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Abstract

This paper is concerned with Analysis of heat equation in R". Analysis of
heat equation in R" regarded as Fourier Transformation which has different
properties and Inverse of Fourier Transformation that is important to solve
heat equation in 'n’ spaces. using separation of variables for solving with
boundary conditions like Dirichlet, Neumann and periodic conditions. By

using these condition we solve heat equations in R™ is solved.
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Naotation

V: The gradient operator.

R: The set of real numbers.

R™: n dimensional Euclidian space.

M: The region in R™.

C: The specific heat capacity of the region in R"
OM: The boundary of M.

|lg|32: The norm of g define on € .

(.,.): The inner product related to in L2
B(xg,r): Ball of the radius r about z in R™.
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Chapter 1

INTRODUCTION

1.1 Definition of heat equation

Definition 1.1.1. Heat equation is a very useful partial differential equation
that describes the distribution of heat in a given region.

The general formula of heat equation is:
Uy = kurx

For a function u(z, y, z), which are x, y, z and the time t are variables of the
function.
The heat equation is:

wp =k (Ugy + Uy + Usz)

Or
Uy = kaU

where k is a constant.



The heat equation is plays an important role in its the scientific fields of
studies. The diffusion equation is the general version of the heat equation,
it increases in connection with the study of chemical diffusion and other
related processes. The heat equation indicets that if a hot body is placed in
a container of cold water, then the temperature of the body will decreases
and eventually the temperature in container will be equalized.

The heat equation is derived from Fourier’s law and conservation of energy.
By Fourier’s law the flow rate of heat energy in a surface is proportional to

the negative temperature gradient over the surface.
q=—kVu

where, k is the constant conductivity of the heat and u is the temperature.

In 1-D the gradient is the part of ODE and the Fourier’s law is ¢ = —ku,

1.2 Diffusion

Heat Equation that indicates the derivatives of the equation given by:
Uy — kg, =0, k>0 (1.1)

We call it this the diffusion equation. Assume that a fluid in which a dye
is being that diffused through the liquid. The dye will move from higher
concentration to a lower concentration.

Let u(z,t) be the proportion of the dye at position x in the pipe at time t.
The total amount of the dye in the pipe from a to b at time t is given by:

b
N(t):/ u(zx, t)dz
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Therefore,
b
N'(t) = / w(zx, t)dt
where, k > 0 is a constant value. That is the flow rate is proportional to the

concentration. Therefore,

b
/ w(x, t)dt = kg, (b, t)

Differentiating with respect to b, we have
Ut(b, t) = k"l,l/tt(b, t)
or equivalently we have:

ur(b,t) — kug,(b,t) =0

We call it this the Diffusion Equation.



Chapter 2

The Heat Flow

Let us see the other derivation of the study of heat flow through in the region.
Let M be a region in R". Let

X = [mla L2, X3, ...y xn]t

be a vector in R"™.

Let u(z, t) be the temperature at point x, time t and G(t) be the total amount
of heat contained in M. Let C be the specific heat capacity of the material
and ’'p’ be its density. Then

So, the change in heat is given by:

G'(t) = % (/M cpu(a:,t)d:z:) = cp/M %u(:t,t)dx = /Mcput(zt,t)dt

Fourier’s law saying that heat flow from hot regoin to cold regions at a rate

k > 0 is proportional to the given temperature gradient. There is one way



the heat will leave in the region M through the boundary. That is

/

G (1) :/ kVujds
oM

where, OM is the boundary of M, ’j’ is the outward unit normal vector to

OM and ds is the surface measure over M. Therefore, we have

/cputd:z::/ kVujds
M oM

remained that for a vector field F, then the Divergent theorem gives

/ Fjdsz/ VFdx
oM M

/Mcput(x,t)dx:/MV(kVu)dx

This guide us to the partial differential equation.

Now, we have

cpuy = V(kVu)dx

If ¢, p and k are constant, we are lead the heat equation u; = £V u where

k,c and p > 0 and

n
Au = E U;U;
i=1

2.1 Heat Equation on an interval in R”

2.1.1 The Separation of Variables

Assume that IVP on an interval I in R".
Uy = ktg,, x€I1,t>0
u(z,0) = ¢(x)

6



The most common boundary conditions are the following

(i) Drichilet: u(0,t) =0 = u(l,t)

(i) Neumann: u,(0,t) = 0 = u,(l,t)

Now, let us present the techniques of separation of variables. This technique
to connect something looking for a solution of a particular form. Now, we

look for the solution in the form of:
u(z,t) = X(x)T(t)

For the functions X, T to be determined. Our supposition that we can
looking for a solution of (1.1) of in the form of substituting this function
u = XT into the heat equation, we have the equation in the form

XT' — kEX"T = 0 dividing the equation by kXT. we have

T X! _

WX = A

for some constant A\. There exist a solution

u(z,t) = X(x)T(t) is solution of the heat equation, then 7" and X must

satisfy the equation

T/

T = —\ and Xyn = — )\ for some constant A\. We need the function X to

satisfy the boundary conditions. That is we need to find the functions X
and scalars A such that

X'(z)=XX(z) xz€l

x satisfy the BC'S
This problem is called an eigenvalue problem. Particularly, a constant A
which is satisfies (2.1) for some function, not identically zero is called an
eigenvalue of —\? for the given boundary conditions associated with eigen-

value A. In order to find the solution of (1.1) given by in the form of:
u(z,t) = X(x)T(t)

7



The first aim is to find all the solution of the eigenvalue problem of (2.1).

Example 2.1.1 (Drichilet Boundary conditions). Find all solutions to the

eigenvalue problem.

X'+Xx=0, O0<z<l

(2.2)
X(0)=0=X(1)
Solution:
Now, let us see some cases to show the eigenvalue problem.
Case 1
IfA=0a%>0
The eigenvalue problem (2.2) becomes:
X"+a?r=0 0<z<l
(2.3)

X(0)=0=X()
The characteristics equation of the given equation we have
A+ a? = 0.
therefore, the solution of this ODE is given by:
X(z) = C) cos(ax) + Cysin(ax)
From the boundary conditions, we have that:
X(0)=0=c¢=0
X(l) =0=sin(al) =0
= o = 7, wheren = 1,2,3,...

Therefore, we have a sequence of positive eigenvalues,

nm\ 2
"= ()
[
the corresponding eigenfunction is given by:

nm

X, (x) = Cysin (T>

8



Case 2
IfA=0

then the eigenvalue problem of (2.2) becomes:
X"=0, 0O<x<l
X(0)=0=X(I)

The characteristics equation becomes A\? = 0.

therefore, the solution of this ODE is given by:
X (I) = 01 + Cg

The boundary conditions are gives us:

X(0)=0=C, =0,

X({)=0=Cy=0
Therefore, the solution of the eigenvalue problem A = 0 is X (z) = 0. By
definition, the zero function is not an eigenfunction. Therefore, A = 0 is not
an eigenvalue.

Case 3

If A = —+2, then the eigenvalue problem of (2.2) becomes:

X"—7%2=0, 0<x<l
X(0)=0=X(I)
Using the characteristics equation we have: A\ — 42 =0 = \ =y

and by using the matrix product we have:



So, the boundary conditions gives us:
X(0)=0=C, =0,
X0)=0=X(1)=0=Cy=0

The general solution of the ODE is given by:

X(z) = C} cosh(yz) + Cy sinh(yx)

therefore, the solution of (2.2) is given by A = (%%)? then the general solution

of the equation is given by:

nm

X, (z) = C, sin (T>2

where, n = 1,2,3,...

Example 2.1.2 (Periodic Boundary Conditions). Find all solutions to the
eigenvalue problem
X'+ =0, —-l<zxz<l
X(~1) = X(1) (2.4)
X'(=1) = X'(])
Solution:
We have the following cases to find the eigenvalue problem:
Case 1
If A = o?, the eigenvalue problem of (2.4) becomes:
X'"+a*x=0, —-l<z<l
X(=1)=X()
X'(=1) = X'(])

10



So, the characteristics equation of the given equation becomes:
N +a?2=0

therefore, the solution of the ODE is given by:
X(z) = C) cos(ax) + Cysin(ax)

The boundary conditions are given by:

X(—1)=X(l) = Cysin(al) =0

nm

Co=0o0ra="

The boundary conditions are ginven by:
X'(=1) = X'(I) = Cialsin(al) = 0 = C; = 0 or a = 2F Therefore, we have
a sequence of positive eigenvalues A = (n7/l)%2. Where, n = 1,2,3,... with

corresponding eigenfunctions.
Xn(z) =C, <cos (nTﬂx> + sin <nl—7rx>>

Cases 2

If A =0, then the eigenvalue problem of (2.4) becomes:

X"=0, —-l<z<l
X(=) = X()
X'(=1) = X'()
Now, the characteristics equation becomes: A\? = 0. Then the solution of the

given ODE is becomes:

X(l’) = leL' + 02

The boundary conditions are given by:
—Cll+02:cll+02, @Cl :0, 1fl7é0
X(—l) :X(l) = Oy = 0,

11



X'(=1) = X'(I) that satisfied Cy = 0. Therefore, A = 0 is an eigenvalue with
corresponding eigenfunction

Xo(z) = Co, Cy#0,

Case 3

If A = —92, then the eigenvalue problem of (2.4) becomes:

X'"—~F2=0, —-l<xz<l
X(=1)=X()
X'(=1) = X'(])

Using the characteristics equation we have: \2 — 2 =0 = \ =~
g q

and by using the matrix product we have:

So, the solution of the ODE is given by:

X (z) = C} cosh(yz) + Cy sinh(yx)

So, the boundary value conditions we have:

X(—1l) = X(I) = Cysinh(yl) =0 = Cy =0,

X'(=1) = X'(I) = Cyylsinh(yl) =0 = Cy = 0.

Therefore, all the solutions of (2.4) are given by: X = (2F)2.

Xo(z) =C, (cos (?m) + sin (?m))

Ao =0, Xo(z) = Co, choose Xo(z) =1 where, n = 1,2,3,...

So far, we have done some examples on eigenvalue problems. We return to
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using the method of separation of variables to solve (2.1). We have that a

function in the form of :
u(z,t) = X(x)T(t)

To be a solution of the heat equation on an interval I € R which satisfies the

given boundary conditions. We need X to be a solution of the problem.

X'=-Xx, xzel
X satisfies certain BC's.

Some scalar A and T to be a solution of the ODE. We have solve the eigenvalue
problem. We need to solve equation for T and for some scalar A be the

solution of the ODE, T is given by:
T(t) = ae ™

a is an arbitrary constant. Now, for every eigenfunction X,, with correspond-
ing eigenvalue A\, we have a solution of 7,, such that the function is given
by:
up(z,t) = Xp(2)To(t)

is the solution of the heat equation on the interval I that satisfies the bound-
ary conditions. For the initial condition: u(z,0) = ¢(x). From u, is the
sequence of the solutions of the heat equation on an interval I that satisfy
the boundary conditions, then any finite linear combination of these solutions

will also gives as a solution.

u(z,t) = Z U (2, 1)

13



will be a solution of the heat equation on I that satisfies the boundary con-
ditions assuming that each w,, is a solution. We have that an infinite series

of the form
u(@,t) =Y un(z,1)
n=1

will be a solution of the heat equation under proper convergence by an as-

sumption of in this series.

2.1.2 satisfying the initial conditions

Let X,, be sequence of eigenfunctions and A, is a sequence of eigenvalues.

Then for every \,, we have a solution of 7;,. So, we have

W) = S XK WT D) = 3 Xy
n=1 n=1

we need to choose a, then the initial condition is satisfied. Therefore, we

have that:

[e.9]

u(m,O):Zaan(I) = ()

n=1

To find a,, that satisfies this conditions we have use the following orthogo-
nality property of eigenfunctions. For two real valued functions h and g is

defined on €.
< h,g>= / h(x)g(z)dx
Q

h and g are defined on L?. The norm of h on € is defined as:

3] [22(Q) =< g > = / h(2) 2 de

14



We say functions h and g are orthogonal on 2 C R" if

< h,g>= /Qh(x)g(x)dx =0

When the boundary conditions are symmetric if

(W (@)g(x) — h(w)g'(x)];=, = 0
for all functions h and g satisfying the initial boundary conditions.

Lemma 2.1.1. Assume that the eigenvalue problem of (2.4) symmetric with
the boundary conditions if X,,, X,, are two eigenfunctions of (2.4) with dis-

tinct ergenvalues. X,, and X,, are orthogonal.

Proof. Let us take an interval I = [c, d|
Ao = [ X () X () dx

= [* X! (2) X, (2)dx

= [ X ()X () — X () Xy ()
:—fX )X (x)dx + [ X, X],] 222
= —\nm fc X () X (2)d

By using the reality the boundary conditions are symmetric. Therefore,

d
(A — )\m)/ X (2) X (x)dx

but A, # A\, because the eigenvalues are assumed to be distinct. Therefore,
d
/ X (2)Xpm(x)de =0

To find the coefficient of a,, we can use this Lemma such that we have:
Zaan(x) = ¢(z)
n=1

15



Now, multiplying both sides of the equation by X,, for some fixed value m

and integrating over I, then we have that:

U < Xy X > = < X, 0 >
therefore, we have:
w — < X, o>
< X, X >

]

Example 2.1.3 (Dirichlet Boundary conditions). Assume that the Dirichlet

boundary conditions on an interval [0,l], we discussed the above eigenvalues

and eigenfunctions are given by: A\, = (%)2, n=123,..

So, the solution of 7T}, is given by:

T (t) = ape ™t = g, e T

Now, we have:

ulw,t) = 3 Xa@)Tu(t) = Y ansin (25 ) e P
n=1

n=1

By using the reality of the Dirichlet boundary conditions are symmetric, then

the coefficient of a,, is given by:

< Xy > fol sin (22) p(z)dz
Ay = =
< Xy X > Olsm2(m7r



Therefore, the solution of (2.1) on the interval I = [0,1] with Dirichlet bound-

ary conditions is given by:
- nmx
t) = in(—— e k(*T%)%
u(z, t) nE_l ay, sin( l Je

where, a, = %fol sin(%fx)p(z)dr n = 1,2,3,...

Example 2.1.4 (Periodic Boundary conditions). Consider the Periodic bound-
ary conditions on an interval [-1,l], we have discussed eigenvalues and eigen-
functions on the above examples. That is given by:

An = (%)2

cos("7%), n=12.3, ..
Xn(z) = q sin(2%)
=0, Xo(z)=Cy Co#0
Therefore, the solution of T, is given by:
ape Mt =123, ..
T,(t) =< a,e k)%

ag, n=20

Where, n > 0.

up(z,t) = X (2)To(t)

this is a solution of the heat equation that satisfies the periodic boundary

conditions. Which is defined by:

u(z,t) = i (X ()T, (b)) = Gg‘f‘i [an cos (?w) + by, sin (%x)} e’k(%)%

n=1

17



Now, insert this equation into the initial condition, we have that:
- n n
u(z,0) = ag + Z [an coS <—7Tx> + b, sin (—Wa:ﬂ = ¢(x)
— l l

We have identified that eigenfunctions corresponding to distinct eigenvalues
will be orthogonal, for a periodic boundary conditions. However, we have
two an eigenfunctions for every positive eigenvalue. We have also cos(“Fx)
and sin (%x) are eigenfunctions corresponding to the eigenvalue \,, = ("T“)2

We can calculate directly, we have:

/_ll coS (nTﬂx> sin <nl ) dr =0

Therefore, it is an orthogonal. For every eigenvalue A of (2.3) with multiply
linearly independent eigenfunction, the eigenfunctions may always be chosen
to be orthogonal. This process is known as the Gram-Schmidt orthogonal-
ization method. Since all the eigenfunctions are mutually orthogonal we can
calculate the coefficients a,,b,, so that in the initial condition is satisfied
using the technique to described above cases and < h,g > be under L? (i.e

inner product) on [-1,1], we have that:

<lp> 1 [!
_ = d
W= 21/,¢($) .

a, = < cos (7)., 0 = 1/_2 cos <Ex) o(z)dz

< cos ( ) , COS ( ) [ l
< s 1/
. L1 ) R [ sin (B50) o)
< sin (Tx) sm( ; x) > 1) [
Therefore, the solution of (2.4) on the interval I = [-11] with periodic bound-

ary conditions is given by:

u(z,t) = ap + i [an cOS (?m) + by, (sin (?I)ﬂ ok (HFE)?

n=1

18



1/
a =g y ¢(z)dx

! nm

a, = % g cos <Tx) o(z)dz

b, = %/ll sin <n77rm> o(x)dx

Neumann Boundary Conditions
The Neumann problem on the half-line,

Now, the Neumann Boundary Condition we have,

vw—kvy =0, 0<zr<oo, 0<t<oo
v(z,0) =¢(z), x>0 (2.5)
0.(0,6) =0, t>0

To find the solution of (2.5), we use a similar idea apply in the case of Dirichlet
boundary problem. Since, if ¥ (z) is an even function, (which is ¢¥(—x) =
¥ (x)), then its derivative function will be odd. Indeed, differentiating in the
definition of the even function, we get —1i)/(—xz) = ¢/(x), which is the same
as ¢'(—x) = —1'(z). Hence, for an arbitrary even function ¢'(z), ¢'(0) =0
The resulting function is will produce solutions to the initial value probleme
on the whole line that satisfies the Neumann condition of (2.5).

Define the function ¢(z), then we have:

Soren = o(x), for x>0 (2.6)
o(—z), for x<0

Assume that the initial value problem on the whole line, we have given that:

ut—/{:utt:(), 0<.T<OO, O<t< oo

U,(JZ, 0) = gbeveny x>0

(2.7)

19



The solution u(z,t) of the initial value problem of (2.7) will be even in z,
since the difference [u(—x,t) — u(x,t)] solves the heat equation and has zero
initial condition, we use the solution the formula for the initial value problem
on the whole line to write.

u(z,t) = / G(x — y,t)Peven(y)dy, t >0

o0

And take

z(z,t) = u(x, )]0
equivalent to the case of the Dirichlet problem. This can indicate that z(x,t)
to solve the initial value problem of (2.6), and use this expression for the heat

kernel as well as the definition of (2.7), to write the solution of the formula

is given by:

—(z—y?) —(a+y?)

1 [ee]
o= | [ T 4 g(y)dy

Example 2.1.5. Solve the following initial value problem.

vy — kvy = 0,

v(0,t) = ve(l,t) =0,

v(x,0) =
Solution:

Applying the Fourier coefficients we have that:

o=} fiade = 1215 = |

an = %fol TCos (%) dx

= Zsin (") [§ — % Jy sin ()
= hoos () |

20



= W} n= ]’ 2’

Therefore, the solution of the equation is give by:

l N f: 21((1 — cos(nm))) ~ nTx, —kn2e2

cos( Je
2.2
— n2m l

Neumann boundary value problem has an infinite series solutions, then we

have the general solution:

v(r,t) = ag + Z a4, COS (?) e E

n=1

21



Chapter 3

Fourier Series

Consider the Dirichlet boundary conditions, we can find the coefficients of
a, we have that:
. /nTx
x) = ap sin | ——
o) =3 (=)

The Fourier coefficient is given by:

a, = %/Ol sin <@) ¢(x)dx

A function ¢ is defined on an interval (0,1), such that an infinite series is

given by the function:
o0
. /NTXT
0~ Y ansin ()
n=1
where the Fourier coefficient is:

an = %/Ol sin <#) ¢(x)dx

this is called the Fourier sine series of ¢. From the conditions we have that

the equation,
o(x) = ag + g [an cos (%ﬂ) + by, sin (nlﬂﬂ (3.1)

22



In this condition, the coefficients must be given by:

ap = % fil ¢(z)dx
ay = %fil cos (272) ¢(x)dx (3.2)
b, = %ﬁz sin (272) ¢(z)dx
The given function ¢ is defined on an interval (-1,1) the series function is given
by: N
¢~ ag+ nz_; [an CoS <nlﬂ> + b, sin (#)]
Where, a, and b,, are defined in (3.1) is known as the Full Fourier Series of

¢. Generally, for a sequence of eigenfunction X,, of (3.2) that satisfy certain

boundary conditions defined on the general Fourier series of a function ¢ as:

¢~ anX(x)
n=1

which implies that,
_ < Xa(x), 0>

n
< Ty, Ty >

If ¢ could be represented in terms of this infinite series we need to find coef-

ficients a,, this implies:

o(z) = i a, sin (%ﬂ)

n=1

The coefficient is given by:



Where, n = 1,2,,3,...

Which is an important form of the coefficients and

u(z,t) = Z an sin (_mlm:) e R

n=1

It is useful to write the Full Fourier Series in complex form. The eigenfunc-

tions are associated with the Full Fourier Series which are given by:
nrr\ . (NTX
(con (577) sin (577))

forn =1,2,3,...

By applying the de Morvre’s formula we have:

e = cosf + isinf

This can be written us in the form of:

inmx —inmTT

nmwx e 1T +e
o (") -

inmTT —inmTT

. (nTT el —e
sin =
l

For any linear combination of eigenfunction is an eigenfunction. Therefore,

we have also the following eigenfunctions.

cos (@) + 7sin (”lﬂ) e
CoS (@) — g sin (@) e~

Thus the eigenfunction associated with the Full Fourier Series can be written

inTT

as: e !

n=..-2,-1,0,1,2,3,... Now, let us represent a given function ¢ as an infinite

24



series expansion in terms of these eigenfunctions. Now, we need to find the

coeflicients C,, such that:

o(z) = Z Cne@

We are describing earlier the eigenfunctions corresponding to distinct eigen-

values will be orthogonal as periodic boundary conditions are symmetric.

l
INTET  AMmTT
/e et der=0
-l

For m # n, for eigenfunctions corresponding to the same eigenvalue we need

Therefore, we have

to check the L? inner product. For the eigenvalue A, = (2%)* we have the

—in

eigenfunctions, " and e T By direct calculation, we have that:

l
inTr —inmTx
/e et dr=0
—1

l
inTr —inmTx
/e U e 1 dr =2l
-1

Therefore, the coefficients C), to be given by:

forn #0

I [t

C’n:2—l _le U dx

consequently, the complex form of the Full Fourier Series for a function ¢ is

defined on an interval (—[,1) is given by:

o0
INTT
¢ ~ E Cne 1

n=—oo

—inmTx

Where, C,, = & ffl et ¢(x)dr
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3.1 Fourier Transformations

Let us study the heat equation on the real number line. Think about the

initial value problem

up = kuy, —oco<x<oo, t>0
u(z,0) = ¢(z)

In the case of heat equation on an initial value problem, we found a solution
u using Fourier Series. The case of the heat equation on the whole real line,
the Fourier Series will be substituted by the Fourier Transformation. For a
function ¢ defined on the interval [-1,]] we are defined its Full Fourier Series

as

0 .

n=—oo

Where, C,, = %fil d(x)e T dx

the constant C,, depend on ¢. So C,, is the Fourier Transformation, then

insert the coefficients (), into an infinite series, we get that:

) 1 ‘ _
6~ [ > ) l”%(y)dy] o

n—=—0o0

Now, letting k£ = “F, then we can write this as in the form of:

o0 I 1 ‘
6~ [ 2 5 /l cb(y)e-“y-”kdy] 7

3.1.1 Definition of the Fourier Transformation
Definition 3.1.1. Consideer g € L'(R") if [i,, [g(x)|dz < 400

For g € L*(R™), we have defined its Fourier Transformation at a point n €
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R" as
1

90 = oy /% ¢ng(n)dr

The inverse of the Fourier Transformation at the point n € R" is defined

by:
1 xn
g(x) = 2n)? /%e 9(n)dn

In the Fourier Transformation we can defined with a constant of (2+)2 can be

replaced by ﬁ and the inverse Fourier Transformation is defined with a
1
(@mz’

constant 1 replaced by the constant

Theorem 3.1.1 (Plancherel’s Theorem). If u € L*(R"), then u,v € L*(R")

and
|[ul [z2(rny = [[v] [22(Rr)
Proof.
1 : 2
— _ e—zzne—dx\
9(n) 2n)? / )
where, g¢(n) = (261)%6—(\6\)246

1 o0 - 2 0 ; 2
= - / e M eT My / e e ndy,
(27T> 2 —00 —00

For x € R, and hence we defined that

o 2
/ e o€z I,
—00

By using completing the square method gives us:

o () - ()]
@ ()
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Therefore, we have

[e%e] X 2 o0 [Jr(m)]z _e2
e e dy = e 1*\3e)] eTac dy

o0

Let W =2+ (12—2), then we can get
o i 2 2
/ 6_E[m+(£ ]QQTd:p = e e /6_6W2dw
—00 1)
Where, 9 is the line in the complex plane given by: =W € C:y =z + ;—2, reR
with out loss of generality, we assume that n > 0. identically it works the

analysis if n < 0 then we have that the value:

—ew? . —ew?
/e “dw = lim e dw
5

Define ak, a% and a%, for any R > 0.
ab ={r € R:|z| <R}

ah={we C:w=x+iy, z, yeRaz=R, 0<y<L}
ah={weC:w=z+iy, z, yeRaoz=-R, 0<y<L}

From complex analysis, we know that:
/ e~ dw =0
c

where, C is a closed curve given by:

C =0rUakUa%Ua%. Transverse in the counter clock wise direction.

We have
_ 2 _ 2
/ e €“’alw:/ e dw
OR aRr

where, the integral on the right hand side is the line integral give by:
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ap = ak Ua% U ak. Transverse the direction shown. Hence,

—ew? . —ew?
/e “dw = lim e dw
5

R—+o0 aR

But, as R — o0,

2
/_eew — 0
a]

R

o0
e 2
/e“"dw—>/ e “dx
al —0o0

R

for y = 2,3 and

—ew? 00 —ex2
Therefore, f6e dw — f_ooe “dx

consequently

Then we have,

1 eght e
90 = gz (VA = (D
1 e—mﬁ
(2n)5



Let us see the following claims
Claim 1
po) = o) = [ vl —putpdye L'®) (3)
R
where, v,w € L'(R) ( p is the convolution of v and w). Then
filn) = 7xw(n) = (2m) 20 (n)o(n)
Proof. 1i(n) = ﬁ Jyon € (2 )d = ﬁ Sy €7 [ v(z — y)w(y)dydz
_ ! e~ H@=y)n,,(p _ x| e Wy,
BCE /9(e V (x—y)d } (y)dy
1 5 (e~
= Goyg L @B ey
—o) | [ emiemaa]
=(0) | [ et dy
= D(n)(2m) 25 (n)
= (2m)20(n)B(n)
[

Next, we use the above claim (1) to prove Plancherel’s theorem.

Proof. From the above theorem (3.1.1) By assumption v, w, u € L*(R™) () L*(R")

Let w(z) = 7(—x) and p(x) = (v * w)(x). We have
-~ 1 —ixn
w(n) = T /n ey (x)dx
1 Ny
= (271_)% /§R€ ( y>d3/
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(2;)3 /&e e (y)dy

1

= W/W e~y (y)dy

Therefore, using the above claim we have,

An) = 2m)F0(n)o(n) = (2m)2w(n)(n) = (27)% [p|°

Now employing the fact, if g and h are in L'(R"), then g, h are in L>(R")

and
| s@ht)dz = [ gy

Now, substitute directly and we have that:

[ s = [ o) [hs [emmman] e = [ | [ e matents] nan

~ [ Gk

Therefore, let g(z) = e*” and h(x) = p(x) as defined the above. substi-

tuting ¢ and h into (3.2) and applying the above claim to get the Fourier

Transformation of g, we have.

/n e’€|x‘2,u/(;)d77 = /n (2—17)6422 p(x)dx

Taking the limit of both sides as e — 07,

. —€ 2/\ —~
lim [ e u(n)dnz/ fi(n)dn

e=0F Jypn R,

Claim 2

1 e n
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Proof. We can prove the claim as follows:

—|z|?

ﬁ / T p(a)dr - u(0)

as € — 07 Note that:

1 —|z|?
- e 4 dr=1
(47e)2 /n

/ e_“Qdu =T

o0

Now, we have

Therefore,

(4736)’5 / T el = l0) = (4736)3 / T ) — o))

Now, show that Vé > 0. There exist € > 0, such that

a2
aﬁ§ﬁme4%ﬂu@)—uamdx«<5.Ex0<:e<e,mt3m¢nbeﬂmbm1
of radius ¢ about 0. Now, separate the integral into pieces as follows.

—|x|?

i [p(x) — p(0)] dz

1
(471'6)% “[;Rn €

2
—lz]

1
+’ (4me)z /n_B(o,a) el = O] e

1 |z
< \(m)g / o )~ ) e

—I+J

For term I: we have,

1
< |U(x)_:u(0)’L°°(B(O,5))W/ ¢ dr



For § sufficiently small, using the reality p € C'(R™) and (3.3). Taking ¢ fixed

and small, we consider the term J,

\ e [ ) - p0) o

1 —|z|? 1 e
e i |pu(z)| dz + 7 e i |p(0)| dx
n (4me)z n_B(0,9)

= (4me)?
e [l o) oy [
w€ 4 |Loo(Rn—B(0,6 w(x)| ar+e s |u(0)]| —— e s dx
(4me)> ( ©o) R (87€) % Jyn_p(0.s)
<(J’—1 S e ® 2 e ar < 0] 2 L62‘+c‘s“2<é
=Y amgg® | T ey e € Y TS M GgEe " en <3

For € is sufficiently small, using the reality for a fixed § # 0.

and
52

lim e =0
e—0t

Therefore, I +.J < 6. For e chosen sufficiently small and thus (3.4) combining
to (3.3) and (3.4) with (3.2), we can conclude that

Jyn Bi()dn = (27) % 1(0)

It follows that:

fin)dn = (2m)3[7]* and p1(0) = (v * w)(0)

— [ viewlado = 2m [ oy
n N2

= (21)2 lv|?dx
§R'/L

or equivalently |7, = |v];.
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3.1.2 Fourier Transformation on L*(R")

For v € L'(R), which means [y, |v(z)|dz < 4+oc0. This indicates that the
Fourier Transform is well-defined, since the integral converges.

Let v € L*(R"). Approximate v by a sequence of functions v, such that

v, € LA(R™) N L2(R") and ||vy, — v|| L? — 0 as k — +o00. By the Plancherel’s

theorem, ||5 — 3], = ||k — v

T llog — 5] 2 — 0 as k,j — 400 vy
is the Cauchy sequence in L*(R") and hence converges to some u € L?(R").

We can defined the Fourier Transform of v by the function g. That is v = w.

3.1.3 Inverse of the Fourier Transform

The inversion of the Fourier Transform, i.e finding h(t) for a given F(z),
is sometimes possible using the inversion integral. However, in elementary
cases we can use a table of standard Fourier Transform together, with the

appropriate properties of the Fourier Transform.

Example 3.1.1. Find the inverse Fourier Transform of

F(z) = 20_51115(252)

Solution:
Apply the sine function, h(t) is a function in the Fourier Transform. We have

the standard form of:

sinzc
F (k. (t) =2
(k1)) = 267
or
-l <2csmzc) ()
zc
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Let ¢ = 5F~! (10‘”?%) = ks5(t). Thus, by the linearity property
h(t) = F~1 (202252) = 2k;(t)
Example 3.1.2. Find the inverse of Fourier Transform of

sin 5z
5z

—3iz

W(z) =20

solution:
Use the complex exponential factor in the Fourier Transform suggests the
time shift property with the time ¢y = +3 (shift to the right). From example
(3.3.1)
FH{208252} = 224(t)
SO
sin 5z
e

w(t) = F—l{zov T3 — 2k (t — 3)

Example 3.1.3. Find the inverse Fourier Transform of

2

Y& =1 on -

solution:

put z = (z — 1). Hence, we assume that:

2

w(z) = 112z

considere the relevant standard form given by:

F (e Pu(t)) =

B+iz

-1 1 _ Bt
F (5+i2> = e Plu(t)

or equivalently
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And hence, we can write as w(z) = ﬁ,
2

w(t) = ez 'u(t). Then, by the frequency shifting property with zo = 1

y(t)=F~" (m) — e 3teltu(t)
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Chapter 4

Solving Heat Equation inR"

4.1 To solve the IVP for the Heat Equation
in R" Using Fourier Transform

Assume that the initial value problen for the heat equation on R.

U = ktly, x€R, t>0
u(z,0) = ¢(z)

Applying the Fourier Transform to the heat equation, we have,
wy(n,t) = kwy(n,t) = w, = k(in)*w = —kn*w

Now, solve this ordinary differential equation and applying the initial condi-

tions:
u(z,0) = o(t)
We have w(n,t) = ¢(n)e . Then we have:
1

— / e (n, t)dn = —= / €M) ()e "

u(z,t) = @)

[ SIS
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e Ll e

i(y—x)n —antdn:| dy

-
= \/%_w/oo o(y)g(y — x)dy

—z

1
——¢€ 4k
V2 €

Where, w(n) = —k1’t this implies that g(z) =

Therefore,

—(z—y)?
ikt

gly —x) = e
The solution of the Initial Value Problem for the heat equation on R is

u(z,t) =

4kt d
\/4/{37T / *ly Y
forz € R™, t > 0.

We can use the same analysis to solve the problem in higher dimension.

Consider the initial value problem for the heat equation in R",

u =kAu, xe€R" t>0

(4.1)
u(z,0) = ¢(t)

Using the Fourier Transform as in one dimension case, we can arrive at the

solution formula.

gb(y)e"w_y‘?dy for t>0 (4.2)

1
wz,t) = ——
V (dkmt)™ Jre
Theorem 4.1.1. Assume ¢ € C(R") [ L>*(R") and defined by (4.2) then
1. uwe L>®(R" x (0,00))
2. u—kAu V,eR" t>0
8. Mm@ w(@,t) = ¢(xg), 9, z€R”, t>0
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Proof. 1. Hence, the function %%6% is infinitely differentiable with uni-
formly bounded derivatives of all order on R™ x (4,00), & >0

2. By direct calculation, we have seen that the function is

—lz—y?
u(z,t) = (4kit)%e w , x,y e R" V> 0.

This function is infinitely differentiable. Hence,

w(x,t) = kAu(x,t) = [g. [(uy — kAu)(z —y,t)] ¢(y)dy = 0

3. In this case we have g € R" and € < 0 and we wants to show there exists

a 0 > 0 such that
lu(x,t) — ¢(xo)| < § for |(z,t) — (x0,0)| < 0.
We have,

<€

1 —lo—y|?
4kt —
s L 00— ot
lu(z,t) — ¢(xg)| < 6. Where ¢ is chosen sufficiently small, then we have in

particular applying:

T L o)~ otaolas] =

1
(4mkt)=

[ e ot) — (w0 dy

. (4.3)
Let B(zg,7) be a ball of radius r about xy, we look at the integral in (4.3)
over B(xzg,r). using the reality ¢ is continuous, for § chosen sufficiently small.
From the choice of § the integral in (4.3) something which completes B(x, r).
For y € R" — B(xo,9), |z — | < 5. We have,

) 1
!y—wo\é!y—$!+!$o—x|<Iy—rl+§<|y—w|+§\y—xol

Therefore, on a single items of the given integral we have that:

ly — xo| < |y — 2| + |xg — x| < |y — x|, the integral is bounded as

len—y|2
‘ 1 / e |1%kty| dy
R"—B(zo,r)

U Q

I A P
T Lo ) o] <
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So, changing of the variables we have

c —(zg—y)? O oo —y? o 0o _,2 c
= fR"—B(ﬂﬁoﬂ“) e dy = ] f’Y erordy = Cf'yx/fe dz <3
Hence,

lim  wu(x,t) = ¢(xo)

(%) s (2,0

4.2 The Fundamental Solution

Definition 4.2.1. The delta distribution d is a distribution of a mathematical

object having a sufficient function of ¢(x) as follows:
(0, 0) = ¢(0)
The notation {.,.) is meant to remind us the L* inner product
0.1) = | gahia)ds

think about the solution of (4.1) for the initial value problem of heat

equation in R™. Define the function

Gla,t) = —L e, t>0
(4mkt) 2 (44)
0, t<0

Where, GG is the solution of the heat equation for ¢ > 0 and in addition, we

can write the solution of (4.1) as

ule,t) = [G(t) % B(x)] = / Gl(x — y), )b(y)dy

n

G(z,t) is the fundamental solution of the heat equation. G itself is a solution

of the heat equation. This implies:
Gy —kAG=0, zeR" t>0
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We know that for z # 0, However, for

r=0, lim G(z,t) =00

t—0t+

In addition, use the equation we see that:
G(z,t)de =1, for t>0
Rn
Therefore,

lim G(z,t)dr = 00

t—0t Rn

for x € R®

Theorem 4.2.1. If ¢(z) is a bounded and continuous function then,

1 [ 2
at) = —— | oy (45)

That satisfies the heat equation u; — kuy = 0 for ¢ > 0 and V, € R more

over,

lim u(z,t) = ¢(x), V,eR

t—0t
The standard change of variables in the integral we have letting z(z,y) =

Ty

77> then dz = \;76%5 then equation (4.5) be comes

1 o,
1) = o= /_ ol — ViR (4.6)

For a constant value of x, if put ¢ = 0 in this last integral, we could then

factor ¢ out of the integral and write

t—0t+

lim % /Z e_Zng (x — @) dz
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1 o
= —/ e % lim [0) (a: - 4ktz> dz
0

oo t—0t

_ %gb(x) /_ Z e dz

= ¢(x)
Example 4.2.1. Let

1, ife<t<z+1
G(z,t) = /

0, otherwise

and hence, consider

o

lim Gz,t)dy =1, z<t<z+1

T—00 0

and
/ lim G(z,t)dy =1, z<t<z+1
0

T—00

= / Gz, t)dy =1
0
For any positive value of x with a fixed positive value of x, but for any fixed

value of t we have G(z,t) = 0, for z > ¢ and hence,

lim G(z,t) =0, Vt

T—00

and the second limit is

/ lim G(z,t)dy = / Ody =0
0 0

Tr—r00
our aim is to show that

lim u(z,t) = ¢(x)

t—0t
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In the other way we have that:

i 1 e — z)dz = ¢(x
hmﬁ/_me o(x — VAkt2)dz = ¢(x)

t—0t+

We can break the integral into two parts, based on the following observations.
If ¢ is very small and z is not too large. We will have that ¢(z — V4ktz) is

s very small, so the value of the

very closed to ¢(x). If z is large, then e~
part of the integral where z is large should be close to zero. First, restate
what are trying to prove:

lim (u(z,t) — ¢(x)) =0

t—0t

This can be written as:
u(z,t) — o(x) = = /OO e p(x — VAktz)dz — = /OO e p(y)dz
| T Vi) N

_ % / e [z — VaRD)z — o(2)2]
Since we are going to use

lim F(t) =L

t—0t

Which means, for any out put tolerance ¢ > 0, we can choose an input
tolerance § > 0 and then guarantee that whenever the input is with in

d of ¢ (i.eif |t| < §). Then, the out put F(t) with in € of L
|F(t)— L| <e

Limit as t — oo are a little differently. When we say that, fooo e dz con-
verges. We mean that for any out put tolerance e, there is a number D.
Hence,

Il ;O e " dz < e. which implies that the integral of e=** from 0 to D is with in
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the tolerance € of the volume of the improper integral. The main aim is to

show that given ¢ > 0 we can find a ¢ > 0 so that, if 0 <t < ¢, then,

<€

‘% /_ z e (¢p(x — Vaktz) — ¢(x))dz

Given that ¢ is a bounded function and that the improper integral ffooo e dz
from converges from the boundedness of |¢p(x)| < B, © € R. Then triangle
inequalities gives ‘Qﬁ(x —Vdktz) — ¢(x)| < 2B,

Hence, we can estimate that:

’% /: ¢ 7 (¢ — Viktz) — ¢(x))dz

1
< /D e (0(x — VL) — o(x))d=
ﬁ

_ 2
e “dz

T™Jp

and

[ ol - VAR st

[e. 9]

< 1 /_D e | (IIJ — 4/<:tz> — ¢(£L‘)‘ dz

<zB -D
VT )

. _,2
Because, the integral of e™* from —oo to oo converges, we can choose D

_ 2
e dz

large enough so that:

2B °O_ZZd+2B/—D_ZQd<e
— (& z — (& z —
\/7_1' D ﬁ —0o0 2

This implies that:

<

‘% /| . e (p(a — Vaktz) — ¢(z))dz %

44



In this case we can choose D in the region of the boundary, we show that:

<

L -2 — z)— ¢(z))dz
]ﬁ /| ot = VL) — o) (4.7

€
2
Because, ¢ is continuous at x, we can chosen a ¢; > 0.

So that, if |z — ¢| < 61, then |p(z) — ¢(¢)| < 3e. For the integral in (4.7), this
4dktz

means that for t to be small enough therefore,
i

< 0 for all p ranging

from —D to D. To do this, choose § < This we will have, V; < 0 and

4kD2? "
-D<z<D
\/4k6?
’vllktz < ‘\/4/{:52 < 4kD21

Where D = §;. So that,

o V/IkE) — o()| <

NN e

V. between —D and D. Now, we prove estimate (4.7) above. If ¢ < § with ¢

given as above, then

2

l/ e * (p(x — Vdaktz) — ¢(x))dz

/ U (6(z — VakLz) — qﬁ(w))‘ dz
1 D 2 €
< ;/De Edz

el [P 2
< == d
27T/ € §

ol T

To get estimate (4.6) and (4.7) implies that if 0 < ¢ < §, then

! /_ e (0w — VARE2) — 6())de

n 00

u(e,t) = 6(z)| =
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2

1
- e * x — Vdaktz) — o(x))dz
< /M (o 2) — o(a))dz| +

™

2

1 /_ e (6x — VL) — b(x))d=

T™J-D

<E+€_
2 73" €

Which is just what we need to conclude that

lim u(z,t) = ¢(x)

t—0t
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Chapter 5

Summery

Heat equation is a very useful partial differential equation that describes the
distribution of heat in a given region.

The general formula of heat equation is:
U = KUyy

For a function u(x, y, z), which are x, y, z and the time t are variables of the
function.
The heat equation is:

U =k (U + Uyy + Usz)

u = kVZu

where k is a constant.

Heat Equation that indicates the derivatives of the equation given by:
ut_kuxx:(), k>0
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We call it this the diffusion equation.
Fourier’s law saying that heat flow from hot regoin to cold regions at a rate
k > 0 is proportional to the given temperature gradient. There is one way

the heat will leave in the region M through the boundary. That is

G (1) :/ kVujds
oM

where, OM is the boundary of M, ’j’ is the outward unit normal vector to

OM and ds is the surface measure over OM. Therefore, we have

/cputdx:/ EVujds
M oM

remained that for a vector field F, then the Divergent theorem gives

/ FdeZ/ VFdz
oM M

/M cpuy(z,t)dz = /M V(kVu)dx

This guide us to the partial differential equation.

Now, we have

cpuy = V(kVu)dx

If ¢, p and k are constant, we are lead the heat equation u; = £V u and

Au = z”: WU
i=1
The most common boundary conditions are the following
(i) Drichilet: u(0,t) =0 = u(l,t)
(il) Neumann: u,(0,t) = 0 = u,(l,t)

Now, let us present the techniques of separation of variables. This technique
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to connect something looking for a solution of a particular form. Now, we

look for the solution in the form of:
u(z,t) = X(x)T(t)

For the functions X, T to be determined. Our supposition that we can
looking for a solution of (1.1) of in the form of substituting this function
u = XT into the heat equation, we have the equation in the form

XT — kX"T = 0 dividing the equation by kXT. we have

X

T X T A

for some constant A. There exist a solution

u(x,t) = X(x)T'(t) is solution of the heat equation, then 7" and X must
satisfy the equation

Tl o X// o

7 = —A and 5 = —A for some constant .

Fourier Transformations

Consider the Dirichlet boundary conditions, we can find the coefficients of

a, we have that:
o0

o(z) = Z a, sin (%ﬂ)

n=1

The Fourier coefficient is given by:

a, = %/Ol sin <?> o(z)dx

A function ¢ is defined on an interval (0,1), such that an infinite series is

given by the function:
[ee]
. [nTX
~ apsin | —
oS (1)

where the Fourier coefficient is:



this is called the Fourier sine series of ¢.
Let us study the heat equation on the real number line. Think about the

initial value problem

U = kuy, —oo<x<oo, t>0

u(z,0) = ¢(x)
In the case of heat equation on an initial value problem, we found a solution
u using Fourier Series. The case of the heat equation on the whole real line,
the Fourier Series will be substituted by the Fourier Transformation. For a
function ¢ defined on the interval [-11] we are defined its Full Fourier Series

as

> .
mmmTT
gb ~ E Cne !

n=—oo

—inmTT

Where, C,, = %fil o(r)e 1 dx

the constant C,, depend on ¢. So C), is the Fourier Transformation, then
insert the coefficients C), into an infinite series, we get that:

> L .
6~ [Z %/le‘“?%(y)dy] o

n=——oo

Now, letting & = =%, then we can write this as in the form of:

[e’e] l 1 '
o~ [Z o / | ¢<y>e““>‘“dy] 7

nN=—00

Definition of the Fourier Transformation

Consideer g € L'(R") if [,

g(x)|dr < +o0
For g € L*(R™), we have defined its Fourier Transformation at a point n €
R" as

1

90 = i /% ¢ng(n)dy
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Definition of Fundamental Solution

The delta distribution ¢ is a distribution of a mathematical object having

a sufficient function of ¢(z) as follows:

(0,9) = ¢(0)

The notation (.,.) is meant to remind us the L? inner product

0.1) = | gahia)is

think about the solution of (4.1) for the initial value problem of heat equation

in R™. Define the function
‘2

G(z,t) = a ;t)%ejzt , t>0

0, t<0

Where, GG is the solution of the heat equation for ¢ > 0 and in addition, we
can write the solution of (4.1) as
u(z, ) = [G(t) x o)l = [ G((z —y), 1)d(y)dy
Rn
G(z,t) is the fundamental solution of the heat equation. G itself is a solution

of the heat equation. This implies:
Gy —kAG=0, z€R", t>0
We know that for x # 0, However, for

r=0, lim G(z,t) =00

t—0t
To get estimate (4.6) and (4.7) implies that if 0 < ¢ < J, then

1 /_ e (0w — VARE2) — 6())de

m 00

u(e,t) = 6(z)| =
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2

1
- e * x — Vdaktz) — o(x))dz
< /M (o 2) — o(a))dz| +

™

2

1 /_ e (6x — VL) — b(x))d=

T™J-D

<E+€_
2 73" €

Which is just what we need to conclude that

lim u(z,t) = ¢(x)

t—0t
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Chapter 6

Bibliography
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