrz) dz —/ xsin(nrz) dz
0

L
2 1 [2 2
[ a:cos(mrz)] +_/ Cos(n’/‘(l‘) e = ——.
0 0

nm nm

Therefore

[e.9]

sm TL7TZIZ

2
us

n=1

In the previous example, if we compute f(0) using the original definition of f, we obtain 0 . However,
if we use the Fourier expansion of f, we obtain f(0) = 1. What is wrong?

5.3.3 Convergence of Fourier Series
In this section, we state the fundamental convergence theorem for Fourier Series, which assumes that

the function f(x) is piecewise continuous. At points of discontinuity of f(x), the Fourier approximation
Sy(z) takes on the average value:

(f @)+ f(27))

where f (z7)and f (27) represent the right-hand and left-hand limits of f(z) at the discontinuity,
respectively. Before stating the main result of this section, we introduce the following notion.

| —

Definition 5.3.3 (Piecewise continuous). A function f : [a,b] — R is piecewise continuous if
there are numbers to,ty, ..., t, witha =ty <t; <---<t, =0, such that f is continuous on each

of the intervals (t;,t;+1), and tends to a finite value at each endpoint of these intervals. That is,
the limits
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exist (and are finite). A function f : [a,b] — R is piecewise continuous if, roughly speaking, it is
made up of a finite number of continuous pieces. A function f : R — R is piecewise continuous
if it is piecewise continuous on every closed interval [a,b]. Thus it can have infinitely many
discontinuities, but only finitely many on any finite interval.

Example 5.3.5.

e For the square wave function

0 if —m<t<0
f(t)_{’/T if 0<t<m
we have f(07) =0 and f(07) = 7 and f is continuous on ( —m,0 ), (0,7 ). Therefore, f is

piecewise continuous on [—m, 7).

e The function f: R — R given by f(t) = tant (and f(t) = 0 if t is an odd multiple of 7/2 )
is not piecewise continuous. Although it has only finitely many discontinuities on any finite

interval, the function "blows up" at these discontinuities, so that (for example) the limits

f (57 )and f (3%)do not exist.

Theorem 5.3.1 (Convergence of Fourier Series). Let f and f’ be piecewise continuous func-
tions on [—L, L] (i.e. f is piecewise continuously differentiable or piecewise C' ) and periodic
with period 2L, then f has a Fourier Series

+Zancos( ) + by, sin (m;x) = S(x)

where

/ f(z cos ) dx and b, = / f(z)sin (nzx) dx

The Fourier Series converges to f(z) at all points at which f is continuous and to & [f (z™)+
f(z7)]at all points at which f is discontinuous. Thus a Fourier Series converges to the average
value of the left and right limits at a point of discontinuity of the function f(x).

Important!

Under the hypothesis of Theorem 5.3.1, &~ can be replaced by = and

x), if f is continuous at x
s {f( ) i

if f is discontinuous at the point x.
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Remark 5.3.1. A way to look at the connection of Fourier series on an interval with the Fourier
series of pertodic functions is to start with a piecewise continuous function g defined only on the
interval [—L, L|. Then gper , a periodic extension of g of period 2L, can play the role of f above;
in particular, the Fourier series of g converges to g,e, everywhere, in our usual sense:

Iper (T), if gper 1S continuous at x

S(x) = {gper<m+>+gper<m‘>

2 Y

if gper 15 discontinuous at the point x

Remark 5.3.2 (Gibbs phenomenon). The Fourier series has a difficult time converging at the
point of discontinuity and these graphs of the Fourier series show a distinct overshoot which does
not go away. This is called the Gibbs phenomenon and the amount of overshoot can be computed.
We refer to the Lectures notes of Prof. Peirce for more on this phenomenon.

Theorem 5.3.2 (Uniform convergence of Fourier Series). Let f be a continuous functions

n [—L, L] and periodic with period 2L. If f' is piecewise continuous on [—L, L|, then the Fourier
series for [ converges uniformly to f on [—L, L] and hence on any interval. That is, for each
e > 0, there exists an integer Ny (that depends on e ) such that

sup |f(z) — Sy(z)| <e

z€[—L,L]
for all N > Ny, where

Sy :%—Fi[ancos( >+b sin <n7[rjx>}

n=1

5.3.4 Complex form of Fourier Series

Finally, everything said above applies also to the complex form of the Fourier series: a function g(z),
periodic with period 2L, has a complex Fourier series

with

o = /L g(2)e (E) dx
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Example 5.3.6.

-1 —7<z<0 B
f(x)—{ 1 O<z<m b=

1 N o
Cp = — {—/ e ""dx +/ e_mzdx}
27 —T 0
_ L[ e, e
Con (—in) (—in)

i {_2+e+inﬂ' _i_efimr} — { 0 n even

:% % n odd

Therefore,

— e e+ D)
/(=) n:Z:OO mi(2n + 1)e

5.4 Bessel’s inequality and Parseval Identity

Bessel’s inequality and Parseval’s identity are fundamental results in functional analysis and Fourier
analysis, particularly in the study of Hilbert spaces. These results provide insights into the decomposi-
tion of functions into orthonormal bases and the convergence of series representations. We will explore
an analogue of Pythagoras’ Theorem for functions that are square-integrable. Such functions are sig-
nificant in mathematical physics, as they correspond to systems with finite energy. Additionally, we
show some applications of the Parseval’s identity into summation formulas involving series of reciprocal
powers of n.

Definition 5.4.1 (Square integrable function). A function f is said to be square-integrable
if it satisfies the condition:

in which case we write f € L*([—L, L]).

Consider the Fourier series associated with f(z) :

o0

flx) ~ % + ; [an Cos (?) + b, sin <n_z:v)] =S

Define the partial sum:

N

Sy(z) = % + Z [an coS (?) + b, sin (?)}
n=1

Then, we have the following results.
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Theorem 5.4.1 (Bessel’s Inequality). Let f € L?[—L, L]. Then

o0

a% 2 b2<1 g 2(2\d
E—’_;an_’_n—z 7Lf<x)x

in particular the series 0 + 3 a2 + b2 is convergent.

Proof of Theorem 5.4.1. We have that

Consider the least-square error defined as:

& [f, Sy ) = S ()] do

In addition,

(f. Sn) = / £(2)Sw () dz

Therefore,

& [f, Sn] :%/_ [f(a:)—SN(x)]de:%(f,ﬁ— {%—l—

L

Since we know that

& 1f,Sn] = / (@) - Sn(@)dz > 0

it follows that

[f(2) = Sw(@)]” = f2(z) — 2f(z)Sn(x) + S5 ()

=1 [ v
{/ Az dx—2/f )Sn (z d:c+/ Sy (x dx}

2

1
= 2 (U ) = 2(F,5w) + (S, x))
Now, we compute:
Lla al nmx
Sn, Sy / =24 n + by,
(w500 = [ %+ 3 ancon (") sm(L)]
_&3L+i 2/L 2 (52) d +b2/L in? (<) d
=5 2 a, _Lcos 7 x + by, _Lsm 7 x
a2 &
0
=1L E—Fnz:l(ai—i-bi)

/f dx—i—Z(an/ f(x cos )dx—i—b /_if(x)sln(%

) da:>
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a2 N 1 L 1
I ILE Z/_Lf2(a:)dx = (/) = Bl

where E[f] is known as the energy of the 2L-periodic function f.
O

Theorem 5.4.2 (Parseval’s Identity). Let f € L*[—L,L]. Then the Fourier coefficients a,,
and b, satisfy Parseval’s Formula

%—f-; a2 +02) = / e Elf] (5.78)
if and only if
lim [f(z) — Sn(z)]>dz =0 (5.79)

Remark 5.4.1. The convergence in (5.79) should be understood in the L*-sense (mean square
sense). This is a convergence in an average sense. When {Sy} tends to f uniformly, {Sn} must
tend to f in L*-sense. The converse is not always true. Hence convergence in L*-sense is weaker
than uniform convergence.

Important!: In practice...

e The Fourier series of every L2-integrable function converges to the function in L2-sense.

e Let f be a piecewise continuous function on [—L, L]. Then Sy converges to f in the mean
square sense.

e If f is piecewise continuous on [—L, L], then Parseval’s identity (5.78) holds.

Example 5.4.1. Consider the Fourier cosine series of f(z) =z, 0 <z < 2:

— 4
r~1+ Z 2 [cos(nm) — 1] cos o
n=1

2

a) Write Parseval’s identity corresponding to the above Fourier series.
b) Determine from a) the sum of the series

1 1 1
T 4+34

14 2 -

Solution 5.4.1 (Solution to Example 5.4.1). a) We first find the Fourier coefficient and the
period of the Fourier series just by comparing the given series with the standard Fourier series

ap =2, a,= [cos(nm) — 1], n=1,2,..., b,=0,

m2n2
period: L = 2.
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2
/ :L‘2d:L‘:E<OO,
_9 3

so that f € L*(—2,2). Thus, the conditions for Parseval’s identity are satisfied, and we can write

We note that

ag - 2 2 1 [ % 2 2
E+Z(an+bn)_§ 2f(x)dx: ) (x)dx
n=1 -

This implies

8 64[1 1 1+ ]
N O CE ’
and hence
1 1.1 !
= 3 g 96
b) Let
1 1 1
S_F+2_4+§+
Split the series as
1 1 1 1 1 1
S:(1—4+3—4+5—4+ )+(2—4+F+6—4+~~)
1
=—4+=2=_5.
96+24
Solving for S gives
T
S=—.
90

Example 5.4.2. Find the Fourier series of 22, —m < x < m and use it along with Parseval’s

theorem to show that
4

P
(2n—1)4 96

n=1

Solution 5.4.2 (Solution to Example 5.4.2). Since f(x) = z? is an even function, b, = 0. For
n>1,

2 [T 2 2 [T 4

/ 22 cos(nz) dz = = [O — —/ zsin(nz)dr| = —

0 o 0 i

™ n

2 [T 272
aoz—/ 2rde = 2
T Jo 3

Ap —

(=™

The constant term is
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Thus

2 €9 —1)"
22 = % + 4; ( n2) cos(nx).

Since [T atdr = —225 < 00, by Parseval’s theorem,
L [" ag - 2 2
— der = — b2).
7T/_ﬁf(a;) T 2+n§:1(an+ >)

Using * [7_a*dx = % leads to
At 16 27!

18+ n4 5 °

n=1
SO D o = g—;. Finally,
= 1 21 1 &1 157
2 BT W 6w 1600 06

5.5 Heat conduction problems with time-independent inhomo-
geneous boundary conditions

In this section, we consider heat conduction problems with inhomogeneous boundary conditions. To
determine a solution, we exploit the linearity of the problem, which ensures that linear combinations of
solutions remain solutions. In particular, we first determine a well-chosen particular solution, known as
the steady-state solution, which can be used to eliminate the inhomogeneous boundary conditions.
This reduces the problem to solving the same boundary value problem but with homogeneous boundary
conditions and an adjusted initial condition.

Selection of particular solution is not unique !!

Although the steady-state solution is a natural choice in this case, the selection of a particular
solution, as always, is not unique. We will introduce two methods: The separation of variables and
a more generally applicable method of eigenfunction expansions.

5.5.1 Steady state

We convert an inhomogeneous heat equation to a homogeneous problem when the inhomogeneous terms
are all time-independent.

Dirichlet nonhomogeneous BC

Consider the Boundary Value Problem (BVP) modelling heat propagation in a rod where the end points
are kept at constant temperatures ug and wu; :
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U = Uy, 0<z <L, t>0 (5.80a)
BC : u(0,t) =up, u(L,t)=1u (5.80b)
IC : u(z,0) = f(z) (5.80c)

Since uy and u; are not necessarily zero, we cannot apply directly the method of separation of
variables. To solve such a problem, we can proceed as follows.

Methodology 5.5.1.

(a) Find the steady-state solution (i.e., when uy = 0) which we denote by us(z). (5.80) gives

ul () =0 = ux(z) = Az + B

o0

Using the boundary conditions, we obtain ux(0) = B = uy and us(L) = AL+ B = u; =
A = =220 Therefore,

Uso(T) = <u1 Z u()) x+ug, (Steady-state solution). (5.81)

(b) Let v(z,t) = u(x,t) — us(x). We verify that if u(x,t) solves the given BVP (5.80), then
v(x,t) solves the following homogeneous problem

v =a* v, 0<z<L,t>0 (5.82a)
BC: 0(0,t)=0, wo(L,t)=0 (5.82Db)
IC: v(z,0) = f(z) — Uso() (5.82¢)

Indeed, we have:

V= U = 0P Uy = 02Uy,

Hence, v; = @®vg,. Moreover, v(0,t) = u(0,t) — ux(0) = ug — up = 0 and v(L,t) = u(L,t) —
Uoo(L) = u; —ug = 0. So, v solves (5.82).

Now, (5.82), has homogeneous BC and can be solved using the separation of method. Proceeding
as in Section 5.2.1, we deduce that

n )2 nwx
t) = b, —o? (%)t <—) )
v(x,t) n§:1 e ) Tsin (— (5.83)
where
2 [ . (NTT
by =2 | (f(&) - teo(z)) sin (—) dr, n=1,2,3,... (5.84)
L/, L
Finally, the most general solution to (5.80) is given by
_ _ Uy — Ug - _a2(nm)% . (NMTT
u(z,t) = v(x,t) + Uoo(T) = up + ( 7 > T+ nz_; bne ()t sin (T) : (5.85)

with b, given by(5.84).
Here, we also show a more general method known as the eigenfunction expansions.
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Eigenfunction expansions

In order to solve the boundary value problem (5.82), we could recognize that {sin (”—F)}le are
eigenfunctions of the spatial operator:

92
a2
along with the homogeneous Dirichlet BC v(0,t) = 0 = v(L,t). We therefore assume an eigen-
function expansion of the form:

v(w,t) = nf;@n(t) sin (?)
vy = g@n(t) sin <?) and
- 0 (20 ()

U = 0PUpp = Uy — QP0g =0

= g {f}n(t) +a’ (%)Qﬁn(t)} sin (”_Zx> —0

The sine functions sin (%) form an orthogonal set over the interval x € [0, L]. Therefore, the

above equation holds if and only if each term in the summation is zero:

. 2
D (t) + o ("%) Da(t) =0
This is a first-order linear ordinary differential equation for 0,(t). The equation is separable and
can be solved as follows:

This has the general solution:

0n(t) = B (0)e(E)?

where 0,,(0) is the initial condition for 0,(t). Therefore,
We have

Hence by projection,

which s the same solution as above.
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Example 5.5.1. We aim to solve the heat conduction problem:

Ut = Uy, O<z<?2, t>0
w(0,t) = 100, w(2,t) =100, t>0 (5.86)
u(z,0) =0, 0<z<2

The steady state function ue () satisfies the equation:

ul () =0, ux(0) =100, wuw(2)=100

oo

Solving this, we obtain:

Uso () = 100
Define v(z,t) = u(z,t) — us(x). Then v satisfies the following boundary value problem:

Vg = Ugg, O<x<2, t>0
v(0,t) =0, v(2,¢)=0, t>0
v(z,0) = —100, 0<z<2

The solutions of the homogeneous part, using separation of variables, are given by:

o
_x2e2, . AT
t) = g Cpe 4 tsmT

The wnitial condition implies:

v(z,0) = —100 = ZC’ sin L

The Fourier coefficients are computed as:

C, = / —100) sin @dx = 200 (G|

nm
Thus, we obtain:
200 — i _x%n?, . NTT
== Z itsin ——
s 2
n=1
Rewriting in terms of odd indices:
400 1 _22ewn?,  (2k+1)7mz
t) = "sin ————
vt = - k1 T

Finally, the solution to the original pmblem 18:

u(z,t) =

400 _22ee?, . (2k+ V)mzx
- Z 1 sin ————
o= 2
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Mixed Dirichlet-Neumann nonhomogeneous BC

We consider the initial-boundary value problem

U = Uy, 0<z <L, t>0 (5.87a)
BC: w(0,t) =wup, wu,(L,t)=aq (5.87b)
IC:  wu(x,0)=g(x) (5.87¢)
Methodology 5.5.2.
(a) Steady-State Solution. For the steady state we set u; = 0, so that
ul () =0
Integrating twice, we obtain
Uso(z) = Az + B.
The steady state must satisfy the boundary conditions. Since
Uso(0) = B = uy
and, because the boundary condition at x = L s on the derivative,
un(L) =A=aq
we deduce that
Uoo () = up + qrx.  ( Steady-state solution ) (5.88)

(b) Reduction to a Homogeneous Problem. Define

U(.T, t) = U(I,t) - uoo(m)
Since uo(x) is independent of t, we have

Ve = U and  Ugy = Upe

Thus, v(x,t) satisfies

v =0a*,,, 0<z<L, t>0

Moreover, the boundary conditions transform as follows:

v(0,t) = u(0,t) — U (0) = ug —up =0
V(L t) = ug(L,t) —ul (L) =q1 —q1 =0

And the initial condition becomes
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v(@,0) = g(2) = us(2) = g(x) — (uo + w1z)

Thus, v(x,t) satisfies the homogeneous problem

v =%y, 0<x<L,t>0 (5.89a)
v(0,t) =0, wv.(L,t)=0 (5.89Db)
v(z,0) = g(x) — (up + uix) (5.89c¢)

(c) Separation of Variables. Assume a solution of the form

v(z,t) = X(2)T(t).
Substitute into the PDE in (5.89):

X(2)T'(t) = > X" (2)T(t)

Dividing by o> X (2)T(t), we obtain

T() _ X'()

=\
a?T(t)  X(x) ’
where X\ is the separation constant.
In order to have a decaying solution in time we set
A= —u? pu>0.
Then the spatial ODE becomes
X"(z) 4+ p*X(z) =0 (5.90)

with the boundary conditions

The general solution of (5.90) is

X(z) = Acos(uzx) + Bsin(ux).

The condition X (0) =0 forces A =0, hence

X (x) = Bsin(uxr)

Enforcing the Neumann condition at x = L,

X'(xz) = Bucos(pz), X'(L)= Bucos(uL) =0
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we require (for nontrivial B )

Thus, the eigenfunctions are

X,(z) = sin (W)

The time-dependent ODE becomes

T'(t) = N T(t) = =T (t),
which has the solution
To(t) = et

(d) Series Solution. By superposition, the solution to (5.89) is given by

o0 2 1 ) N
o(ast) = 3 sin (ZE DI (2
n=0

where the Fourier coefficients are determined from the initial condition:

by = % /0 " [0() = (o + )] sin (%) da.

(e) Final Solution. Returning to the original variable, we have

u(z,t) = v(x,t) + uso(z).

That 1s,

cos(uL) =0
This implies
2 1
ul = @ntDr 012,
2
so that
(2n + 1)m ) (2n+ )m\°
= d A\p=—p,=—|—""—1| .
s oL o & 2L

2L

n=0

= 2n + 1 n1)r?
U(l’,t) = Uy + W T + an sin (M) 6*02(%) t

with the coefficients b, given in (5.92).

(5.91)

(5.92)
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5.5.2 Heat conduction with some heat loss and inhomogeneous boundary
conditions

We consider the initial-boundary value problem

U =0 Uy —u, 0<z<L,t>0 (5.93a)
BC: w(0,t)=0, wu(L,t)=1u (5.93b)
IC: wu(z,0)=g(x) (5.93¢)

Methodology 5.5.3.

(a) Steady-State Solution. To find the steady-state solution u.(x), we set uy = 0 in (5.93) so
that

?ull (z) — use(x) = 0.

This ODE can be rewritten as

1
ull (z) — —5 Uoo(2) = 0
Its characteristic equation is
1
2 _
- == 0,
with roots
1
r==+—.
Q@

Hence, the general solution is

Uso(T) = Ch ' A Ol

Applying the boundary condition at x =0 :

UOO(O) :Cl+02:0 — 022—01

so that

Uso(z) = Cy (ew/o‘ — e_””/o‘) = 2(C; sinh (g)

Next, using the condition at xt = L :

Uso (L) = 2C sinh (E) = U

«

we find
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Uy

Ch=——7—
' 2sinh(L/a)
Thus, the steady-state solution is

17 sinh (%)

sinh (é)

Uso(T) =

(5.94)

(b) Reduction to a Homogeneous Problem. Define the transient variable

v(x,t) = u(x,t) — Uoo(x)

Since uoo(x) is independent of t, we have

ve=u  and  Ugp = Uge — ul (T)

Substituting u(z,t) = v(x,t) + us(x) into the PDE (5.93) yields

vy = 02 (Vg + Ul (7)) — (v + Uso(T)) -

But us () satisfies

so that the transient variable satisfies

V= 0PVgy — v

The boundary conditions become

and the initial condition is

v(2,0) = g(2) — ux(z) = g(z) =

Therefore, v(x,t) satisfies

U=, —v, 0<z<L,t>0, (5.95a)
v(0,t) =0, wv(L,t)=0, (5.95Db)

o(x,0) = g(z) — uy sinh (g)

o) 5.95¢
sinh (2) )
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(c) Separation of Variables. Rewrite the PDE for v(z,t) as

Vs + U = a%m

Assume a solution of the form
v(z,t) = X (z)T(t).
Substituting into the equation gives
X(2)T'(t) + X (2)T(t) = > X" (2)T(2)
Dividing by o> X (2)T(t) (assuming nonzero factors) leads to

(@) 1 X'(x)

2T 2 X(@)

Since the left side depends only ont and the right only on z, we set them equal to a constant
2

_/.11 .'
T'(t) 1 )
2T a2 M
Multiplying by o yields
(@) , ;59

1= —
0 + a“p
Hence, the timedependent equation is
T(t) = (—a22 — 1) T(t) = T(t) = el 1)
The spatial part satisfies

X"(z) 2
X@) "

= X'(z)+u'X(z) =0
With the boundary conditions X (0) =0 and X (L) = 0 the eigenfunctions are

X (x) :sin<w), u:%, n=1223,...
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(d) Series Representation and Final Solution. By superposition, the solution to the homo-
geneous problem for v(x,t) is given by

> nm 2
v(z,t) =) b,sin <—”zx> et ()t
n=1

where the Fourier sine coefficients are determined from the initial condition:

(1) = @) + (. 1) = h—w b3 basin (TE) i)

where b, are given above.

5.5.3 Heat Conduction problems with distributed time-independent sources

We consider the initial-boundary value problem

U = 0PUgy + 2, 0<x<L,t>0, (5.96a)
BC: w(0,t) =0, wu(L,t)=0B, (5.96b)
IC:  wu(z,0) = g(z). (5.96¢)

Methodology 5.5.4.

(a) Steady-State Solution. To find the steady-state solution u.(x), we set uy = 0 in (5.96),
leading to the ODE
o?ull () +x = 0.

Integrating twice, we obtain

2
2,/ T

a‘u, (z) = — + C1,
3

Uso(T) = —% + Ciz + Cs.

Applying the boundary conditions 1. (0) = 0 and us(L) = B, we get

Co=0
3

L
—@—FClL:B

Solving for Cy, we find
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_ B+ L3/60?

Cy 7

Thus, the steady-state solution is

Uso(T) = —

z3 N B+ L3/6a? .
6a? L

(b) Reduction to a Homogeneous Problem. Define the transient variable

v(x,t) = u(x,t) — Uoo(x)
Since u () is independent of t, we have
Vy = Us,  Vgz = Ugg — Upg(T)
Substituting u(z,t) = v(z,t) + ux(x) into (5.96) gives
vy = & (Vg + Ul (7)) + 2

But we know that u_(z) = —x/a?, so

Vy = a%m +xr—x= azvm

The boundary conditions remain homogeneous:

v(0,t) = u(0,t) —ux(0) =0, v(L,t) =u(L,t) —ux(L) =0

The initial condition is

U(Q?, O) = g(l’) - uoo(x)
(c) Separation of Variables. Assume a solution of the form
v(x,t) = X(2)T'(t)

Substituting into the homogeneous equation v, = av,, gives
X(2)T'(t) = > X" (2)T(t)
Dividing by X (z)T'(t) leads to

T'(t) _ X'(z)

?T(t) X(x)

Since the left-hand side depends only on t and the right-hand side only on x, both must equal
a constant \ :
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T'(t)
=\ T'(t)=’\T(t
Solving for T(t), we get
T(t) = e
The spatial equation becomes
X"(z) = AX(z)

For nontrivial solutions under homogeneous Dirichlet conditions X (0) = X (L) =0, we set

A=—k? k=—, n=1,23,...

The eigenfunctions are

and the separation constants are

Hence, the time-dependent part is

T,(t) = e (£)"

(d) Series Representation and Final Solution. By superposition, the solution to the homo-
geneous problem for v(x,t) is given by

> nmwx 2( nm 2
() ,t = bn 1 (—) o (T) ¢
(z,1) Z sin (—— ) e
n=1
where the Fourier sine coefficients are determined from the initial condition:

2 nwT

b, = 7 /OL [9(x) — Uso(z)] sin (T) dx

Finally, recalling that

u(z,t) = v(z,t) + us(x)

we obtain the full solution:

3 B+ L3/6a* - nm)?
o) = = # (T ) o St (1)

n=1
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where b, are given as above. We remark that

: _ B 1 s
tliglou(a:,t) —x{f+@ (L? -z )}
More generally, if we consider the problem:
Uy = Uy, + h(z), 0<x < L,t>0, (5.97a)
BC: w(0,t)=A, wu(L,t)=B, (5.97b)
IC:  wu(z,0) = f(x), (5.97¢)

which represents heat flow with a time-independent source and/or ends fixed at some temperature. The
expectation is that over time, the heat will approach a steady state (equilibrium): @(x) = lim;_,o u(x,t).

Formally, we can obtain this equilibrium shape as follows: if u(x) is a steady-state, then it solves
the PDE but does not depend on time. Thus it must satisfy

0 = @*lig, + h(x), u(0)=A, u(L)=DRB
The important point is that the difference between the PDE solution and steady state,

v=u—1u
solves the homogeneous problem

V=%, 0<z<Lt>0 (5.98a)

BC: wv(0,t)=0, wv(L,t)=0 (5.98Db)

IC: w(z,0) = f(z) — u(z) (5.98c¢)

So to solve (5.97) we can find the steady state (formally), subtract it out and then solve (5.98) for
the "homogeneous" part.

Particular solution

In some cases, the previous method may fail. This trick works when there is a steady state and only
when the source term and boundary conditions do not depend on time. For instance,

Uy = tuy, +sinx

cannot be solved using this method. Assuming u; = 0 is not enough since we also need to take t — oo
and we cannot find a u = u(x) that solves

tug, + sinx = 0.

We can, however, guess a particular solution of the equation or more generally solve the full problem
using the eigenfunction method.
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5.5.4 Neumann nonhomogeneous BC

We wish to solve

U = @y, 0<z<L,t>0 (5.99a)
BC: w(0,t)=A, wu,(L,t)=DB (5.99b)
IC: wu(z,0)=g(z) (5.99¢)
Methodology 5.5.5.
(a) Finding a Particular Solution. Try for a steady solution: ul (x) = 0, ux(x) = ax +

b, u, = a but then we cannot match both BC unless A = B = a. This means that if we are
pumping and removing heat from the rod at different rates then the temperature does not
reach a steady state.

Since the boundary conditions are given on the spatial derivative, we first look for a function
¢(z,t) that satisfies both the PDE and the nonhomogeneous Neumann conditions.

We assume a solution of the form
é(z,t) = azx® + bx + c + dt,
where a, b, c,d are constants (possibly depending on the data). We have
o =d and ¢ = 2a
Substituting into the PDE ¢, = o?¢,, gives
d=0a*(2a) = a=-—
Next, we require that ¢ satisfies the boundary conditions on the derivative. Since

¢u(,t) =2ax + b

we 1Mmpose
¢:(0,t)=b=A
and at x = L
¢.(L,t) =2aL+b=1B
Thus,
B-A
2L =B—- A = .
a = a 5T

Then, from a = % we deduce
(6%

,B—A
L

We may choose ¢ = 0 for simplicity. Hence, a particular solution is given by

d=«

_ 2 _
B Ax2—|—A:z;—|—a(B A)

¢ (5.100)
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(b) Reduction to a Homogeneous Problem. Define
v(x,t) = u(x,t) — oz, t)
Since both u and ¢ satisfy the heat equation, it follows that
V= U — G = 0PUugy — 042¢:cx = &’ Ugy

The boundary conditions for v become

The initial condition is

B_
0(2,0) = u(z.0) = 0(2,0) = g(0) — | 22+ o
Thus, v(x,t) satisfies the homogeneous problem
V=02V, 0<z<L,t>0 (5.101a)
v:(0,t) =0, wv.(L,t)=0 (5.101b)
B-A
v(z,0) = g(x) — { 5T r? + A:p} (5.101c¢)

(¢) Recall that the solution to (5.101) can be written as

> nm 2
v(z,t) = % + Zan oS (?) e (') g
n=1

where the Fourier coefficients are determined from

2 [t B—-A , nmwx
an—z/o [Q(x)—( o] $+A$>}COS<T>d5L’» n=0,1,...

(d) Final Solution. Recalling that

u(z,t) = v(x,t) + ¢(z,t)

with ¢(x,t) given in (5.100), we obtain the full solution

2

B_A 2B_A > nm
u(z,t) = 5T x2—|—Am+%t+ %4—2%008 (n_zx) e () b

n=1

where the coefficients a,, are given above.
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5.5.5 Solving the non-homgeneous heat equation with homogeneous BC

The aim of this section is to solve the following non-homogeneous heat equation:

U = QUpy + Fa,t) for 0 <z < L,t >0
u(0,t) =0 and u(L,t) =0 for t >0 (5.102)
w(z,0) = f(z) for 0 <x <L

where F'(x,t) represents a source of heat energy in the medium.

Methodology 5.5.6. We know that the eigenvalues and eigenfunctions associated with Dirichlet
homogeneous BC' are

e () n o ()

For the non-homogeneous problem, we will take a cue from that case and attempt a solution

Z T,(t) sin ("”) (5.103)

The problem is to determine each T,(t). We observe that, for a given t, equation (5.103) can
be interpreted as the Fourier sine expansion of u(x,t), considered as a function of x, with T, (t)
being the nth Fourier coefficient in this expansion, carefully establish the expression for T,(t).
Therefore, by projecting u(z,t) on the basis {sin (””)} and using orthogonality relations, we can
deduce that

T (t) = % /0 " u(e. 1) sin (n%g) de (5.104)

Next, we assume that for eacht > 0, F(z,t), as a function of x, can also be expanded in a Fourier
Sine Series:

Z B, (t) sin <n7rx> dx

where

Ba(t) = %/OL PE,1) sm( 5) de (5.105)

is the coefficient in this expansion, and may depend on t. We differentiate equation (5.104) to

obtain
T(0) =2 / "l (”—Zf) €

Since uy = auy, + F(x,t), the previous equation becomes

T (t) = 23 /0 um(f,t)sin(%ﬁ)dé_i_%/oLF(&t)sm(nTﬁ) p

In view of equation (5.105),
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T (¢) = Qz /0 Uge (€, ) sin (”7”5) d€ + B, (t) (5.106)

Apply integration by parts twice to the integral in equation (5.106), using the boundary conditions
and, at the last step, we obtain:

L . (n7m€ . (nm¢ L L nmw nmé
[ vt ysin (75 = foin (Y] = [Tt o (775
L nr nmwé
:_/0 " (gt)cos(L)dg
| nm . nmé L [F ; nmw\ . [nn€ p
- [—f“@ ) cos (T >L+f | wet) () sin (_L) :

_ _”27;2 /O ’ w(,t) sin (”T“f) de

n2m?

L
L7 )
T,(t)

n?mw
Substituting this into equation (5.106) yields

2L

n2n?

12
Forn=1,2,---, we now have an ordinary differential equation for T, (t) :

T (t) = —a? T,(t) + Bn(t)

2,2
nem

/ 2

T, + o —

Next, use equation (5.104) to obtain the condition,

Tn<0>=3/L (€ 0>sm( f)dg
()

the n™ coefficient in the Fourier sine expansion of f on [0,L]. We solve the ordinary differential
equation subject to the condition T,,(0) = b, to obtain the unique solution

T, = B,(t)

t
Tn(t) :/ 6—a2n27r2(t T)/LQBn(7_>d7_+b —a?n2n?t/12
0

Finally, substitute this into equation (5.103) to obtain

0 t
u(z,t) = Z (/ gttt T)/LQBn(T)dT) sin (—m[ix>
0
X Z bn - (nzﬁ(f) e*CMQ’I’L?ﬂQt/LQ

where b, = %fOL f() sm( ) d¢ and B,, is given.

(5.107)
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Example 5.5.2. Solve the following partial differential equation:
Uy = g, + % cos(z/2), O<z<mt>0
u(0,t) = u(m, t) =0, t>0

@.0) 0, 0<z<n/2
u(x,0) =
25, m/2<xz<m.

(5.108)

We let F(x,t) = t*cos(z/2) and L = . Following the methodology given above, we compute

Ba== [ "2 cos(€/2) sin(né)d = S22

0 mdn? —1

Now we can evaluate the integral occurring in the first summation of equation (5.107):

/% 2n ey g _ L m%+m%+1 Emal
— 6
0 mdnz — 1 2 51 (4n? — 1)

Finally, compute

/ (&) sin(ng)dE
== //2 25sin(né)d€ = 22 (cos(nm/2) — (—1)")

The solution is

2 (1 —An2t+ 8nt2 41 — e 4t
u(z,t) = Z <§ oo (@2 — 1) sin(nx)

n=1

I Z (cos(nm/2) — (—1)") sin(nx)e "t

Remark 5.5.1. We note that the second summation in u(z,t) is the solution of the initial-
boundary value problem if the source term t* cos(x/2) is omitted. If we denote this solution
as up(x,t) (the subscript h is for the fact that the heat equation without F'(x,t) is homoge-
neous), then

o0

50 2
2 —1)") si —4n~t
ngl _mr cos(nm/2) — (—1)")sin(nx)e

and

1—4 2t 8 4t2 1— —4n2t
u(z,t) = up(x,t) + Z ( s 7z(4n2+_ 1 sin(nx)

This way of writing the solution clarifies which terms in the solution arise from the
t? cos(z/2) term in the partial differential equation.




5.6. SOLVING THE NON-HOMGENEOUS HEAT EQUATION WITH NONHOMOGENEOUS TIME DEPEN

5.6 Solving the non-homgeneous heat equation with nonhomo-
geneous time dependent BC

Now, we aim to solve the following non-homogeneous heat equation:

Uy = QPUgy + Fx,t) for 0 <z < Lt >0
u(0,t) = ¢o(t) and u(L,t) = ¢y1(t) for t >0 (5.109)
u(z,0) = f(z) for 0 <z < L.

Methodology 5.6.1. [t is too much to try to find a simple function that satisfies the PDE and
the BCs simultaneously. However, we can instead compromise and find a function w that satisfies
the boundary conditions but not the PDE. There are many choices for such a function w. For
Dirichlet BCs, the easiest is just to construct a line that goes from (0, ¢o(t)) to (L, p1(t)) :

w(z,1) = do(t) + @ (M)

Now let u(z,t) = w(x,t) + v(z,t). Then, v(z,t) is the solution of the following:
vt:c%m—i—F(:ﬂ,t)—gz%dt)—a:(%), t>0, O0<z<L
v(0,t) =0, o(L,t)=0, t>0 (5.110)
o(w,0) = f(x) = 6(0) — = ((2L70)

We can use the eigenfunction expansions method as before to solve the transformed system.

Example 5.6.1. Solve the following PDE with non-homogeneous BC

U = Uy, for 0 <z < L,t >0
u(0,t) = At and u(L,t) =0 fort >0 (5.111)
w(z,0) =0 for0 <z <L

In this case, w(z,t) = At + £(0 — At) = At (1 — £). Nest let u(z,t) = w(z,t) + v(z,t), then

We know that the eigenvalues and eigenfunctions associated with Dirichlet homogeneous BC are

2
A, = (%) n=1,2,... Xn(z)=sin (?)
So we let
= . (NTX
v(z,t) = ;vn(t) sin <T>
> 3 . /NTT > . nm\2 . /nnx
w=2 bt (7). v ==320.0 () on ()

Moreover, we write




130 CHAPTER 5. FOURIER SERIES AND SEPARATION OF VARIABLES

s(z,t) = (1 - —) Z Sp(t) sin (mrx)

In addition, the initial condition gives v,,(0) = 0. Therefore,

where

Since {sm( )} form a basis, we deduce that

bn(t) + o (T) on(t) = — 22

This is a first-order linear ordinary differential equation. We can solve it using the integrating
factor method. The equation becomes:

dt
Now, integrating both sides:

o5, (1) = 222

o (t) = — 2AL*
cal) = a?(nm)3

To determine By, we use the initial condition 0,(0) =0 :

2AL?
= An = — Bn
0 = 0,(0) o2 ()’ +*
Solving for B,,, we find:
2
B, — 2AL
a?(nm)3

Thus, the solution for v, (t) becomes:
. 2AL? —a?(2)%
On(t) = a?(nm)3 (e T 1)

Finally, the solution for u(x,t) is obtained by summing over all modes n :

9 €9 e‘“Q(%)Qt —
u(e,t) = At (1- ) + 22 & 1) sin (222)

L m3a? - ns L
n=




5.6. SOLVING THE NON-HOMGENEOUS HEAT EQUATION WITH NONHOMOGENEOUS TIME DEPEN

Category Dirichlet Neumann Periodic
Boundary Conditions | ¢(0) =0, d)( ) = ¢(0)=0, ¢'(L) =0 ¢(—L) = ¢(L), ¢'(—L) = ¢'(L)
. nm nm\ 2 nm\ 2
Eigenvalues An (f),nf1,2,3,... /\nf(f),nfo,l,l... )\nf(f).,nfo,l,l.,.
Eigenfunctions ¢ () = sin(7%) ¢n(x) = cos("7%) Both ¢,,(x) co**),
sm( ’T)
Series Expansion r) = ; by, sin("F* = ?O + ; A cos flx)= % + 2 [gn cos( "M) +b, gm(T)}
— — s
9 (L 9 (L a, = Z/ f() cos(™F=) du
Coefficients = —/ f(z) sin = —/ f(z) cos(™=) dx 7{“
L J, L Jo 1 .
by, = — f(x) sm("—zz) dx
L),
a2
Table 5.1: Boundary value problem for the equation - o — _N\o
Category Mixed (Dirichlet at « = 0, Neumann at 2 = L) | Mixed (Neumann at x =0, Dirichlet at x = L)

Boundary Conditions

$(0) =0, ¢(L) =0

¢’()—0 ¢(L) =

Eigenvalues

2
An = (W) ) TL:0’1’2’3""

Eigenfunctions

_ o Cnt) T
on(z) = SIH(T>

(<2”+1>”), n=0,1,2,3,...
o (2n+1) 7w
- OS(T)

¢n (

Series Expansion

x) = an sin(%)

n=1

Z an COS( (2n+1) L z)

Coefficients

2 r s n ™
= Z/o f(x) sm(%) dx

/ f CO (2n+1)‘rrr) dx

Table 5.2:

2¢ _

Boundary value problem for -5

—\ ¢ with mixed boundary conditions
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