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1 Introduction

Some general remarks on PDEs:
o usually hard to solve, and few are completely understood
o non-trivial numerical solutions

PDEs involve:
e equation of partial derivatives

o unknown functions of more than one variable (as contrast to ODE
systems which could have several functions of single variable).

1.1 Brief Review of ODE
A typical initial value problem in ODE looks like:
%f’ =7 = f(x,1)
Z(0) =
where:
e this would be a first order ODE because the highest order of derivative
is1
e = .. |, all of which are single variable functions
zn(t)

o the initial condition #y (an n-dimensional vector) uniquely determines the
solution for ¢ > 0.

Note:
All of which will be different with an PDE, which you will see later.



Consider the example of a spring with mass:
k = Spring Constant
m = mass

In the above example, we can simply write down the ODE (ignoring
the damping):

Ezxample: A simple ODE

my” = —ky (1)
with the initial condition:

y(0) = yo

y'(0) = vo

to solve it using ODE approaches, we can do:

Let ¥ = [y/(t)} and ¥y = {yo} , then we have:
y'(t) Vo

Now we have:

where:
e A is the constant matrix

e we have successfully converted the equation back to "single vari-
able" of only &, which becomes solvable

With the initial condition of #y, and that A is constant, we know the
unique solution is:
7= e (3)



Reminder:

e the exponential of a matriz can be basically understood as:

e the proof of the unique solution of the above ODFE is, in short:
Consider the quantity % (e~ 4tZ(t))

d

p (e MZ(t)) = e MF(1) — eMAT =0

since Z(t) = AZ
This means that the function:

t — e ME(t)
is constant in time. This yields:

Z(t) = e

1.2 Brief Review of Linear Algebra

Consider the same ODE system:

and consider the equation:

where:
e U is just a constant vector
Substituting the equation into the ODE, we get:
AU =\
where:

o this means that for the system # = e*

for A\, ¥ will solve the ODE given

ty7, any eigenvalue/eigenvector pair

Additionally, suppose the matrix A is symmetric.

Reminder:

For a symmetric matriz A = AT, it has the following properties:
o A has exactly n eigenvalues (not necessarily distinct)

o A has a complete set (n) of orthogonal eigenvectors



Therefore, the complete solution of the above becomes:
n
F(t) =y ey, (4)
i=1

where:

e \;,U; are eigenvalue, eigenvector pairs

n
e ¢; is solved by the initial condition Zy = > ¢;7;
i=1

Note:

n
In general, it is hard to solve the equation Zy = Y ¢;¥;, but since we
i=1
have a symmetric matrix A, we know that we have orthogonal eigen-
vector v;. As a result:

oL L  FT
{fo UL = UV, 6= Ea

1.3 Introduction to PDE

First of all, some notations:

1. PDE involves functions of more than one variable, and a typical symbol
for that function is, for example:

u(z,t)

2. the below notations are all equivalent:

ou

a = Ut
Pu
w = Ut-

An example of PDE would be perhaps better.

Example: Advection Equation

Advection describes the transport of something via fluid flow. The
equation is:

pt + UopPz = 0 (5)
or equivalently:

Jdp op
aﬁ-u()%—o

where:

e p(x,t) describes some density of particle as a function of position
and time, uo will be a constant (unit of velocity)



In the above equation 5, the solution is in any differentiable function f, such
that

plx,t) = f (z — uopt)

where:
e this type of solution is also called a classical solution

Proof. Simply substituting the function in, we get:

(r — uot) + Uogf(l“ — ugt) = —uo f(x — uot) + uo f(x — uot)’

9
ot ox
=0.

Reminder:
The chain rule of partial derivatives goes like:

o for a function z = f(x(s4),Y(ss)), we have:

0: _ofde  0f dy
ds Oxds Oyds

where:

— if we have x = x(s),y = y(s) instead, then it would be a total
derivative, i.e. % on LHS.

e for the above example, we have:

of _ofox ofor_df _ - df

ot oz ot otot dt  Cd(z—uot)

Visualizing the addiction equation, suppose:
pla,t) = oot

taking ug = +1, we see:

1

fx,0)
ix,2)
fix,5) m—

Amplitude

0.4

0.2 -

where:

e the density p basically moves to the right at the rate of 1



Note:

The take away message here is that:

o the initial condition here for a PDE is a function, i.e. p(z,0) =
po(z). (Think of this like a snapshot of the configuration of p(z, t)
at t = 0, which has two variables).

¢ the solution depends continuously on the initial "function”



2 Heat Equation
2.1 Modelling

Again, consider the density in 1-D: p = p(x, t):

thiv pipe of cross-sectioval area A

[ )

\ A

and that the particles travel in the pipe with speed u(zx,t).

Considering a section of the pipe, a < < b, we can calculate the number
of particles inside that volume section:

N(a<x<b,t):/bp(x,t)Ad:E (6)

Suppose particles in that pipe is created (e.g. via chemical reactions) at a rate
of Q(x,t) (could be in unit of density per unit volume).

Then, to describe what is happening in that section of pipe, we can use the
conservation of particles:

iN(a<x<bt /thAd:c+Ap(a tyu(a,t) — Ap(b, t)u(b,t)

dt
b
/apAd /QAdx—/ g(pu)Adx.
o Oz

Therefore, combining the RHS and doing the cancellations:

or equivalently:

Note:

Here, in 1-D, we used the result of the fundemental theorem of calculus,
such that:

/ (@) dz = f(bt) — f(a,1)

For a higher dimension, the gradient theorem might come in handy:
8= pre) = frw) 7

Hence, from the above derivation, we have:



Theorem 2.1: Modelling in 1-D

For p(z,t) being the density of particles in a thin pipe moving with
velocity u = u(z,t), and Q(x,t) being the rate of creation of particles,
we have the modelling equation:

pr+ (pu)e = Q (8)

where:

¢ advection equation just has @ = 0, u = ug.

Note:

At this point, we haven’t talked about (later in the course):
e how to solve such an equation
e what initial conditions are needed

e existence of solutions

2.2 Heat/Diffusion Equation

Another type of equation frequently used is the heat equation.

For 1-D, the setup is simple. Consider heat flow through the following
material:

+hin rod

A“@ )
v-o F’f 7

Let e(xz,t) denote the thermal energy density, and p(z,t) denot the heat flux
form left to right. Then, we have:

b
/ e(x,t)Adr = Thermal Energy between a < z < b

Now, consider a source that generates/loses thermal energy with Q(x,t) (heat
energy density per unit time). Applying the conservation of energy (again,
conservation law):

/—extAdx—/thAdx—i—Agp(at) Ap(b,t)

/QAdx—/ o —p(z,t)Adz.

10



Hence, we get the same thing as the modelling equation:

0 0
ae(w,t) =0~ 5 (z,1t)

However, this does not suffice for our puporse, because:
o for a typical application, only @) will be known

Therefore, we need to consider the relationship between e(z,t) and p(z,t).

Reminder:

In thermodynaimcs, we know the following:

1. the thermal energy density e(x,t):

e(z,t) = c(z)p(x)u(z,1) (9)
where:

o c(z) denotes specific heat, p(x) denotes density, and u(z,t)
denotes temperature distribution

o they are a function of x because the material might not be
uniform

2. the heat flur was:

o(z,t) = —KVu(z,t) = —K% (10)

where:

o K represents heat conductivity (larger K means greater con-
ductivity)

o K = K(x) if the material is in inhomogeneous

o u(x,t) represents the temperature distribution

Now, substituting equation (9) and (10), we have:
ou 0 ou
2 K((p)=—= ) =
ool - o (K@35E) =0
and if the material is homogeneous, and that Q(z,t) = 0, we have the easier
heat equation:
U 8%u
Y "l
Por ~ Toge =9
Ut — Juxw =0
cp
uy = Kugy.
where:

. KEﬁ
cp

Hence, we have the heat/diffusion equation:

11



Theorem 2.2: Heat/Diffusion Equation

For general material:

clalpla) gyu(e ) = Q) + 5 (K@) ghutet)) (1)

where:

o c¢(x) denotes specific heat, p(z) denotes density, Q(x,t) denotes
heat density generated/loss by a source, and u(x,t) denotes tem-
perature distribution

For a homogenous matieral with no @, we have:
up = Ktgy (12)
where:

o K = £o peing a constant
cp

Reminder:

In thermodynamics course, we also derived the diffusion equation by
considering a small sphere and using Gauss’ Theorem.

First, consider a flow of I' for a sphere S. Using the conservation
theorem.:

%ﬁd/fzfi ndV
S dt

then applying the divergence theorem:

- o dn
v.I=_2
dt

now, plugging in the thermodynamics quantity of fluzx ['=—DVn:

V- (*D&ﬂ) = dn

S dt
for a constant D, we have the simple case of diffusion/heat equation as
well: . in
DV<n = T (13)
Now, for a 1-D system, we have:
uy = Kugy

but what initial condtions/boundary conditions do we need to solve it?

12



Corollary 2.1

To uniquely solve the above equation (equation (12)), we need:

o one initial condition (describing ¢, due to first order time deriva-
tive)
— for example u(z,0) = ug(x)

o two boundary conditinos (describing z, due to the second order
partial space derivative)

— see the next section

2.2.1 Boundary Conditions of Heat Equation

From ODE, we know there are a couple different forms of boundary conditions:
1. Dirichlet Boundary Condition

o for example:
u(0,t) = up(t)

where B stands for a "bath" (i.e. a large reseirvoir whose own tem-
perature does not change on contact)

2. Neumann’s boundary condition:

o for example:
d
g, &

T =) = o)

(0,t)

so that if ¢ = 0, it means it is a good insulator

3. Newtonian cooling condition:

o for example:

where:

— H > 0 is the heat transfer coefficient

— the above would represent the case where some reseirvoir (e.g.
cool air) carrying energy from the object (e.g. a hot rod) away

— H = 0 would again signify a perfect insulator

2.2.2 Steady State Solutions

These classes of solutions consider the case where the material has reached a
steady state, so that the time derivative would be 0.

13



In general, the steady state solution of:

0 = Kug,

u(z,t) = c1x + co.

takes different forms depending on the initial/boundary conditions.

Exzample: Dirichlet Steady State

Using Dirichlet’s boundary condition, we have:

for 0 < z < L, and it means:

« a material reaching steady state with Dirichlet’s Bound-
ary Condition will have a constant temperature gradient
distribution (which makes sense)

Example: Neumann Steady State

This is slightly more complicated. Consider Neumann’s boundary con-

dition:
uz(0,2) =0
ugy (L) =0

which indicates an insulator at both ends already
substituting into the u(z,t) equation, we only get:
Uy =1 =0
Hence we only have, at steady state :
u(z,t) = co

and apparently something is missing.

14



Suppose we are not at a steady state yet :

U = Kugy

L B L
/ ﬁu(x,t)dx:/ Kug, dx
0 0
d L

i ), u(z,t) de = K (ug (L, t) — uy (0,1)) .

Therefore, substituting the Neumann’s boundary condition, we know:

L
i /s u(z,t)de =0
hence:

. fOL u(zx,t) dx is constant for all time (including the time be-
fore a steady state)

This means that:

L L
/ u(z,t)de = / u(z,0)dr = coL
0 0

Hence, since the above solves ¢y, we conclude with:

u(z,t) = %/0 u(z,0) dz

notice that u(z,0) is the initial condition, and it means that:

o for an completely insulated material, the steady state will be tem-
perature/thermal energy being uniformly distributed, with
the total energy being the same as the initial total energy

Note:

Different from the Dirichlet’s boundary condition, solving for
the steady state required the additional initial condition here.

This is because, in fact, the form of the steady state solution
itself already is part of the Neumann’s boundary con-
dition, imposing u, (0,t) = uz(L,t) since it is linear. As
a result, we needed one more condition to solve for the steady
state.

15



2.2.3 3D Heat Equation

To convert the heat equation into 3-D, we basically consider u(z,y, z,t), and
then consider

Heat flux in 3-D: .
¢ =—-KVu

and then consider a 3-D volume:

I3

&

3
£,

A
7

Hence we have:

%///Dudvzﬁg—@-dﬁ
// %dvz// ﬁ(K%)dv

w = KoV3u.
where:

e it assumes a system of no source Q = 0, and a uniform material K = K

Theorem 2.3: 3D Heat Equation

For a uniform material and no source, the heat equation in 3D is:
u = KoV2u (14)
where:

o V2 is called the Laplacian

16



2.3 Linearity and Homogeneity of Heat Equation

First, we want to define what it means to be linear and homogeneous.
Definition 2.1: Operator Linearity
An operator L is linear if it satisfies:
Lcrug + caus] = e1Lug + calug
where:
e u1,us are functions, ¢y, cy are arbitrary constants
Some examples of unknown functions include:

Linear Algebra (A being the linear operator):
A(le+ CQ.ZJ) = ClAf+ CQAg
more importantly, derivatives as well:

Lly@®)] =vy" +pt)y +aqt)y

Corollary 2.2: Linearity of Heat Equation

For the following heat equation:
up = kugs + Q
we can write it as a linear operator:
(ur — kuge) = Q
Llu] = us — kug, = Q
where:

e [ is linear because:

Llu+v]=(u+v), —k(u+7v)z
= Uy — KUgy + V¢ — kUgy

= Lu] + L]v].
and additionally:
Corollary 2.3: Linearity of Boundar Conditions

The boundary conditions of the Heat equation (in 1-D) were:

1. Dirichlet: u(0,t) = T1(t)

17



2. Neumann: u,(0,t) = ¢(t)
3. Newtonian: —Kou,(0,t) = —H[u(0,t) — up(t)]

and all of them can be written as:

61u(07 t) + Bty (07 t) = g(t)

Hence, the boundary condition can also be a linear operator:

Blu] = p1u(0,1) + Baus (0,1) = g(t) (17)

Corollary 2.4: Heat Equation using Linear Operators

From the previous two corollaries, we can re-write the heat equation as:

= Q
{mwzg@ s

where:

o Blu] is assumed to be evaluated at =0, L

o the initial conditions are not shown here

Now, we go to homogeneity:

Definition 2.2: Homogeneity of Heat Equation

The corollary 2.3 is also homogeneous if:

{ﬁ[“} :8 (19)

so that u = 0 is always a trivial solution to the system

2.3.1 Superposition Principle
Theorem 2.4: Superposition of Heat Equation

The two solution of the same heat equation/system can be su-
perposed if:
,C[’U,l] = £[u2} =0

so that:
U = ciui + caug

is also a solution.

18



Note:

Since they are solving the same system, they solve/have the
same boundary condition as well.

19



2.4 Separable Heat Equation

Theorem 2.5: Separable Heat Equation

The solution of heat equation is separable if it is linear and homo-
geneous, such that:

PDE becomes: u; = kg
B.C. becomes: u(0,t) = u(L,t) =0
I.C. is still: u(z,0) = f(x)

then the solution of the heat equation can be written in the form:

u(z,t) = Y(x)G(t) (20)

and all superposition of solutions will satisfy both the PDE
and the boundary conditions

Derivation: Solving Separable Heat Equation

Again, suppose with an Ansatz that u = ¢¥(z)G(t). We have:

Uy = kurr
H@)G (1) = k" (2)G(2)
16°() _ ¢"(z)
kG ()

hence we get:

so we get two ODE:

G'(t) = —kAG(t), G(t) = ce PN
P (x) = =Mp(x), ¢Y(z)=cysin VAT + 5 cos VAT

20



Note:

The above gives a negative sign for lambda (assuming pos-
itive lambda), because we know that v — 0 as ¢ — oo, hence
the equation for G would make sense to G — 0.

Also, the above solutions assumes that A > 0.

1. if A =0, we would have 1) = ¢y + c2. Then, solving with
the boundary condition, we get ¥ = 0, which becomes a
trivial solution

2. if A < 0, then we would have G — oo as time increases.
Hence, it forces ¢ = 0 or G = 0, which again becomes a
trivial solution for w.

Last but not least, we solve the value A using the boundary con-
ditions:
’L/)(O) = Cy = 0
Y(L) = ¢ sinVAL =0

Therefore, we get:
sinvVAL =0

n?n?

A=

n>1.

Putting everything together:

n(z) = ¢y sin (\/Ex)

and:
U (2, 1) = bpe F Mt sin (VIAz)

so the general solution is:
u(x,t) = i bne_k(%)% sin (Tx) (21)
n=1 L
Lastly, to solve for b,,, we use the initial condition:

u(z,0) = i by, sin (n%w) = f(z)

n=1

21



Note:

The above procedure basically invovled:

1. separate the equations into "eigenfunction+eigenvalue" form:

G'(t) = —kAG(t), G(t) = ce "M
w//(-f) = —)\’(/)(J:)7 ¢($) = ¢q sin \/Xx + ¢5 08 \/Xl‘

so that the form of solution (eigenfunctions) is solvable al-
ready unique up to a constant, which can be later determined by
initial conditions .

2. then, to solve for the eigenvalue, we need the boundary con-
ditions )
nm
= (7)

3. finally, to solve for the constants inside the equation, we needed
the initial conditions

4. Then, since it is homogeneous and linear, any solution can be
written as a linear combination of those eigenfunctions:

0 nw \2
u(z,t) = Z B, sin (nﬂ'%)e_k(T) k
n=1

Properties of the above function u(z,0) include:

sin(nnx/L) [y

1.00

0.75

0.50

0.25

0.00

-0.25

-0.50

-0.75

-1.00

0.000 0.250 0.333 0.500 0.667 0.750 1.000

where:
1. the higher the n, the more the wiggles in the function
2. the value of n — 1 indicates the number of nodes of the function
3. terms with more wiggles are damped faster in time, since you have the
term e_k(%)zt

e this is because the more spikes => the stronger the gradients =>
larger heat flows => temperature falls faster

Now, all we need to is to show you explicitly how to compute the B, using
the initial conditions, using Fourier Series.

22



2.5 Fourier Series for Heat Equation

Consider an initial condition f(z) for a linear and homogeneous heat equation:

flx) = i B, sin (mr%)

n=1

Note:

In fact, not all functions can be written as a Fourier series
above. Sometimes, the sum might not converge.

Heuristics:

1. Instead of dealing with the single equation, consider many individual
points 0 < z; < L, such that we have {z1,za, ...,z }:

flxy) = ij:l By, sin (nmL)

flxs) = i By, sin (nm2)

n=1

NgE

B,, sin (mr%’“)

flog) =

Il
_

n

2. then, we transform the above into matrix form:

[ fl) ] sin (nm )
F = LV =
f(zk) sin (n7 )
then since: .
F = BlVl + BQ‘/Q + ...+ Bka
we get:

ﬁmNJVB', V= [‘71,‘72,,‘71@]

3. Now, since V might not be square, we use least square to solve
for B: _ .
VIF=VTVB

(VTV) 'VTE

s/
I

4. suppose {‘7'1, Va, oo, V;l} are orthogonal to each other (already hints at
the notion that integrals of functions are orthogonal):

v’ vwviooooo
Viv=| . |Vl .. V=] 0 .. 0
v.r 0o o0 VIV

23



then you get:

B=W"V)'VTF
r 1 [N
‘71T\71 0 0 V'lTF
= 0 0
1 ST
| 00 gm W
F VT E
Vlt #1
7T F
-Vlka

Now, notice that we solved B with essentially I_/; But what does it mean
to have:
VIF=> V,F
i

sin (mrl—Ll)
where Vn =
sin (mr:z: & )
L
It means that we are just summing over the product of the two func-
tions at each point z;!

ivmz«i = /L sin (mw%)f(x) dx
p 0
= /OL sin (mﬂ'%) i B,, sin (Tlﬂ'%) dzx.

since the above is just a sum of integrals, we just need to consider two cases:

/OL sin (nﬂ%)zdx = g

2. m # n, then all the terms:

/L sin (mﬂ'%) sin (mr%) dx =0
0

which hints at orthogonality

1. m = n, then the term:

Theorem 2.6: Fourier Series in Heat Equation

Using the conclusions from the above, we get essentially (for a linear
and homogeneous heat equation):

/OL sin (mr%)f(x) dx = /OL B, sin (mr%) dx
_p,L
ny-

24



Hence, we computes the coefficient B,:

B, = E/OL sin (mr%)f(m) dx (22)

Theorem 2.7: Solution of Linear and Homogenous Heat Equation

Combining theorem 2.3 and theorem 2.2, we have, for a linear and
homogeneous heat equation:

where:

o f(z) is the initial condition of u(x,0)

Note:
The equation (23) has an advantage of:

1. you can truncate the solution series for approximation

2. If you have a nice f(z), then the series (especially the "Fourier
term") would converge
Example: Simple Initial Condition

Consider the initial condition:
u(z,0) =1

then just need to solve B,, and plug that into equation (23):

B, = /0L1~sin (mr%) dx

_ 2z (1 —cos((nm))).

nmw
hence:
0, if n is even
B, = 4 . .
—, if nis odd
so the overall solution becomes:
o0
4 T nx\2
u(x,t) = — sin (mr—)efk(T) ¢
(2,7) Z nmw L
n=odd
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If we approximate the above solution with f(z) = 1, they look like:

o0 4 T 2
u(z,t) = Z Esin (mrz)e_k(T) ¢

n=odd

u(x, t=0.0/k)
HE Vo Var="dP < YeY
1 7 W
inital condition

0.8
0.6
0.4

—_— M=1
0.2 —_— M=2

— M=5
0.04 — M=20

0.0 0.2 0.4 0,’6 0.8 1.0

X
=

where:
e obvious the more the terms, the better the prediction.

and for some time later:

u(x, t=0.01/k)

1.2

1.04

NUN

TTXX
15}

wowonon

Ml

0.8 1
0.6
0.4 = #* ol Fetmas an
0.2 <e Y\€1 of the solution after t=0.01/k

0.0

0.0 0.2 0.4 0.6 0.8 1.0
x/L
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3 Properties of Heat Equation

3.1 Uniqueness of 1D Heat Equation

Theorem 3.1: Uniquesness of 1D Heat Equation

For a 1-D Homogeneous Heat Equation with Homogeneous Dirichlet
boundary condition:

PDE becomes: u; = kg,
B.C. becomes:  u(0,t) = u(L,t) =0
I.C. Ts still: u(z,0) = f(x)

the solution u(z,t) exists and is unique

The existence proof is not yet shown here.
Note:

In general, a typical idea for proving the two would be:
e existence: construct a solution from ground up

e uniqueness: assume that some other solution exists, and show that
it must be identical to the original

Proof. The uniqueness of the heat equation can be proven using a monotonously
2
decreasing quantity | OL S dx

Suppose that another solution v(z,t) exists, which is not identical to the
solution u(z,t). This means we have a non-zero quantity:

w(z,t) = u(z,t) —v(z,t) #0

Since the PDE itself is homogeneous and linear, and that both u, v are solutions,
the linear combination is also a solution:

PDE becomes: w; = kwgy
B.C. becomes: w(0,t) = w(L,t) =0
I.C. becomes:  w(z,0) = f(x) — f(z) =0

Intuition tells us w(z,t) = 0 should be for all time because:
1. there is no source term
2. there is no heat flow at ends
3. initial condition is 0

Consider the integral:
L
/ w (wy — Kwgy) de =0
0
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separating it into two and integrating by parts:

1 (Fa o [t w?
S Cra=2 [ g
2/0 ot at/o g O
L L L
K/ wwmdxzwwx|é—/ widxz—/ w? dx
0 0 0

L _ 2 L
9 w—dx:fK/ w?dz <0
ot J, 2 o

since —K < 0 and integral of a non-negative quantity > 0.

So you have:

Therefore, we have a monotounsly decreasing quantity, and:

L 2 L, 2
/ dezoz/ wi(zt)
0 2 0 2

therefore, it must be that:
w(z,t) =0

this contradicts the assumption, hence the solution is unique.
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3.2 Heat Equation with Neumann’s Condition

In short, you have the B.C. with derivatives. So the changes are not that big.

Theorem 3.2: Neumann’s Condition for 1D Heat Equation

For a 1-D Homogeneous Heat Equation with Homogeneous Neumann’s
boundary condition:

PDE becomes: u; = kg,
B.C. becomes: 1, (0,t) = u,(L,t) =0
I.C. Is still: u(z,0) = f(x)

the solutions takes the form:

u(w,t) = Ao + i Ay, cos (nw%) e K (nE)"t (24)
n=1

with the coefficients computed from initial condition:

A — 2 Jy cos (nmg) f(w)dw, >0
n — 1 L
T f() f(l') dxa n = O

Reminder:

To solve seperable equations, we usually do the following:

1. separate the PD into eigenfunction form using the homogeneous
equations

2. solve eigenfunction based on the possible eigenvalues

3. solve the coefficients of the eigenfunctions based on the inhomo-
geneous initial condition

Proof. Using the above general procedure:

1. let u(x,t) = ¢(z)G(t), and we have:

G(t) = Ae KN
P(x)" = =X

2. using the boundary condition, we solve for A:

e if A > 0, we have:
o(x) = ¢ sin (\ﬁm) + ¢o cos (ﬁx)

plugging in the boundary condition, we get:

nm\ 2
c1 = 07)\71, = (T)
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hence the non-trivial solution is:

On(x) = g cos (nﬂ'%), n=1,23..
e if A =0, we have:

o(x) =c1 + e
plugin in the boundary condition:

CQZO

so we get a non-trivial solution:

p(x) = c1 = Ao
o if A\ < 0, we will have only the possibility of a trivial solution, namely
o(x) = 0.
hence, the overall solution for eigenvalue and eigenfunction pairs are the
sum of all possibilities:
T nm\ 2
dn () = ¢y cos (TL?TZ), Ap = (T) ,n=0,1,2,3...

Lastly, we use superposition of eigenfunctions and the initial condition to
filter out some of them:

i nwm 2
u(z,t) = Z A, cos (mr%)e_K(T) L n=0,1,2.
n=0

but note that the orthogonality condition is different:

/L cos (mﬂ'%) cos (mrf) dx =
0

L

oo 2

3 3 3
I

S 3 3

[N

o o

therefore, the coefficients are calculated to be:

A :{%foLCOS(Wf)f(m)dx, n>0
" %fOLf(‘r)d‘T7 TL:O

Note:

Solution of the form of equation (34) also hints at the stable state
solution of u(x,t) — Ay = average of initial thermal energy, since ba-
sically we have:

L
Ao = %/0 flx)dzx
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3.3 Heat Equation in Multi dimension
Reminder:

For multi dimension homogenous heat equation, we have:

u = KV2u

3.3.1 Square Box Steady State Solution

The steady state solution becomes:
Vu =0
which is also called the Laplace’s equation.

Since we are in 2-D, consider a rectangle:

92.(y) a1(y)

SO our system is:

PDE becomes: gz + uyy =0
u(z,0) = fi(x)
B.C. becomes: e, H) = f2(x)
u(L,y) = g1(y)
u(0,y) = g2(y)
There is no 1.C.

Note:

Here, we see that we are having inhomogeneous boundary condi-
tions, which makes the calculation cumbersome.

¢ to solve this issue, we use the superposition property
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1. Consider splitting the solution into four pieces:

U= U1y + Uz + us + uy

0 M/\ 0 32.(y) MZ 0 o (/l% 0 0 (/14 1(y)

f1(x) 0 0 0

this would work because:

e V?u = 0 is homogenous

¢ the boundary condition adds up correctly
this means, for each equation, you have:

¢ 3 homogeneous B.C.

e 1 inhomogenous B.C.

Consider the solution wus:

92.(y) MZ_ 0

0

Let ug = h(x)p(y). Then, separating the variables:

VQUQ =0
R QON
¥

A

h

2. Now, calculating the eigenfunctions from homogenous boundary
conditions:

p(0)=0

p(H) =0

h(0)p(y) = g2(y) inhomogenous
h(L)=0
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first calculating ¢:

so the general solution is:

x x
h(x) = ¢1 cosh (mr—) + co sinh (mr—)
(@) = ") "7 H
to make the boundary condition work better, we use the fact that the below
also works as a solution:

h(zx) = ¢;1 cosh (%(z - L)) + ¢o sinh (% (x — L))

hence with the only homogeneous boundary condition, we have:
hn(x) = co sinh (%(w - L))

3. Last, we combine them and solve the coefficient using the inho-
mogenous boundary condition

us(z,y) = i A, sin (nﬂ'%) sinh (n%(x - L))
n=1

and that:

e}
L
uz(0,y) = g2(y) = — nz::l A, sin (nﬂ'%) sinh (mrH)
using the orthogonality, we get:

2 1 H . y
A, = “H b (L) (mr%) /0 g2(y) sin (mrﬁ> dy

4. Then, you need to compute the rest of u1, us, ug using a similar procedure.

Theorem 3.3: Parital Solution for Equilibrium Heat Equation in Square

For a 2-D heat equation inside a square box, the steady state solution
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has:

PDE becomes:  Ugg + Uyy = 0
u(z,0) = fi(z)
B.C. becomes: u(z, H) = ()
u(L,y) = g1(y)
u(0,y) = g2(y)
There is no I1.C.

and for u = uy + us + uz + ug, one of them takes the form:

— . vy ™
ug(x,y) = Apsin (nr= ) sinh (n—(x — L) (25)
5 (o) (15 )
with: o
__2 1 in (nr 2
A, = o (mr%) /0 g2(y) sin (mrH) dy (26)

3.3.2 Circular Disk Steady State Solution

Now, consider the following setup:

with boundary condition:
B.C. = u(a,0) = f(0)

in the domain of:
0<r<a, —7w<6<nm

then, again the idea is always the same.

1. Separate the variable of the PDE (Laplace’s Equation since we are at

a steady state)
= "or r2 002 0
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Note:

Positive A instead of —\ is chosen here, because of the linear
algebra analogy:
Az = Mz

has A being positive if A is positive definite. In this case, it will
2
be proven later that the operator —% is positive definite.

2. Then, we need to use boundary conditions to solve for eigenfunc-
tions. However, in this question, some hidden homogeneous boundary
conditions are:

|u(0,0)] < oo,  polar coordinates are singular at r = 0
o(—m) = p(m), continuity
o' (—m) = ¢'(m)

Note:

They are homogeneous conditions because: linear combination
of solutions satisfying those conditions will still satisfy
those conditions

Now, solving for ¢, for A > 0:
©(0) = ¢18in (\59) + ¢ cos (\59)

using the boundary conditions:

2cysin (VAr) = 0.
similarly, the other condition:
¢'(m) = ¢'(—m)

2c2\/Xsin (\/Xﬂ') =0.

now, if sin (ﬁw) £ 0, then we have ¢; = co = 0, which becomes a trivial
solution. Therefore, it means sin <ﬁ7r) =0
Ap=n2 n=123..
and ¢(0) is still a linear combination of two independent solutions:
©n(0) = ¢ sin (nh) + ¢o cos (nh)
for A = 0, we have the linear solution:

p=c30+cy
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using the same boundary conditions, we get:

®o(0) = ca

(no solution if A < 0).

Hence, combining we get:
©n(0) = ¢y sin (nf) + ez cos (nh), n=0,1,2,..

Now, we do the same to find out G:
é (rG') =\ =n?
Q" +rG —n?G = 0.

which hints at G = rP for some power p. Plugging the solution in:

r2p(p — DrP=2 4 rprP=! —n?P =0

p==xn.

Hence, we get:

Gp(r)=dir™ +dir™", n=0,1,2...
but for n = 0, we also need two solutions, since we are in 2-D, there

should be two linearly independent solutions.

Going back at the PDE, when n = 0:

(rG) =0
o =B
.

G =dzln(r) + ds.
Now we have correctly:
oL v
additionlly, we also had the homogenous condition:
lu(r, 0)] = |G(0)] < o0
this simplifies some eigenfuunctions:
G(r)=d,r", n=0,1,2,3...
. Now, we have used up all the three homogeneous boundary condi-

tion, we use the remaining inhomogenous one to figure out the
coefficients:

u(r,0) = Z (A, cos (nf) + By, sin (nd)) r"

n=0
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using the inhomogenous condition:

o0

£(0) = (Ancos (nf) + By sin (nh)) a™.
n=0

for A,, we just need to use cos (nf), and for By, we use sin (nf) :

1 ™
Ag= — (0)de

2 J_,

n>1 A,a" ! f(0) cos (nh) do
™ —T
1 s

B,a" = f(0) sin (nh) df.

7r

—Tr
Note:

Notice that Ag is the average of the values on the boundary of a
circle. More importantly, notice that the center of the circle
has the value of the average of the boundary:

w(0,0) = Ag = ’ £(0)do

2 J_,

where for our setup, r = 0 is the center.
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3.4 Properties of Laplace’s Equation

From subsubsection 3.3.2, we see the mean value property.

Theorem 3.4: Mean Value Property

In general, any solution that satisfies a Laplace equation VZu = 0 has
the property of: the value at the center of any circle is the av-
erage of the values on the boundary of the circle.

1 s
u(zo, yo) = o / u(zg + ro cos (6),yo + rosin (6)) df (27)

for the previous case of a circular disk, we see if evidently:

w(0,0) = i/ﬂ wa,0)do == [ t(0)as

27 2 )

—T

functions that satisfy this property is also called a harmonic function.

An example of the above would be:

u(D,heta)

So that: L ) .
u(0,0) = 27/ w(a,0)d = 27/ u(b, 0) db

L — T ) _x

if inside both circle, the equation V?u = 0 is satisfied.

Theorem 3.5: Max and Min Principle

For any v inside a domain D, such that V?u = 0, the maximum and
the minimum of v can only occur at the boundary.
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Proof. Consider the following setup:

we have inside the domain D:
e 1 is not a constant
e pis a point inside the domain D

Suppose towards contradiction that p is the maximum. Then we can draw a
circle around p, such that:

1 ™
Max = u(p) = by / u(on the circle’s boundary) df

—T

However, if u(p) is max, then u(on the boundary) < u(p), which is a contradic-
tion since average of a smaller quantity cannot become u(p).

Therefore, p cannot be within the region D. The same arguments go for
a minimum of u. In the end, we conclude that both minimum and maximum
must occurs at the boundary of u. O

Note:

The min and max property for a solution that satisfies Laplace’s equa-
tion makes sense because:

e if min is inside the region, then heat will flow towards that point
in the region, and hence we do not have a steady state any more

o if max is inside the region, then heat will flow out from that point
in the region, and hence we do not have a steady state any more

Reminder:

The Laplace equation comes from the heat equation where:
u =0=KV?u

which signifies a steady state solution.

39



3.4.1 Uniqueness of Laplace Equation

Theorem 3.6: Uniquess with Dirichlet B.C.

Solutions of Laplace’s equation is unique if we have a Dirichlet’s

boundary condition:
Vu=0

ulyp = f.

for u inside a domain D

Proof. Using the same trick, suppose there is another solution v that works as
well. Then, computing the quantity w = v — v:

Viw =0
wlyp = 0.

due to the linearity of V2.

Then, by the min and max principle, the solution is bounded by min
and max that is also on the boundary. Therefore:

0<w<o0

hence, we conclude that w = 0 and the solution is unique. O

Note:

In fact, Laplace’s equation with Neumann’s Condition will not be
unique (depends on initial condition). This is because if only specifies:

Viu=0
ou
%—O.

so that I can just have v = u+k, for k being an arbitrary constant and
it will still work.

3.4.2 Solubility /Compatibility of Laplace’s Equation

Theorem 3.7: Solubility /Compatibility

Laplace’s equation has a solution only when the following condi-
tion is satisfied:

56%.%5:0

which means that the net heat flow into/out of the region is 0
(very sensible).
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Proof. For Laplace’s equation to work, we need a u that satisfies:
Vu =0

this means that if we consider the region where u lives:

/ v2udvz/ e (%) av
D D
= Vu-ndS
oD
=0.
since V2u = 0.

Therefore, it means

yﬁﬁu hdS =0
where Vu - i signifies the net heat flow into/out of the region D.

3.4.3 Continuous Variability of Laplace Equation

Theorem 3.8: Continuous Variability of Laplace’s Equation

For a Laplace equation with Dirichlet’s boundary condition, the
solution varies continuously on the "data" (e.g. Initial condition,
boundary condition, etc), such that wuncertainties of the initial data
corresponds to uncertainty of the solution:

Viu =0
ulyp = f(Z) + uncert(T).
then:

i t(7)) < t < t(r
frgé%(uncer (2)) < uncert(u) < grel%%(uncer (2))

Proof. This again comes from the min and maz principle.

Consider two setups:
{v% =0, uly,=f(&
Vv =0, vly,p=g(T)
then for the function w = v — v, I have:
Viw =0
w = g(&) — f(Z).
hence

min (9(7) — 1(7) < w < max (s(7) ~ 1)

if g(&) — f(&) is small, then the uncertainty w is also small.
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Note:

The take away message is that, the Dirichlet’s boundary condition con-
trols the behavior of u inside the domain.

3.4.4 Incompressibility and Laminar Flow

Recall that the conservation of mass equation (from subsection 2.1)
pr+ (pu)e = Q

In 3-D, for an incompressible fluid with no source, we have:
pi+pV-i=0

where @ denotes velocity.
Theorem 3.9: Incompressibility

If the fluid satisfies the Laplace’s equation, and that p is constant, this
means:

—

V-i=0

which means solution will be in the shape of the level curve of J. So

that in 2-D, we have:
_ |ur) _ Yy
=[] - 28]

and Y (x,y) is called the stream function.
Proof. Let the 2-D u be in the form:
B
u =
Uz
and we need if p is a constant (incompressible):

Ulm -+ ’U,Qy = O

substituting in u = { wz/?j } , we see that it gives us V.-a7=0. Additionally:
— Yz

il | SR

This means that u flows in the direction of ¥:

Theorem 3.10: Irrotationability /Laminar Flow
A fluid is irrotational if (from the same mass conservation equation):
Vxii=0

this means that, if the fluid is also incompressible, then we have a
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2 Y= onst

r

“m

stream function as the solution, and that:

¥ x [_% e — gy = VP =0

which is the Laplace’s Equation again!
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4 Fourier Series

4.1 Fourier Series Central Theorem

Now, we need to deal with the case that our expressions/solutions of heat equa-
tion looks like:

oo oo
x . x
u(z,0) = Z ap, COS (mrz) + Z by, sin (mrz)
n=1 n=1
but we don’t even know if it converges to a function!
This introduces the Fourier Series and its related properties.

Theorem 4.1: Fourier Series

A Fourier Series of a function f between the interval —L <z < L
is defined to be:

Fourier Series = ag + ,;1 Gy COS (mr%) + ; by, sin (WT%> (28)

where:
1 L
ap = i/_Lf(x)dL

an = z/_LL f(x) cos (mr%) dz = a,[f(x)] (29)

by, = 2/_]; f(z)sin (nw%) dx = by [f(2)]-

However, sometimes the series does not converge, or if it does, it
may not be equal to f(z) at all points. Therefore, we often use
the following notation:

f(x) ~ag+ i @y, COS (mr%) + i by, sin (mr%)
n=1

n=1
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This introduces the following definitions to know.

Definition 4.1: Piecewise Smooth Function

A function f(x) is piecewise smooth if it is defined, continuous, and
continuously differentiable except at a finite number of points,
where at those exceptional point there is a jump discontinuity.

o this means that at those exceptional points, f(zy), f’'(zx) may be
undefined (left and right limits be not equal ), but their left and
right limit must exists

flay) = lim f(z), f(z)= lim f()

T—T, ozl
fep) = m (@), ff) = lm_ f(2)
T =T,

e then obviously for points at the edge, e.g at x = L, —L, we only
need one side to exist.

In other words, only finite number of jump discontinuities for
f(zx) and f'(zy) are allowed.

For example:

The following function is piecewise smooth:
fa)

xg
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The following function is not piecewise smooth:

because the left and right limit of limO f'(z) does not exist, since they are
z—

— o0, 1.e. unbounded

Definition 4.2: 2L Periodic Extension

A 2L periodic extension applied to a function f(x) that is defined within
—L < x < L means copying and pasting the function f(x) onto other
intervals of 2L length, such that the resulting function f(x) is defined
for all x.

For Example:

Consider the function f(z) = 2 for —L < z < L. The 2L periodic extension
of it means you have:

copied and pasted copied and pasted

N I AN

WA

7.

,
.

i i
1 1
! A |l P !
i , i i |
' S : :
original f(x)

FIGURE 3.1.4 Periodic extension of f(z) = %r

where the period of the copied function is 2L.
Note:

Notice that the copied function may not be continuous for the new
domain of all x.

Finally, to the convergence:
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Theorem 4.2: Convergence Theorem on Fourier Series

If f(x) is piecewise smooth on the interval —L < z < L, then the
Fourier Series of f(z) converges to:

1. the periodic extension of f(x) , where the periodic extension
is continuous

2. the average of the left and right limits of the periodic
extension,

S + fa)]

where the periodic extension has a jump discontinuity

For Example:
Consider a function f(z) = 22 defined on the interval |z| < L we had before.
Since f(z) is piecewise continuous, then Fourier Series of it:

o0 o0
ag + Z a,, COS (mr%) + Z b,, sin (mr%)
n=1 n=1
converges to :

1. the following for points where the graph is continuous

A
Y

2. converges to %[f((?m —1)L) + f((2m +1) L)] = 0 for the discontinuous
points.

e notice that we get an infinite number of discontinuities, which is
allowed since we allowed f(z) to have a finite number of jump dis-
continuity, and hence the 2L periodic extension would of course have
infinite repeated number of it.

In this case, since f(z) is an odd function, we can simplify the Fourier Series

to: -
flz) ~ Z by, sin (nﬂ'%)
n=1
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Corollary 4.1: Fourier Series with Odd Functions

For any piece-wise smooth odd function f(z), the Fourier Series con-
verges, and the series itself can be simplified to

flz) ~ i by, sin (mr%)
n=1

because:

ao:;L/LLf(x)dL:O
ap = i/LLf(x)cos (mr%) dx =0

by, = i/LL f(x)sin (nﬂ'%) dx = E/OL f(x)sin (mr%) dx.

Corollary 4.2: Fourier Series with Even Functions

Similar to the above, for any piece-wise smooth even function f(x),
the Fourier Series converges, and the series can be simplified to:

f(x) ~ag+ i ayp, sin (’I’LT(%)
n=1

because:

Note:

This means the general procedure for computing the conver-
gence of Fourier Series of a function f(z) looks like:

1. check if f(x) is piece-wise smooth in the interval —L < x < L

2. Looks at the 2L periodic extension of f(z), which is f(x), and
compute the discontinuous points

3. Lastly, compute the coefficients ag, an, by,
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4.2 Using Fourier Series for Heat Equation

Recall that for heat equations, we had solutions in the domain of 0 < x < L.
However, the nice theorems of Fourier Series required the domain from —L <
x < L. Therefore, we need to do some tricks.

1. extend the initial condition f(x) to —L < x < L, while keeping the
solution the same(i.e. we want the coefficients of the series to be the
same)

2. since solutions is now extended, we can use theorems from Fourier
Series

Example

Consider the heat equation with the following setup:
Uy = kum

with B.C. and I.C.:

and we know that solutions will look like:
> T nx\2
1) = B,, si ( 7) —k(1E)t
u(z,t) ; sin (n7r - Je” "V E

and we care about the convergence of:

> T
g B,, sin (nﬂ'—)
L
n=1
Therefore, to use Theorems from Fourier Series, we need to:

1. extend the initial condition so that the Fourier Series of the ex-
tended initial condition would match the solution of our
PDE

In this case , this means that we choose the odd extension of
the I.C. f(z), so that its Fourier Series will only have sin (...)
terms, and so is our PD solution.

2. then, we use the Fourier Theorem to see if the solution is conver-
gent and correct

Graphically, we did:
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1. step 1:

f(x)

odd extension

2. step 2:
First notice that the above is piece-wise smooth, therefore the Fourier
Theorem 4.2 says that it converges to:

N
fx)
14 o
» & *
- ~ 7L
\ \ /
o o -1 / o
N /
2L Extension J(O)-(L)-0

where we see that the Dirichlet’s Boundary Condition is satisfied.
This means that the our solution of infinite sum of sin (...) converges and
solves correctly.

Note:

However, for truncated series/approzimation of the complete Fourier
Series, its "accuracy' depends on whether the initial condition is con-
tinuous.

If the initial condition f(x) has jump discontinuity, then we have
the Gibb’s Phenomena, which says that the:

o the truncated series is not uniform (i.e. accuracy depends on
position z, instead of on number of terms)
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o there will be an overshoot of about 18% of the jump/discontinuity
from the I1.C.

For instance, the above example with u(z,0) = 1 has a jump from 0 to 1,
therefore its truncated series has an overshoot near the discontinuity and is not
uniform:

u(x, t=0.0/k)
1.2
1 Ny~ N
- I condi
0.8
0.6
0.4 1
M=1

0.2 — M=2

— M=5
0.0 M=-20

0.0 02 04 0.6 08 10

4.3 Derivatives of Fourier Series
The take away message from this section is:
o not all Fourier Series can be differentiated directly

Consider the example of f(x) = x, for —L < z < L. Since its odd, the Fourier
Series look like: o
> (-1)""T L

and its convergence according to the theorem will be:

flx)=x

However, computing the derivative directly gives:

27; (=1)"* cos (mr%) #1

since the Fourier Series for 1 should just have ay = 1 and a,, = 0. Therefore, in
this case, we cannot take the derivative directly.
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Theorem 4.3: Differentiating Fourier Series

Suppose we have a Fourier Series for f(x):

f(z) ~ao+ Zancos (mr ) Zb sin (nﬂ' )
the derivative of f’(x) is equal to the derivative of the above Fourier

Series (i.e. you can directly take the derivative) if and only if:

1. f'(z) is piecewise-smooth (i.e. so that the Fourier Series con-
verges)

2. the 2L extension of f(z) is continuous

then, you will have:
1 550 ()i o) S0 (e o)
zibn[f’]sin( ) Zan cos( z)

Proof. If the 2L extension of f(z) is continous, then this means:

o f(x) is continous
« f(L)=f(=L)

then consider computing explicitly:

)~ Sl Jsin (177) + Sl eon (077
then it means:
=5 [ 1 = (D)~ f(-1) =0
and then:
anlf] = i/_LL () cos <n7r )da:

=7 <f(x) cos / flx —sm (mri) dm)
= %/_L f(z) (%) sin (nﬂ'%) dx
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as we had above. Similarly:
balf'] = i/LL f'(x)sin (mr%) dx
= % <f(x) sin (mr%) ‘iL - /_LL f(m)% cos (nﬂ%) dx)
= %1 /LL f(zx) <n%) cos (mr%) dx

nmw
=l (T)-
this completes the proof.

Note:

The crucial part to make directly differentiating correct is to have
the following evalauted to 0 in the above proof:

f(L) = f(=L) =0
f(x) cos (nmi) L =0
f(z) sin (mr%)LL =0

Otherwise, you need to add those extra terms back when you are
doing the derivatives of the Fourier Series.

Ezample: Fixing the f(xz) =z case

Therefore, since the 2L extension of f(z) = x is not continuous, we
need to add the extra terms back when doing the derivatives:

1

ao[f'] = BYA

(f(L) = f(=L)) =1

which fized the ag term, and adding the other terms back, you will get
an, = 0.

Corollary 4.3: Derivatvies for Heat Equation

Now, applying to the heat equation, which is also a Fourier Series but
for0<z<L:

1. if the series is cosine, then you can always take the derivatives
of the series directly, since:

o cos (nm¥) is even, so f(L) = f(—L) (i.e. the extended initial
condition is even )

o derivative is smooth

2. if the series is sine, then you can only take the derivative di-
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rectly when you have Dirichlet’s Boundary Condition,
since:

o odd function/initial condition/Fourier Series gives —f(z) =
f(=x), but we need f(L) = f(—L). Therefore, this forces
f(L) = f(—L) = 0, which is the Dirichlet’s Boundary Con-
dition.

3. otherwise, you need to add the extra terms during compu-
tation

4.3.1 Using Fourier Derivatives for Heat Equation
Consider the heat equation with the following setup:
Up = Kgy

with B.C. and I.C.:
u(0,t) = u(L,t) =0
z,0

Since we know that the eigenfunctions for this is sin (mr%), I now employ the
method of eigenfunction expansion:

u(z,t) = i B, (t) sin (mr%)

where I used the = sign instead of ~ since the above would be exact since there
is no discontinuities/jumps.

Now, I want to:
1. plug this back into the PDE by computing the derivatives

2. plugging the derivatives back into the PDE and show that we get back
the original solution we had in the previous chapter

Step 1:

First I need to compute the derivatives of u and wu,, by assuming that
U, Up, Uy, Uy are continuous. Then, I consider if I can take term-by-term deriva-
tives:

1. odd extension of u(x,t) so that we get the domain —L <z < L

2. the odd extension is continuous since we have the boundary condition
u(0,t) =0

3. the 2L extension of the Fourier Series of u(x,t) is also continuous since
u(L,t) =0

4. the function u, is assumed to be continuous
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Therefore, by theorem 4.3, we can take the term-by-term derivatives:

u(z,t) = i n%Bn(t) cos (mr%)

Now, I need to compute the u,,, so consider:
1. ugy is assumed to be continuous(hence piece-wise continuous)

2. u, is an even function (cosine series), hence no other requirements are
needed

Therefore, I am allowed to take term-by-term derivatives again:

Uge (T, 1) = — i (%)2 B, (t)sin (mr%)

Lastly, I compute the derivative u;, with the help of the thereom:

Theorem 4.4: Time Derivatives of Fourier Series

The Fourier series of a continous function u(z, t):

u(z,t) = i[ cos( 7IT, )+b ()sin(nﬂ'%”

can be differentiated term by term with respective to ¢ if 2 5
piece-wise smooth

therefore, since I assumed wu; being continuous, 1 take the term-by-term time

derivatives again:
=3 B0sin (v )
) sin T

Step 2:
Now, I have computed all the derivatives, plugging back into the PDE:
2
By(t) = —k () Ba(t)

this basically says:
By (t) = B, (0)e *UE)
with B(0) = B,, computed from the initial conditio:

7= 3 Bul0)sin (nr)
N —~ L
which is exactly the coefficients of the sine series of f(x). Putting them

back together:
ZB sin (mr ) —k(5E)%
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4.4 Fourier Series with Inhomogeneous Heat Equation

Now, consider the case with the setup:

Up = KUz
with B.C. and I.C.:
u(0,t) = A(t)
u(L,t) = B(t)
u(z,0) =0

so that the odd extension and the 2L extension will not be continuous.
Therefore, we cannot use term-by-term differentiation for u(zx,t).

In this case, the strategy is:
1. assume the form of the solution being a series

2. start from the u,, and compute backwards to u(x,t), so that no derivatives
are involved

Ansatz: assume that the solution u(x,t) takes the form of a sine series,
then u,, would also take the form of a sine series:

o0
Upy = Z Y (t) sin (nﬂ' z)
n=1

9 L
Yn(t) = E/o Uy SIN (nﬂ'%) dx.
by the orthogonality principle of sin(...) and cos (...).

Step 1: Working backwards, I would like to find v, as an expression of

Yn(t) = %ugC sin <nﬂ'%) ‘j — E/L uz% cos (nﬂ%) dx
0

- _%%Tu(%t) cos (nﬂ—;) ‘j — E/OL (nLﬂ)Qu(:v,t) sin (nﬂ%) dxz

now, we have an expression of v in terms of b,,.

Step 2: To figure out the expression of u(z,t), assume that:

u(z,t) = i by, (t) sin (nﬂ%)
n=1
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for some unknown coefficients b, (t). Now, taking its time derivative and plug-
ging back in to the PDE with our previous expression of ,, (¢):

by, (t) = kyn(t)
2mn

b0 =k (a0 - 1 5] - () b.0)
b(t) + & (P0) balt) = K2 [A() — (~1)" B(1)]
W () + k (%)2 ba(t) = Sn(t).

now, we get an linear ODE. Solving this basically means using an integrating
factor of e~ | adt.

e (B (HCE) '8, (1)) = S()

nm

L
bn(t) = / Sn(T)ek(T)%T*t) dr.
0
which solves the PDE since now we know the b, (¢).

4.5 Integrating Fourier Series

In short, since integrating piece-wise smooth function f(x) give you back a con-
tinuous function F(x)

fx) Flx)

L
-
I
—

[ T———; L R |

there is in general no big problems on integrating term by term.

Theorem 4.5: Integrating Fourier Series

Since Fourier Series are piece-wise smooth, the integration of it would
be a smooth function. Therefore, the term by term integration will
converge to the actual integration of the series.

e however, there is no guarantee that the integration of a Fourier
Series is still a Fourier Series
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Example: Term-By-Term Integration of Fourier Series

Consider the series:
> T > T
f(x) ~ag+ nz::l a,, COs (mrz> + nz::l b,, sin (nwz>

since the integration will be continuous, the convergence will be exact:
- L - L
F(z) = apz + ;an (mr) sin (mr%) + ,; by, (mr) (1 — cos (mr%))
oo o0
L L . T
= aoT + nzz:l bn% + nz::l G (mr) sin (’nﬂ'z)
M
— Z b, | — | cos (mr—).
nmw L
n=1

which makes F'(r) not a Fourier Series due to the apx term, making

it not periodic.

Therefore, although the result still converges to the correct
result, if we need the Fourier Series property, we need to remove it:

G(z) = F(x) — apx

4.6 Complex Notation of Fourier Series

Instead of sine and cosine, using the equivalence:

0 —i0

e’ +e
S 9 = —-—

cos (0) 5
i0 —if

e —e

sin (0) %

I can rewrite each individual series as:
Gy, COS (’I’LT(%) + b, cos (mr%) _ £ 5 - (an + iby) + 5 - (an, —iby)

then, defining:
Cp = ay +1ib,, n>0
Cn:anfibn, n<0

co = ag, n=>0

we get more compactly (assuming we can directly take the derivative):

f(z) ~ Z cpe L

n=—oo
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and that

1 L snmTx
enlfl= — z)e' T dx
=5z [ f@
calf’] = =i culf]

etc..

L

where the orthogonality principle still holds, such that:

1 [F jnrz _jmme 1, m=n
— e L eV L dx =

0, m#n

oL |
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5 Wave Equation
This section discusses PDE related to waves such as:

e standing waves on vibrating string

5.1 Omne Dimensional Wave Equation

Consider a string of length L whose both ends are fixed:

x=0 x=L

then with u(z, t) indicating the displacement of string from equilibrium,
we have (omitting derivation):

T
2 2 0
Ut = C Ugg, C = —

Po

where:
o Ty means the tension of the string (assumed constant)
e po means the density (also assumed constant)

e ¢ mean the speed of propagation of the opposite waves

Theorem 5.1: Dirichlet’s B.C. for 1-D Wave Equation

If we have the following setup:

T
Ut = Pligy, & =-> (30)
Po

where:
o Ty means the tension of the string (assumed constant)
e pp means the density (also assumed constant)

and the boundary conditions of:

since we have a second order differential equation for ¢ as well,
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we need two initial conditions:

u(z,0) = f(x), initial displacement
ut(x,0) = g(z), initial velocity.

then the solution takes the form:

u(x,t) = Z sin (mr%) (An cos (erLt> + B, sin <erLt))

n=1

and that using the orthogonality:
9 (L
A, = Z/o f(z)sin (mr%) dz
2 —_—

B,= 7 (nfm> /OLg(J:) sin (m%) de.

Reminder:

To solve PDEs we basically have introduced the single tool: separation
of variables:

1. separate u(x,t) and substitute back to PDE to obtain two ODE

2. solve the ODE that works with boundary condition (usually ho-
mogeneous )

3. solve the form of the other ODE, and leaving the coefficients un-
computed

4. combine the solutions, and solve for the coefficients using the ini-
tial condition (usually inhomogeneous)

Note:

Technically, there is the other technique of starting from a Fourier Se-
ries and calculate the coefficients afterwards. In the end, they will look
the same. (e.g. see subsection 4.4)

Proof. With the setup mentioned in theorem 5.1, we first separate the variables:

Step 1: Let u(x,t) = h(t)p(x) , substituting back to the PDE:

then we obtained:
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Step 2: Solve the ODE with boundary condition first. We have the boundary
conditions of:
p(0) =0

(L) =0

So, in this case, we obtain simply:
/!
e+ Ap=0
. T nm\ 2
PpT = sin (nﬂ'f>, Ap = (f) .
where the coefficients are omitted here but added back later.

Step 3: Solve the form of the other ODE with inhomogenous conditions:

nm

th:o

h// + C2 (
and we get:

t t
hn(t) = A, cos <mrcL) + B,, sin (TLT(CL)

Step 4: combining back and now solve for the coefficients:

= T ct ct
u(x,t) = Z sin ( nw— <An cos (nﬂ') + B, sin (mr))
2 (%) L L

then using the inhomogenous conditions to compute the coefficients

u(z,0) = f(z), initial displacement

ug(x,0) = g(x), initial velocity.

we obtain:

A, = E/OL f(z)sin (nw%) dx
B, = % (nfrc) /OL g(x) sin (Tlﬂ'%) dx.

5.1.1 Interpretation of 1-D Wave Equation

In general, there are two ways of interpretations for the standing wave
solution of

= T ct ct
u(x,t) = Z sin ( nm— (An cos (nﬂ') + B, sin (nﬂ))
2 (%) 3 L

62



Interpretation 1: Standing wave

the term sin (mr%) represents the shape of the wave, and the rest is just an
amplitude. Therefore, we basically have:

——— T

Fundamental e —)
1st Harmonic

First Overtone < _X_ >

— i
2nd Harmanic

Second Overtone <: :><: :><>

3rd Harmonic

Third Overtone

And soon...

so we notice that:
e the number of nodes increases as n increases

Additionally, if we use the identity and rewrite:

14 t
A, cos (mri) + B, sin <n7rCL> — /A2 + B2 sin (wpt + 0,,)

where w,, = "¢ represents angular frequency and ¢, = arctan (%) repre-
sents a phase (ignorable in this case), this means:

e the frequency of oscillation is proportional to:

Cc T()].
WX = = — =
L poL

Interpretation 2: Sum of two opposite waves

rewriting the equation to:

Cp sin (mr%) sin (wpt + 05) — %C’n [cos (n%r (x — ct)) + cos (n% (z+ ct))}

we see two oppositely travelling waves, each with propagation speed ¢ =

,/E , and that:
PO

e the right travelling wave:
cos (% (x — ct))

solves the PDE uy = c?ugs. And so does the left travelling wave.
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o the left and right travelling wave independently does not satisfy the
initial condition, but the sum of them does.
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6 Sturm-Louisville Problems

This section deals with the problems in the form:

% [p(2) %u(x)} + (g(2) + Ao () u(z) = 0.

and sometimes ¢(x) is used instead of u(x), because we will have:

o ufz,t) = p(z)G(t)
o hence the ODE will be on ¢(z)

Definition 6.1: Regular Sturm-Louisville Equation

The equation

[P o0@)] + (ale) + Ao@)) o) =0,

is a regular Sturm-Louisville Equation if:
1. p(z),q(z),o(x) are real functions
2. p(z),o(x) >0
3. a <z <bis the domain

4. the boundary conditions are in the form:

=a, pfipa)+Pfay¢’(a) =0
r=>b, [Bzp(b)+ Bae’(b) = 0.

for 31, B2, B3, B4 being given
Note:
Note that if we take p(x) = 1,¢(z) = 0,0(x) = 1, we get back:
90// + Ao =0

which is the simple ODFE that we have dealt with alot.
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Reminder:

From the ODE lectures: Comparison between Linear Algebra and Sturm
Liouville Theory

(1) For a matriz A, we can consider the homogeneous system Ax =
0.

In Sturm-Liouville theory, we consider the homogeneous problem
i [p(a) @' (2)] + g(z) p(z) = 0, p(a) = 0, p(b) = 0.

(2) For a matrix A, we may consider the inhomogeneous system
Az = w, where w is given.

In Sturm-Liouville theory, we consider the inhomogeneous problem
4 p(x) ¢'(@)] + a(@) ¢(x) = f, p(a) = A, p(b) = B, where f is a given
function and A, B are given numbers.

(8) A number X is an eigenvalue of a matriz A if the system Ax —
Ax =0 has a non-trivial solution.

A number X is an eigenvalue of a Sturm-Liouville system if the
problem 2 [p(z) ¢/ (2)] + (a(x) + Ao(@)) p(x) = 0, @(a) = 0, p(b) = 0
has a non-trivial solution.

(4) The eigenvalues of a matriz A satisfy the algebraic equation
det(A — AI) = 0.

The eigenvalues of a Sturm-Liouville system satisfy the transcen-
dental equation uy(b) = 0.

(5) A matriz has finitely many eigenvalues.

We will show that a Sturm-Liouville system has infinitely many
eigenvalues.

(6) For a symmetric matriz, eigenvectors corresponding to different
eigenvalues are orthogonal.

It turns out that, for a Sturm-Liouville system, eigenfunctions cor-
responding to different eigenvalues are orthogonal in an L*-sense (to be
made precise later).

(7) Given a symmetric matriz, we can decompose every given vector
into eigenvectors.

Given a Sturm-Liowville system, it turns out that we can decom-
pose every given function into eigenfunctions (generalization of Fourier
series.)

6.1 Regular Sturm-Louisville and Heat Equation

The Sturm-Louisville Equation can be used for solving non-uniform heat equa-
tion we have derived in 2.2:

c(@)p(@)ur = (k(x)us), +Q
for a source term proportional to u(x,t) which represents the temperature here:
Q = a(r)u(z,1)
and separating the variables u(z,t) = @(x)G(t) will give:
G 1(k¢) | a

— =\
G o p +Cp
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then we get two ODEs:
G'+XG=0
(k@) +ap + Aepp = 0.
and that the difficult to solve ODE is in the Sturm-Louisville form:

(k¢") + (a+ Acp)p =0

Theorem 6.1: Useful Properties of Regular Sturm-Liousville Problem

If we have a Regular Sturm-Liousville Problem, then we have the fol-
lowing properties for the solution:

1. X\ will be real

2. infinite many eigenvalues, and they are monotonously increasing:
A< A< A3 <.
such that there exists a smallest eigenvalue but not a largest one

3. Each eigenvalue \,, has its correspoding eigenfunction ¢, (), and
each eigenfunction has ezactly n—1 zeroes in the interval a < x <
b (comparison principle)

4. the set of solutions {p,} is complete:
@)~ Y angn(a)
n=1

the sign becomes = if f(x) equals to the average of left and right
limits at any jumps (recall Fourier Series)

5. the solutoin ¢,, are orthogonal to each other with respect to

o(x):
b
/ on(T)pm(x)o(z)de =0, if Ay # A

therefore with initial condition f(x):
f(x) = Z and]n(x)
n=1

_ e f@en@o@) dr
2 2 (x)o(x) da

Qn
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6. the Rayleigh Quotient relates the eigenvalue and its eigenfunc-
tions by:

d
—po P

b 2
) [p (%) - qw?} de
fab w20 dx

and the linear algebra analogy is, if a matrix A is symmetric:

A:

RQ = j' Ay
Ty

and we see the connection with the above if Ay = Ay :

T\~
gAY
RQ = 222 =\
gry

Note:

In the proof section, you will see that some properties, such as prop-
erty 1 and property 5, falls out from the fact that Sturm-Louisville
Problem/Operator is Self-Adjoint /Hermitian

Corollary 6.1: EigenValues for Heat Equations

Previously for Heat Equations, we had to solve the separated ODE:
¢ +Ap =0

using Rayleigh’s Quotient, we can show that the eigenvalues \ > 0.
This is proven simply because this ODE is a special case of Sturm-
Liousville Equation. Then, using Rayleigh Quotient:

L AVIRE:

. + /5 [(ﬁ) dx
fOL p2dx

with either Dirichlet or Neumann’s B.C.:

(e

N =
fOL 02 dx

_p 3
(pdm

>0

which completes the proof.

Additionally, this also shows there is a trivial solution for A = 0 if
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we have a Dirichlet’s B.C.:

L
)\:O:/ 0% dx
0

¢ = constant = 0.

6.2 Proofs For Regular Sturm-Louisville Properties
Before proving the 6 properties of theorem 6.1, first we need to know:
Definition 6.2: Linear Sturm-Liousville Operators

Let the Sturm-Louisville Equation has a linear operator L:

£lel = 4o [p@) | + atore (31)

so that the regular Sturm-Louisville Equation becomes:

Llp]l = —Aop

Definition 6.3: Self-Adjoint/Hermitian Operators

An operator L is called self-adjoint /hermitian if it is symmetric in
the sense that:

b
/ (L] —vLu])de=0

for a regular Sturm-Louisville Equation, this is equivalent to say-

ing:
dv dul |’ 0
u— —v—|| =
dz dz
which you will see it is true automatically due to Sturm-Louisville
B.C.

In the end, the concept is an analogy to linear algebra of a sym-
metric matrix A such that:

A=A
e’ (A-AT)y=0
el Ay —yT Az = 0.

Note:

Hermitian/Self-Adjoint Operator is also mentioned in quantum mechan-
ics:
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If O is a hermitian, then

| r@owear= [~ (01 o

— 00

which is the same thing here because everything is real.

6.2.1 Proof for being Self-Adjoint/Hermitian
First, I prove that the regular Sturm-Louisville Problem is self-adjoint

Proof. Suppose u, v are solutions to the eqaution:
Lu] = —Aou
L[v] = =Xov

and that they satisfy the B.C. of the reqular Sturm-Louisville Problem.

Then, consider the quantity:
d dv d du
ul [v] — vl u] = U (pd:r> —vo (pdm>

A (e
T P\ Yar )|

then, we need to take the intergal:

/ab wCo] — vLu] dz = p [ud” - Udﬂ a

Now, consider the Sturm-Louisville B.C.: for any solution ¢

=a, Pua)+ B’ (a)=0
r=">b, Bsu(b)+ Bsu'(b) =0.

which says in this case, at x = a:

o ] ot o [1]

therefore, this means that the two vectors [5,((3} and [;}/(a)] is parallel.
Hence:

det =
v

Therefore:
u(a)v'(a) —v(a)u'(a) =0
the same goes for = b, and we just get:
b
=0

a

b dv du
/a ullv] —vLlu]ldr =p [udx - de}
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Note:

It turns out that Sturm-Louisville Fquation with non-regular B.C.
such as the periodic condition:

{ p(a) = p(b)
pla)¢’ (a) = p(b)¢' (b)

also makes the Sturm-Louisville operator L self-adjoint. There-
fore, self-adjoint /hermitian problems are wider Sturm-Louisville.

6.2.2 Proof for Property 5

Now, I prove that the eigenfunctions of a Self-Adjoint Problem (includ-
ing Sturm-Louisville) are orthogonal (property 5 of theorem 6.1 ) .

Proof. Consider two eigenfunctions of a Self-Adjoint (e.g. the Sturm-Louisville):

Lpn] = =Anopy
Lom] = =Amo@m.

since I know the operator is self-adjoint:

b
/ OnLom] — emLpn]dz =0

therefore: ,
/ onLlpm] — mLpn]dz =0
b
/ (750n/\m90m0' + SDm/\nO')\n) dr =10
b
(An — )\m)/ 0P om dz = 0.
so I get

b
/ on(@)pm(x)o(z)de =0, if Ay # An

which only depended on the self-adjoint operator and the form of an
eigen "equation" L]p] = Aoy O
6.2.3 Proof for Property 1

Now, I prove property 1 of theorem 6.1: the eigenvalues of Self-Adjoint Prob-
lem/Sturm Louisville Problem is real:

Proof. Consider:
Llp] = —Aoyp

and taking the conjugate:
Llp*] = =Aop”

we want to show that A = \*.
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Consider the trick again using self-adjoint :
b
/ @ L] —pLlp*]dr =0
b
/ —* Ao + pAT o dr =0
’ b
(A" — )\)/ ocp*pdr =0
ab
(A — )\)/ olpf2 dz =0,
a

but since |¢|? > 0, and that o > 0 for regular Sturm-Louisville Equation, this
implies that \ is real O

Note:
Again, the above two property depended mainly on:

1. an eigen equation with a self-adjoint operator L. (essentially
the property of a Hilbert Space)

which is much more general than Sturm-Louisville Problem.

6.2.4 Proof for Property 6

Now I prove how the Rayleigh Quotient works in Sturm-Louisville Equation.

Proof. Begin with the equation itself:

d d
- pi +qgp+rop=0, a<x<b
de \" dz

Llp] + Aop = 0.

Now multiplying eigenfunction ¢ and integrating :

b
/ OL[p] + Nop?dr =0

Note:

The idea of multiplying by ¢ and taking integral comes from linear
algebra again, where if we have the equation:

Av =\
then I multiply the eigenvector v™ on both side to get A :
vl Av = 2wTo

vT Av

vTy
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Then, continuing from above, I get:

_ —JJeLlplda
f; op?dx

Last but not least computing the quantity in the numerator using integration

by parts:
b b b
_ d | dy 9
/a wﬁ[w]dw—/a w(dz [pde dx+/a qp” dx
do|? b o\ 2 b
i —/ p(di) dx—i—/ qp? dx

Zpsﬁ’df
b 2
dy
[ o) -0
a a €

Z+f,f {p(j‘;’)Q—qsﬁ] da

f: w20 dx

A

therefore, I obtain:

d
—py 5=

)\:

6.3 More on Rayleigh Quotient
Recall that

b b 2
—pe |+, p(%ﬁ) — q¢?| da

f: w20 dx

A=

we see then A > 0 if we know:

b
1. this is true: —pyp ‘;—i >0
a

2. and this is true: g(z) <0

Reminder:

The origin of discuss was the heat equation
(k&) + (a4 Acp)p =0

so we see that o = q(x) in the regular S-L equation. Therefore, this
means that if we have:

Q = au < 0 = releasing heat

then X > 0 and at least we get a time dependence of h(t) = e~ to be
decaying
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Theorem 6.2: Boundary Term for Rayleight Quotient

I refer the boundary term here as:

dy b
—py dz

a

and that this is 0 (easy to see) for B.C.:

p(a) =¢(b) =0 Dirichlet
%ﬂa = % = 0 Neumann
{%&a)w(w Periodic
pla)¢’(a) = p(b)#'(b)
and this is > 0 for the general regular S-L boundary condition:
Brp(a) + B2y’ (a)

=0
Bsp(b) + Bag' (b) = 0.
if:
e [1, 02 have different sign

e (3,84 have the same sign

Proof. This can be proved by basically computing explicitly:

b
—pe 2| = pla)e(@) L o(a) — plbelt) S elt)

Bi s Bs

= —p(a) ﬂzgp (a) +p(b) 5490 (0).

therefore, if we need this to be > 0, we need:
e [31, 2 have a different sign

e B3, 84 have same sign
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6.3.1 Minimization Principle

In general, the equation:
Llp] = —Aoyp
is difficult to solve. However, there are ways to estimate the solution (e.g.

comparison principle from ODE).

Theorem 6.3: Minimization Principle

Consider the S-L problem with some boundary condition

Brp(a) + B2’ (a) =0
Bsp(b) + By’ (b) = 0.

and that a function u satisfies such boundary condition (but may not
need to satisfy the S-L equation). Then it must be true for that u:

—pu el + ) [p(42)" - q?] da

f; w20 dz

Anﬁnofw >

more importantly: minimum value of the Rayleigh quotient for
all continuous functions satisfying the boundary conditions (but not
necessarily the differential equation) is the lowest eigenvalue

A1 (¢) = min RQ (u), Yu

This means that you can estimate/approach the minimum eigenvalue
by using some easier functions u that also satisfy the B.C.

Proof. This proof uses the fact that the eigenfunctions of a S-L equation
forms a complete set.

Consider the quantity RQ(u) for some u:

b
O

since the ¢ eigenfunctions would form a complete set:

u(r) = Z Unon ()

therefore, since the operator is linear:

L) =S anllom] = = amdmgm
n=1 n=1
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Then, computing the quantity:

b b o0 oo
f/ ullu] dz = / Z an¥n Z A AmPm (x) dz
/ Z aZ M\op? dx
> / A Z a’op? dr.

a n=1

due to orthogonality of eigenfunctions.

Last but not least, the denominator:

/uodx—/ a’@? (x)o dx

- ff ullu)] dz
ff wodr

Combining, I get:

Corollary 6.2: Parceval’s Relation

This is also used a lot in QM. Consider the quantity for any wu:

/uadm—/ a?@? (x)o dx

if we have a normalized eigenfunction p, such that:

b
/ Ylodr =1

b oo
/u2oda:: E a?
a n=1

then we simplify to:

Corollary 6.3: Bessel’s Inequality

Again, for any u, if we truncate the series in corollary 6.2, then:

b M
/ wlodr > Z ai
a n=1
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for some M < oo

7



7 3D Heat Equation

Previously, we have been dealing with mostly 1D PDEs, for instance:
o wave euation Uy = C*Uyy
e heat equation u; = kg,

Now, we want to deal with PDE in 3D

For Z inside the domain §2:

Consider:

Theorem 7.1: 3D Heat Equation

The PDE for 3D Heat Equation with & = 1:
u = VZu
and we have the boundary conditions of:

a(Z)u(Z, t) + b(f)% —0, 7€

where:
o a(Z),b(Z) > 0 but cannot both be zero
e the term % = Vu - n is the normal derivative

and the initial condition of:

then, separating the variable u = G(t)p(¥). we get:

/ 2
g:V('OE—)\
G ®

therefore, we obtain G = e~** and the time independent equation:

V2o +Ap =0, the PDE
ap + bg—i =0, theB.C.
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this equation:
VZp+Ap=0

is called the Helmholtz Equation

7.1 Properties of Helmholtz Equation

Essentially, solving the 3D problem becomes solving for the Helmholtz Equa-
tion. In fact, you will see that it shares similar attributes with the Sturm-
Liousville Problem.

Theorem 7.2: Properties of Helmholtz Equation

Properties of the below equation include:
V2o +Ap =0
1. \is real

2. there exists a smallest eigenvalue but no largest eigenvalue such
that:
>\1<)\2§)\3§...§An

notice that we are having < because there could be repeated eigen-
values

3. Corresponding to an eigenvalue, there may be many eigenfunc-
tions since the eigenvalues can be repeated (but from there, you
can construct linearly independent ones)

Additionally, those eigenvalues can only be repeated for finite
number of times

4. the eigenfunctions form a complete set, such that any piece-
wise smooth function can be represented as:

F@ = anlflon(@

5. Eigenfunctions of different eigenvalues are orthogonal over
the region €2, so that:

/ (@) (F)T = 0, i Ap # A
Q

notice that this is the same as S-L theorem, but with ¢ =1

6. The eigenvalue is related to the eigenfunction by Rayleigh Quo-
tient: 5
2 1=
N o P P 5EdS + Q |Vo|?di

fQ o(7)2dx
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Proof for Property 6. The proof of property 6 is the most straight-forward
(same idea for S-L problem and the linear algebra). Consider:

V- (@69@) = @p . ﬁnp + oV3p

then, consider the original PDE:

V2o +Ap =0
¢ (Vo +Ap) =0

- - 2
V-(gano)— Vgo‘ +Ap? =0

N . 2
—A/¢2d5:51§ @V@-ﬁdS—/ ‘w) 4z
Q o0 Q

__ $oo 05205 + Jo Vol di
Jo ©2dZ '

A

Interestingly, we will see that A > 0 for most of the cases:

1. for the general Helmholtz B.C.:
0
ap + b2 =0, F € 90
on
and that a,b > 0, then I have:

%w = —gi;, 7€ o0
Since I know: 5 .
_ —$aeaidS+ o[Vl dE
Jo 2di
then I just need to consider the term:

—55 22as - 2pras >0
a0 On a0 b

A

hence already:
A>0

if A =0 (we want to know if A > 0 would be true), then the term above
also needs to be zero:
p=0, €0

but this means that the Helmholtz equation becomes
Vip+0=0

which becomes the Laplace’s Equation, and you can recall the Min
and Max principle from theorem 3.5, that the minimum and mazimum
of p inside a region can only exists on the boundary.

Therefore, sine ¢ = 0, x € 01, this means that inside the region:
p=0, 7€
Therefore, it means that strictly A > 0 if a,b > 0.
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2. if we have Dirichlet B.C., we can use the previous part:

)
ap + b2 =0, 7 € 09

on

but with b = 0. This means that:
=0, e
so that:
P oo wg—idS + Jo Vel® dz _ Ja Vo|® dit
Jo i Jo ez~

then consider if A = 0, this means:

IVel* =0

this means that ¢ = ¢, a constant vector. However, since Dirichlet B.C.
tells me:
p=0, Teod

therefore I obtain the trivial solution for A = 0. Hence:

A>0

3. if we have Neumann B.C., I just have:

— = T Q
o 0, £e€0

this tells me that:
_ - $o gag—idS +Jo Vl* di _Ja Vol dii

A = >0
Jq@2di Jop2di  ~
and if A = 0, I have the same scenario:
Ve|* =0

but since ¢ = ¢is allowed for any arbitrary constant. Hence, it is possible
for A = 0 to have a non-trivial solution.

Theorem 7.3: Eigenvalue for Helmhotlz Equation

From the above, we can see that with Helmholtz Equation:
Vo +Ap =0
1. A > 0 if we have Dirichlet B.C.
2. A > 0 if we have Neumann B.C.

3. A>0if a,b > 0 for the mixed condition:

a<p+bg—i20, 7€ 00
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Theorem 7.4: Self-Adjoint/Hermitian Operator
The Helmholtz equation can be written as:
Hlp] = —\p, H=V?
and this operator V2 is Hermitian/Self-Adjoint

Note:

Being a Hermitian leads to many other useful properties, which you
shall see soon (recall Hilbert Space in QM):

1. orthogonality of eigenfunctions

2. etc.
Proof for Theorem 7.4. For being Hermitian Operator, we need:
/ (’U,VQ’U — UVQ’U,) d¥ =0
Q
for u,v being solutions to the Helmholtz Equation.

To show this, first consider:

V- (uVv) = Vu - Vv + uV3v
V- (vVu) = Vo - Vu + vV2u.

Therefore, I get: .
V- (uVv —vVu) = uV3 — vViu

this hints at using the Divergence Theorem:

/ (uV?v — vV?u) dif = §£ (uVv —vVu) - ndS
Q a0

v ou

since both wu, v satisfy the Helmholtz B.C.:

b B D

Because I know that a, b are not both zero:

gt

This means that the column vectors are linearly dependent:
du
det [u g’g] =0
v on
mn

82



Therefore:

ov ou

U%—'U%:O

so that I obtain:

ov ou
2, o2 = ov.  ou _
/Q(uv v— oV u) dZ y‘éﬂ <u6n v@n) dS =0

7.1.1 Proof for Property 5

In summary, this proof evinces itself because the V2 operator for the eigen-
equation is Hermitian:
Vi =l

Proof for Property 5. Consider the two solutions ¢, ¢.,. Since V2 is Hermitian
/ (@mVZWn - <an290m) =0
Q
then using the eigen-equation:
/Q (Pn(=Anpn) = Om(—Ampm)) dT =0
Am — )\n)/ Pmpn dZ = 0.
Q
Therefore, if \,,, # Ay ©n, ©m are orthogonal O

7.2 2D Rectangular Drum

Eventually, you will see that this problem ended up solving the Helmholtz Equa-
tion.

Consider a drum with:

=1 =1L

and we want to measure displacement u with the 2D Wave Equation:

Uy = % (Ugy — Uyy)
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with Boundary Condition:

u(z,0,t) =
u(z, H,t) =
u(0,y,1) =
u(L,y,t) =

the initial condition is:

{u(,r,y,O) =0

U (J?, Y, 0) =0
Theorem 7.5: Solution of 2D Rectanguar Drum
The solution to the above setup is:
sin (v ) sin (e )
n,m — SIN | NT— | SIN | MT—
o L H
as the eigenfunctions, and
n 2 mm\ 2
v = (7) + ()
' L + H

The overall solutions looks like:

u(z,y,t) Z Z Omn [ mn COS (cﬁt) + Bpup sin (cﬁt)}

n=1m=1

since we know the orthogonality condition:

L H
/ / PmnPm’'n’ dxdy:(), lfm#m/ or n;én’.
0 0

Therefore, I can solve for both coefficients using inhomogenous
initial condition:

fo fo Omna(, y)dxdy
fO f() (pmndxdy

similarly, for the other coeflicient:

Amn

\/7B _ f() fo @mnﬂ x y) d:L'dy
fO fo mendxdy

Reminder:

Recall that the above solution conforms to the multi-dimension
solution in Quantum Mechanics

Proof. The procedure is the same as solving previous PDE:
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1. separating the variable and obtain ODEs:
u = o(z,y)h(t)
then the PDE becomes:

B+ Ac2h =0
Vip+Ap=0

hence I got:

h(t) = Asin (cﬁt) + Bcos (c\[\t)
and the Helmholtz Equation:
Vo +dp =0
To solve the Helmholtz Equation, apply another separation of variables:

o(x,y) = f(x)g(y)

hence: Y .
g
f g
and I obtain the ODEs:
ff+uf=0
9"+ A—p)g=0
2. using the homogeneous condition to simplify solution/find eigen-
functions:
f(0)=0
fL)=0
hence T get:
frn =sin (n E) = (T)2
n — 7TL ) ,u’n L
form=1,2,....
Similarly:

9(0)=0
g(H) =0
therefore, by viewing A — 1 as a whole:

(k) 2= ()
gm = S1 7rHa Hn = H

3. putting the solutions together and use the inhomogeneous con-
dition:

v = f(x)g(y) = sin (mr%) sin (mﬂ%) = Pn.m

v () = G5+ () =
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at this point, we can already see degeneracies (e.g. same A but different
combination of eigenfunctions). This will be more evident if H = L:

m=1,n=1,A=200n m=2,n=1,1=500m

P o

m=1,n=2,A=5.00n"

U

™

-

i/
H
H
H
H
H
H
i
i
H
H
H
H
|
i
i
|
H
H

P T T,

where blue indicates negative u and red indicates positive u

Now, the overall solutions looks like:

— Ty x .
u(z,y,t) = ng mZ:l sin (mwz) sin (nﬂ'z> [Amn cos (C\/Xt) + Bpp sin (C\/Xt)]
since we know the orthogonality condition:

=sin (nn ) sin (m )
Pmn = sin (nm 7 ) sin (mm -
L rH
/ / CmnPmm drdy =0, if m#m' orn#n'.
o Jo

Therefore, I can solve for both coefficients using inhomogenous ini-
tial condition:

U(CI},y,O) = a(x,y) = Z Z AmnPmn

n=1m=1
I pmnala, y) dx dy
fOL foH Qognn dx dy

Amn =

similarly, for the other coefficient:

— o o B, y) da dy
cV AmnBmn = . OL " ,
fO fo (pmn d.’,C dy
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Note:

Notice that two families of coefficients A,,,,, B,,, can be de-
termined from one initial condition since we see there are two
eigenfunctions each each eigenvalue Ay,

7.3 Circular Drum

Now, consider the setup:

\
\/@_7
where we have a circular drum of radius a, and the following equations:

PDE:
uy = 2V2u

in polar coordinate u(r,6,t), and

B.C.:

I1.C.:
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Theorem 7.6: Solution of Circular Drum

The hidden continuity constraints are:

u(r,mt) = u(r, —m,t)
ug(r,m,t) = wy(r, —m,t).

and that:
|u(0,0,t)] < co

The overall solution of the above setup looks like:

u(r, 0,) = Jou(\/ A ) {CPS (me)} {Z?j gij%;))} '

sin (m#)

so that we have basically the double sum of the following:

Apndm (VAmn 1) cos (mb) cos (cv/Apnt)
Bondm ( Amn r) sin (m#) cos (c )\mnt)
Condm (\/m r) cos (m#) sin (th)
Dy, ( Amn 7“) sin (m#@) sin (c )\mnt)

where:
o there are in total four product terms, with four coefficients

o the J,(2), 2 = VA7 is the Bessel Function of the 1st kind
of Order m, m=0,1,2...

o the function Jp, (v/Amn 1) is orthogonal to each other for same
m, different n

and the eigenvalues are:

2
A7nn:<zmn) , m=0,1,2...

where:
¢ Zmn denotes the n-th zero root of the Bessel Function J,,(z)

Lastly, the coefficients are then solved by using orthogonalities:

u(r,0,0) = a(r,0) Z Z (\/ mn r) [Apn cos (mB) + By, sin (m0))

n=1m=0

f fa (\/ Amn 7") cos (m@)r dr df

Amn -
f_ fo J?n ( mn r) cos? (m0)r dr df

the same idea goes for the other three coefficients.

Before proving/solving this problem, several properties you will need to know:
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Theorem 7.7: Property of a Singular S-L. Equation

The Sturm-Louisville equation:

(rf") - m72f +rAf =0

for 0 <r<a,m=0,1,2,... does not satisfy the Regular S-L con-
dition, but is a Singular S-L Equation.

Then Singular S-L, as it turns out, has the same property as
Regular S-L Equation:

1. Xisreal
2. infinite number of eigenvalues

3. orthogonality of eigenfunctions with respect to o = r:

/ fonfmwrdr =0, ifn#n’
0

and notice that m is just a fixed parameter at a time, n is

the varying thing.

4. etc.

Theorem 7.8: Bessel Equation and Bessel Functions

The Bessel Equation looks like:

22d2—f+zﬁ+(zzfm2)f:0

dz? dz
and there are two linearly independent solutions:
o Jm(z) is the Bessel Function of the 1st Kind of Order m
e Y,,(2) is the Bessel Function of the 2nd Kind of Order m

for m = 0,1,2, ..., and both of which are not expressible in terms of
elementary functions. However, there is some relatively accurate ap-

proximations:
2 m T
I~y Zeos (s T —mTY, sz
m(2) —cos(z—  —mg ), asz— 00
2 . T T
Yo (z) ~ —sm(szfmf), as z — 00
T2 4
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Graphically, the two Bessel functions look like:

Bessel function of the 1st kind J,(2) Bessel function of the 2nd kind Y,,(2)

-0.25

-0.50 -0.50

-0.75 -0.75

-1.00 -1.00

where four orders are plotted for each Bessel Function.
Additionally, the zero-root of the approximation function v.s. Bessel Function

look like

Zeros of Bessel function of the 1st kind Jm(2) Zeros of Bessel function of the 2nd kind Yym(2)

g i
11
ki
Sty
bt
B
mmer
i
1y
f il
il

» X e e
» X e ex

°
=i x ecex
i » xexex

where 4 orders of both Bessel Functions are plotted :
e horizontal axis plots the n-th root
o vertical axis plots the value of the root
e X means the root of the approximation

Note:

Notice that the root for the same order m looks linear, as it is of
the form:

n X (some constant)

which resembles the zeroes of the sinusoidal (sin (2)):
nxm
Now, we can go to the proof and solve the PDE:

Proof. Again, the same idea:

1. start with separating the variable to attempt to reduce the PDE to ODE:

sin ( eVt

B 4+ \?h = 0, h=
cos C\/Xt

VZp+Ap=0
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Now, arriving at the Helmholtz Equation, we first rewrite it in polar coor-
dinates:

1 1
;(wr)r + 5000+ Ap=0

separating the variables again into ODE, by letting ¢ = f(r)g(0):

1, ., L.,
~(rf) g+ =5fg"+Xfg=0
T T
i n/
AT
g f

where this ¢ would be non-negative because I want the obvious solution g
to be oscillatory. Then the ODEs I obtained are:

9" +ng=0
r(rf) + (= p)f =0.

. now, solving the ODEs using homogeneous conditions first

g// +pg = 0
9(0) = cq sin (\/1b) + o cos (/120).
using the continuity constraint :
g(=m) = g(m)
g'(=m) =g'(7)
I got:
—cysin (\/pm) = cosin (/o)

since I know that it cannot be the trivial solution of ¢y = co = 0, this
means that:

{cl sin (\/fm) = ¢1 8in (\/,Tm)

w= m?, m=1,23..

Now, consider if g = 0. This means the ODE becomes:

g// — O

g(0) = 10 + co.
from the same continuity constraint, I obtain:
9(0) = c2
Then I get in total:
g(0) = ¢y sin (y/10) + cacos (Vub), w=0,1,2..

Now, the hard part is solving for f(r), first, notice that we can convert
the ODE to a Sturm-Louisville Equation:

(rf) = ’”72f +rAf=0

where I have:
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e p=7,q= 73,0 =1 as the S-L Equation

e since 0 < r < a, it is not a regular Sturm-Louisville Equation
(e.g. regular S-L needs p,o > 0)

o this is known as a Singular Sturm-Louisville Equation (which
turns out to have the same property as Regular S-L)

Then, rearranging the equation:

r2fll+rf/+()\,r2_m2)f:0

fla) =0

1£(0)] < o0
letting z = VA (recall that A\ > 0 as a property of Regular S-L with
periodic B.C. ), I have:

df  df
2 22\
Zdz2+zdz+(z m)f 0

and the B.C.:

which is a Bessel Equation, and that the B.C. becomes:

f(VAa) =0
1£(0)] < o0

to make sure the condition |f(0)] < oo is satisfied, consider z — 0 for
both Bessel Functions:

Jm(z)w{ll m=20

21n(z) = —o0 m =10
Ym zZ)~ T oomy, .
(=) {—2 Dm0 m >0

T

Therefore, only J,,(z) works. This means that:
f(2) = c1dm(2) = 1 Jm(VAT)
now, applying the other boundary condition and solving for \:
Jm(VXa) =0

There is an infinite number of zeros of each Bessel function J,,(z). Let
Zmn designate the nth zero of J,,(2):

Va = zpmn

2 2
a

now, again we see \,,, depending on two independent parameters:

e m signifying the m-th order of Bessel Function, coming from the

solution of 1 = m?
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o n signifying the n-th zero root of the Bessel Function J,,(z)

Finally, because eigenfunctions of Singular S-L are orthogonal wrt
o, and that o = r here:

/0“ I (VAmn 1) - I (W A 7)rdr = 0

for a given m, but different n # n’ (since the eigenfunction itself is
Im (2)).

. Lastly, combining all the eigenfunctions:

u(r,0,t) = f(r)g(0)h(t)
_ cos (m#) | [cos (cv/Amn t)
A {2 fen o),

sin (m#)

Andm ( Amn 7") cos (m#) cos (c )\mnt)
Bondm (\/m 7') sin (m#) cos (th)
Crndm (VAmn ) cos (mf) sin (cv/Apnt)
Dndm ( Amn T) sin (m#) sin (c )\mnt)

Now, I just need to determine the coefficients using the inhomogeneous
initial conditions:

u(r,0,0) = a(r,0) Z Z Im ( mn r) [Apn, cos (mB) + By, sin (m0)]

n=1m=0

fﬂ foa (\/m 7‘) cos (mB)r dr df
f fo ']7271 ( mn 7') cos? (m@)r dr df ’

Amn =
and the same for B,,, with sin (m6) instead. Notice that this works be-
cause:

(a) cos (mb) is orthogonal to cos (nf) for m #n
(b) cos(...) is orthogonal to sin (...)
(¢) Jm is orthogonal to Jy,

Then, to get C,,, and D,,,, just use the condition:

Ut (Ta 9, 0) = B (T7 9)
so that only Cy,p, Dy terms are left. Then just use the orthogonalaties.

O
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Last but not least, some related plots:

Figure 1: Jy (\/>\0n r), forn=1,2,3,4
oty Aot

10

084

064

0.4 4

0.2 4

0.0 4

-0.4

0.0 02 0.4 0.6 08 10

where we see:
o for each n, there are n — 1 zeroes in the range [0, a).
Similarly, if we are increasing m:

Figure 2: Increasing m for J,, (\/ Amn r)

1oV AtV SV D))

where:

e we see that it looks more and more like a cosine function as m increases,
but number of zeroes is still controlled by n
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Some plots of the solution looks like:

Figure 3: u with only the cos (m#f) terms
m=0,n=1,A=578 m=0,n=2,A=3047 m=0,n=3A=74.89 m=0,n=4,A=139.04

.
)
©

m=1,n=1,A=1468 m=1,n=2,A=4922 m=1,n=3,A=103.50 m=1,n=4,A=177.52

@

m=2,n=1A=2637 m=2,n=2,A=7085 m=2,n=3,A=13502 m=2,n=4\=218.92

®
@®

where we see:
o for m = 0 (first row in graph), there is no 6 dependence since cos (0 - 0) =1
e for m # 0, we have the # variations coming
« as n increases (per row), we see more zeroes/wiggles due to Jy, (v Apn 1)

 asm increases (per column), we see increase in symmetries due to cos (mf)
term
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7.4 Cylindrical Laplace’s Equation

In the end, it still becomes solving some sort of a Bessel Equation

Vi =0

with a radius of R, and a height of H, and we have the following setup:
 the PDE is the Laplace Equation (no time dependence here ):
VZu=0
and we are going to use cylindrical coordinates

o the B.C. is the following:
u(r,0,0) =0
u(r,0,H) =0
u(R,0,2) =~(0,2)

e no L.C. since it is steady state

Before going to solve the problem, something you need to know:

Theorem 7.9: Modified Bessel Equation and Bessel Functions

The Modified Bessel Equation looks like:

&ef df
2 2 2
w5 fw—F— (W +m?) f=0

notice that we know have — (w2 + mz) instead of the normal version
+ (22 - m2) and there are two linearly independent solutions:

o In(w) = I, (nm%) is the Bessel Function of the 1st Kind of
Order m

o Kp(w)=Kpn (’I’LTF%) is the Bessel Function of the 2nd Kind
of Order m

for m = 0,1,2, ..., and both of which are not expressible in terms of
elementary functions.
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Graphically, we have:

Modified Bessel function of the 1st kind fn{z) . Modified Bessel function of the 2nd kind Kn(2)
107

where we see that:

o In(w) is bounded at w = 0, and goes to co as w — 00
o K, (w) is bounded at oo, but unbounded at w =0

« notice that the above plot uses log scale. So we are having exponential

growth for I,

Theorem 7.10: Solution to Cylindrical Laplace’s Equation

The solution to the above setup is:
u(r, 0, z) mz_ ; (mr—) sin (mr%) [Asn cos (mB) + By, sin (mb))

where notice that we have:

o I (mr%) having a known eigenvalue A = %7. This is because

we have Laplace Equation and the B.C. helped us solved:
' +Xh=0
z nmw
hn = si ( 7)) )\n = 77
(z) = sin (nw i i
for u = @(r,0)h(z)
then, solving for the coefficients using orthogonality:

fo [T _~(8, ) sin (nmZ ) cos (mb) df d=

e L (nmd) fo [T _sin® (nmZ) cos? (mb) do dz

where notice that I, (mr%) will just be a number

and the same procedure can be applied to By,

Proof. Same procedure in general:
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1. separating the variables and obtain ODEs:

Let u = ¢(r,0),h(z), and the Laplacian in Cylindrical Coordinate be-
comes:

1 1
Viu=u,, + - (ru,), + —5Ugp
T r

then inserting our separated variables:

! B V%ﬂ@

=-)
h ®

we picked —\ because then we have a solution for h(z):
' +Xh =0

with B.C.:

hence we obtain the solution:

nm

h i ), A ’

n(z) = sin (mrﬁ), n= (H)

and notice that )\ has already been solved here!. Then similarly:
VE,&‘P =Ap

and notice that this is not Helmholz Equatino, which would be V2¢ +
Ap =0 for A > 0. Hence, we need to separate variables again:

let o(r,0) = f(r)g(0):

L(rf) 14"
p— 777A:
Ty ’
Y "
T(ch) —\r? = —% = .

now, I picked p > 0 because then we can solve g to be periodic.

2. solving the ODEs with homogeneous B.C., first solving g(6):
9" +pg=0

then, we have the periodic B.C. which we have done before. The solution

1S:

g(0) = ¢y sin (m) + ¢z cos (M), p=m?

for m =0,1,2, ...
More complicated is the f(r) part:
(rf) = Arf=Ef =0

(rf') = Arf - m72f =0.
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for A = (%)2, but notice that this is not the Bessel Equation due to
a sign difference. By substituting:

r
= )\ = —_—
w \/>’f‘ nmw H

we get:
d? d
w? / wf —(w?+m?) f=0

which is the Modified Bessel Equation (theorem 7.9 ), and there are
two solutions I, (w), K, (w). However, for boundedness at origin, we
would only have I, (w) left:

fry=1, (mr%)

for m = 0,1, 2... being the order of Bessel Function, coming from p = m?2.

. Lastly, assembling the solutions and solve for coefficients using
inhomogeneous boundary condition:

u(r,0,z) = f(r)g(0)h(z)
35 (e o s 010 B 0]

then using the inhomgenous condition:
u(R,0,z) =~(0, z)
we get:

fo I (0, z)sin (nm %) cos (m#) df dz
L(nm ) fo J7_sin? (nmZ) cos? (mb) do dz

and the same idea goes for B,,,
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Lastly, consider some related plots:

m=0,n=1 m=1n=1 m=2,n=1 m=3,n=1

OF 4 DI

Z

£ cos (m#) for a fixed z, and for n =1

Figure 4: I, sin (mr

where we see that:
o when m = 0,cos (mf) = 1, hence there is no 6 dependence
o as m increases, the symmetries increases due to the cos (mf) term

additionally:

N

m=0,n=1

3
o
3

m=0,n=3 m=0,n=4

N

m=1n=1

3
=
3

m=1n=3 m=1,n=4

b

m=2,n=1 m=2,n=2 m=2,n=3 m=2,n=4

where we see:

« in a row, as n increases, the number of nodes/wiggles increases, due to the
sin (nw%) term

e in a column, as m increases, the number of symmetries increases. Same
effect in previous plot.
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7.5 Spherical Laplace’s Equation
Note:

Recall the property of eigenfunctions in a Hilbert Space. If they
are forming a complete set, then that means eigenfunctions of one
PDE could be used to solve another PDE if they have the same
geometry and B.C.

Now, consider a sphere (e.g. approximating Earth)

with a radius of R, where we have the setup of:

« PDE:
V2w +Aw =0

for w(ep, ) in spherical coordinate . Then the Laplacian becomes:

1 1 ) 1 1

Viw=——" (s S
Y7 RZsin () (sin(@)we)s 72 5o @
note that this is only considering w on the surface.

o B.C. is then only continuity equations.

Theorem 7.11: Solution to Spherical Laplacian On Surface

If we only consider the PDE on the surface, i.e. w(f,¢), then we have

the solution: (m)
o= { S P os ()

where we have:

o P™M(x),z = cos (v) being the Legendre Polynomial of First Kind,
forn>m
Theorem 7.12: Solution to Spherical Laplacian Inside

If we want to consider the situation, we have the setup:

« PDE:

8%u 9w
ﬁ = C V u
e B.C.is:
u(R,0,p,t) =0
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o I.C. is:

u(r,0,,0) = F (r,0,0)

ou
E (T, 9; ®, O) = G(Ta 9, (p)

then the solution looks like:

scann={on (o ()t e

where:

o fr)=1/Vrda (\f)\r) is called the Spherical Bessel Func-
tion, which is bounded at origin

o for A\ being the solution for the equation:
Jury (VAR) =0

o and for n > m, so that AR? = n(n + 1)

Lastly, if you want to use orthgonality to solve for coefficients,
note that the weights are df, sin (¢)dyp, r°dr respectively

Just for reference, the following coordinate system is used:

proof for spherical laplacian on the surface. This solution will be used anyway
for the full solution, so let us start with this.

1. Separating the variables and obtaining ODEs: let w = ¢(8)g(y),
then we have:

s / 1
Sin (So)g + R2 Sin2 (SD)A 4+ = 0

sin
() P .

the ODEs are:
sin (@)m(%)g, + R%sin? (p)\ =

then for the ¢ solution, we obviously have:
_ [sin(mh)
17 cos (m#)
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for m =0,1,2...

. Solving the ODEs using homogeneous conditions , in this case, we
just have the ¢ part left:

1 m?
(sin (p)g’) + <R2A2 sin (o) — — > g=0
which is not a regular S-L, because:

« B.C.is only |g(0)] < o0, |g(7)| < o0
« and that p = sin () is not always > 0, and etc.

now, it turns out we can make it into a Spherical Bessel’s Equation, by
having = = cos (), and using sin® () = 1 — cos” (p) = 1 — 2 , we get:

d o dg m B
|0 g (e ) o=

then this only has a bounded solution when :

e \R?2=n(n+1)
e whenn>m

« the solution is g,,, = P (x) being the associate Legendre Polynomial
of the First Kind

there is no boundary condition, so we proceed.
. lastly, combine, we have:

cos (m#)
sin (m@)

i (.0) = { b2 s (0)

form=20,1,2,3...,and n > m

therefore, graphically, we have the triangular shape due to n >= m:
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proof for the entire solution. If we want to solve for also the part inside the
entire sphere, we would have the following separation:

u(r,0,¢,t) = f(r)w(0,¢)h(t)
which ends up having ODEs:

&2h ,
ﬁ = —)\C h

V2 (fw) + A (fw) = 0.
the solution for h is the ordinary ones:
sin (C\/Xt)
cos (C\f/\t>

and splitting the other equation into parts: w(6,¢) = q(8)g(v) I have:

dii <r2jj;> + (M =p)f=0

d dg m?
a (. ag P _ —0
iz (2 032) (0= 51550)
with the ODEs for ¢ being skipped because it is simply:
[ sin (m#)
17 cos (mh)
now, since we don’t know p for the ODE with f(r) yet, start with the second
one to solve, using the above theorem 7.12, T get:

g(x) = g(cos () = P ()

with the eigenvalues = n(n + 1) for n > m

Lastly, solving for f(r), we end up with:

di?" (r2;lj;> + (/\7“2 —n(n+1))f=0

which is a Spherical Bessel Equation , and the solution is:

f(r)y= %JM_% (ﬁr)

for boundedness at origin. O
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8 Nonhomogeneous Problems
Now, consider the cases when we have some sources or bath, such that we
have basically no homogenous conditions left for us to simplify using separation

of variables. In this case, there are some tricks that can convert non-
homogenous parts into homogeneous parts

8.1 Heat Flow with Sources and Nonhomogeneous Bound-
ary Conditions

Theorem 8.1: No Source but Nonhomogenous BC

If we have the setup of:

« PDE:
U = Klgy
« BC:
u(0,t) =A
u(L,t) =B
u(z,0) = f(x)

where A, B are constants, signifying a bath/reservoir term.
then the trick is by letting:
v(z,t) = u(z,t) — Ueq
where ¢4 is the equilibrium solution:

B-A
L

Ueg = A+ T

and then we will easily solve v having now homogeneous boundary
conditions, ending up with:

v(x,t) = i B, sin (mr%)
n=1

and the coefficients are:

B, = i/OL [f(z) — teqg(x)] sin (mr%) dx

Note:

Essentially, the idea is the same in physics: we want to transform
to the "center of mass frame" which is the w4, and then solve
for displacement away from center of mass which is v(x,t) =
w(x,t) — Ueq

106



Proof. If we consider an equilibrium solution, then it must satisfy:

kug, =0
and the same B.C. of:
Ueq(0) = A
Ueqg(L) = B
so obviously the solution is:
B-A
Ueg = A+ 7 T

now, consider v = u — Ueq, we want to reform the PDE and B.C. with v
only:

v = Ut = Kty

=kugy +0
=k (U - ueq)m
= kvgy.

and the B.C. becomes homogeneous:

v(0,%) = u(0,t) — uey(0) =0
(L, t) = u(L,t) — teq(L) =0

then the solution for v is obvious:

v(x,t) = i B, sin (mr%)
n=1

Theorem 8.2: Steady Source with Homogenous BC

If we have the setup of:

« PDE:
up = kg, + Q)

which is steady source as Q is not dependent on time

- BC:
u(0,t) =0
u(L,t) =0
u(z,0) = f()

then the trick is by letting (again):

v(z,t) = u(x,t) — Ueq
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where u.q is the equilibrium solution (if Q(x) = 1):
1. L
ted = o™ T ag”

then we would end up with homogeneous PDE with the @) term
cancelled, ending up with the same solution for v:

v(z,t) = 2Sin (mr%)

and the same idea for coefficients.

Proof. Now, consider the same approach of u.,. The idea is that the equilibrium
state should still exist:

kueqa;;r = _Q (l‘)

integrating twice would solve the equation. To simplify this, let Q(x) = 1, then
we have:

1
Ueq(T) = —— 2%+ e+ ey

2k

since this must also solve the B.C., I hence have:

hence T get:

now, we want to let v = u — ueq and reform the PDEs:

V= U = Kgy + Q
= Kugy — keq,,

= kvgg.
which becomes homogeneous. The rest is trivial. O

Note:

If we have a steady source but a non-homogenous BC, we can
just combine the above two approaches.

Theorem 8.3: Non-steady Sources and BC

If we have the setup of:

« PDE:
Uy = kuge + Q(x,t)
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if we consider the same trick by letting considering a reference
solution r(z,t) that:

¢ just satisfies the B.C.
e but does not satisfy the PDE

with:
v(x,t) = u(z,t) — r(x,t)

note that we do not have equilibrium solution anymore since
conditions are time dependent

Then we would end up with:
¢ homogeneous B.C.

¢ still inhomogeneous PDE of:

vy = U — 1y = Klge + Q(z, 1) — 1(2,1)
= kvgy + ke + Q(z,t) — (2, 1)
= kvge + Q(m,1).

to deal with this, we need eigenfunction expansion

Proof. Since we just need to consider r(x,t) that solves B.C., we can consider
the linear solution (it could be anything):

B(t)— A
r(z,t) = A(t) + Mx
which solves the B.C. only. Then, by letting:
v(x,t) = u(z,t) — r(x,t)

I have the boundary conditions simplified:

but the PDE cannot be simplified since r(x,t) only dealt with the B.C.:

Vg = U — Ty = kuzw + Q(Z‘,t) - rt(xvt)
= kg + kTze + Q(z, 1) — re(2, t)
= kvg, + Q(ZL’,t).

which is still inhomogenous. O
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8.2 Eigenfunction Expansion
In general, we see that we can still solve the problem relatively easily if we have:
 steady source @ and/or boundary conditions

If we have source and boundary being non-steady, we can still find a way to
recede the B.C. to homogeneous case, but not the source term.

In this section, I will first discuss how to solve the unsteady source problem
with:

e homogeneous B.C. using Eigenfunction Expansion

e unsteady B.C. using Eigenfunction Expansion AND Green’s For-
mula

8.2.1 Eigenfunction Expansion

This section deals with the case when you have a homogeneous B.C., but an
unsteady source Q(z,t).

Consider the problem we had before:
up = kugy + Q(l’,t)

with now the boundary condition:

and the initial condition:

Theorem 8.4: Solution to Homogenous B.C.

For the setup mentioned above, the solution is:
o0
U(.’I?, t) = Z an(t)@n(x)
n=1
for a,(t) represents the variable coefficient:

t
0n(8) = an(O) N H N [ g ) ar
0

where g, (t) is defined to be:
Q(xa t) = Z (jn(t)@n(x)
n=1

for ¢,(z) being the eigenfunction to he related/homogeneous
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version of the PDE, which is the solution to the below:

wy = kwge + (0)
©" +Xp =0.

with homogeneous B.C. gives:
(.’IJ) = sin (nﬂ 7%) A (LL )
(pn = s n =

Proof. 1. First, find the eigenfunction of the related homogeneous
problem. This would be

wi = kWey.

Solving for w we have the eigenfunction from the eigen-equation:
"+ Ap=0

with homogeneous B.C. gives:

nm

©n(z) =sin (mr%), Ap = ( 7 )2

2. Use eigenfunction expansion to write down the solution in the
form of:

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

which we can immediately solve b, (0) for later use:

L
s oy F@en(e) da
WO = dr
fo ©%(x) dx
then, the remainder of the task is to solve for the variable coefficient

brl(f)

3. Solve for the coefficient by attempting to plug back into the PDE:
up = kug, + Q(x,t)

first, expand Q(x,t) so we have all terms using ¢, (z):

Qz,t) =Y an(t)pn()

_ Jy Q.tpn(@)dr
i o2 (x) de

qn (1)

then, we need consider:

e uy, which we can differentiate term by term since u; is continuous
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e uy, which we can differentiate term-by-term because the 2L ex-
tension of u is continuous (since u(0,t) = u(L,t) = 0, i.e. we have
Dirichlet B.C.)

e U, which we can differential term-by-term again since now it
will be a cosine series.

(if you needed revision, go to subsection 4.3) Therefore, we needed up
with:

u =Y b, (t)pn(x)

Ugxr = Z bn(t)‘/’::(x) = - Z bn () Antpn (2).
n=1 n=1

since we know that ¢” + Ap = 0. Now, we plug back to the PDE and
obtain:
b, (t) + Ankby (t) = gn(t)

this becomes an ODE, and using the method of integration factors,
we obtain:

- (exnktbn(t))/ = qn(t)

t
er kb, (t) = b, (0) + / erksg,(s) ds
0

¢
bn(t) = bn(O)e_A"kt +/ e_)‘"k(t_s)qn(s) ds.
0

and b, (0) is already computed in step 2, so we have solved the problem
O

8.2.2 Eigenfunction Expansion with Green’s Formula

The more general solution would be not using homogeneous B.C. (i.e.
maybe we needed it for some reason), then basically:

e we would not be able to take term-by-term differentiation easily
e we need to take integrals, i.e. use Green’s Formula

Consider the problem we had before:
up = kugy + Q(x,t)

with now the boundary condition:

and the initial condition:
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Theorem 8.5: Solutino to Unsteady B.C.

This would be the most general version for this type of problem.
Consider the setup above, we have:

u(z,t) = Z by (t)on ()

where @, (z) is the eigenfunction of the related homogeneous prob-
lem (i.e. same as above), and that:

t
b () ::bn«De’a"t+l/ne*a"“‘“)hn(s)ds
0

for:
o oy, = ANk
o hy(t) = hy(s) is all the extra work:
k[A(t)¢'(0) — B(t)g!(L)]
Jo @2 (x)da

which collapse to ¢,(t) if we had a homogeneous B.C. For
A(t) = B(t) = 0. Then we get the same equation as the previous
section.

ha(t) =

+ Qn(t)

o (n(t) is defined to be:
Qz,1) = Y Ga(t)pn(2)

Proof. The idea is basically the same as the previous section

1. Compute the eigenfunction to the relate PDE. This part is the same as
previous section, hence skipped

2. Use Eigenfunction Expansion to write down the solution:

u(z,t) = Z bn(t)pn (@)

for ¢, of the related homogeneous B.C. version PDE, and then we can
compute b, (0) for later use:

o f@)en() da
i 02(x) da

3. Find out the variable coefficient b, (t), by the same thought:

b (0)

e u; we can differentiate term-by-term since wu; is assumed piece-wise
smooth
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e u; now cannot differentiate term-by-term, because the 2L ex-
tension of w is not continuous (A(t), B(t) # 0). i.e. not homogeneous
B.C.

Then, we start from the reverse. Let:
U (T, 1) = Z’yn(t)gon(x)
n=1

we would like to relate this back to b,(t) by:

L
fo Uz pn (T) dz
Jo #2(@)dz

(recall that we had done this once before, where we directly computed

Tn (t) =

fOL Ugzpn (@) dr using integration by parts [see subsection 4.4]) Now, we
use a different technique of Green’s Formula:

L L
/0 (ullv] —vL[u]) de =p (ug:: - v?;) .
for L = % (p%) + ¢ being any Sturm-Louisville operator. In our
case, consider:
0%u
Ll =52

with p =1,¢ = 0. Then we have:

L
/ (WVzy — VUgy) do = (uv, — ’uum)|£
0

L L
/ VUg g dr = / UV gy dxr — (uvw - vu@)‘g '
0 0

since we needed to compute jUL Uprtpn () dz, We let v = ¢, (x), then
we get:

L L
/ On(T) Uy dr = / USDZ dx — (USD/n - ‘Pnum”g
0 0
L
— Ao [ e da — u(L. )¢ (L) + u(0. )¢, 0)
0

L
:—M/mwmm,B@MMM+A®¢ﬂU
0

since we knew that ¢(x) satisfy the homogeneous B.C. of ¢(0) = ¢(L) = 0.
Now, substituting back to v, we will see that:
L
Jo Uaaon(z) dx
Jy ¢3 () de
L
Jo upndr - A)¢, (L) + B()¢n (0)
noL L
Jo #h(x) d Jo #h (@) da
A(t)er, (L) + B(t)¢;, (0
(4 AL B0
Jo (@) da

Tn (t) =
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Now, we can substitute back to the PDE:

Ut = Klge + Q
0)+ Akt = HOD IR 40
0 n\T)ax
— ha(t).

for:

iy = AODLEOR0)
o Pnlz)dx

then, this becomes the ODE that we can solve via integrating factor as
the previous problem:

for a;, = k), and that:

L
0= 7 [ f@hen(o)do

which completes the proof.

Note:
Notice that we have solved the PDE with inhomogenous B.C.:

u(0,t) = A(t)
u(L,t) = B(t).

with homogeneous eigenfunctions:

u(x,t) = Z by (t)pn ()

which sounds contradictory because those have ¢, (0) = ¢, (L) = 0 But
recall that this is the property of Fourier Series if the 2L extension of
u is not continuous, which we know is the case because the boundary
condition is not homogenecous/Dirichlet.

Therefore, technically at those discontinuities, we needed to com-
pute the average for the series (like we did before). This also implies
that the functions converges slowly, i.e. we need lots of terms to
actually get accurate u(z,t).

e on the other hand, approximation if we have a homogeneous bound-
ary condition (previous section) would converge faster (i.e. need
less terms)
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Additionally, it turns out that we could further simplify the form of the
above solution. We can define:

2 - — —S
Glr,tiy.s) = T > en(@)en(y)enti=s)
n=1

then, this will be useful because if we expand the expression to its actual terms:

u(x, t) = Z bn (t)ion ()

by actually putting out expression of b, () in

1. the source term would be:
9 [t L2
2 et g @) dy s
n=1

for basically expanding the A, (x) term out and having:

L
w0 =7 [ Qu.tew iy

using the G term it becomes:
t oL
| [ cetvseu.naa
0o Jo
2. the initial condition term was:
2w [t
13 [ twewentaetay
n=1"0
and using G:
L
/O Gz, t;y,0)f(y) dy

3. the boundary term becomes:
Lo Lo
k—G(z,t;0,s ds—/ k—G(x,t; L,s)B(s)ds
| kG0 ds = [ kGl nL0B()

So in the end, G(z,t;y,s) would have taken into account of all the unsteady
terms, including initial condition, source, and boundary condition.

8.3 Forced Vibrating Membrane

This is an example using the above techniques. In particular, I am going
to use the inhomogeneous boundary condition approach.

Consider the problem of a vibrating 2D membrane:

ug = V2 + Q(x,t)
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which is the wave equation, and the Q(z,t) term specifies the source/forced
vibration.

The B.C. in this case is:
u(z,t) = g(z,t), x € N

and the I.C.:
{u(x,()) = a(x)
Ge(@,0) = B()

Before solving this, we will encounter something below:

Theorem 8.6: Second-Order Linear Nonhomogenous Differential Eq

If we have an equation of the form:

d?A(t)
dt?

+ PN =q¢q

the general solution is a particular solution plus a linear com-
bination of homogeneous solutions.

In this case, the homogeneous solution is sine and cosine, so the
genreal solution looks like:

A(t) = ¢ cos (C\/Xt) + cosin (C\/Xt) + particular

Theorem 8.7: Solution to Forced Vibrating Membrane
The solution is:

u(z,t) = Z An(t)pn(z)
n=1

where @, (z) comes from Helmholtz equation, and can be solved if we
specify the geometry.

and that:
A, (t) = C,, cos (c@t) + D, sin (cxf)\t) + particular

with: .
1
pasticular = - [ sin (wn (¢ ~ 1) (7) dr
n JO

where:

e S,(t) contains both source and boundary

sn(t) = qn(t) = Pro(t)
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e the boundary term is in fact:

! Jo i (z)dv

this solved A, (¢), and together with C),, D,, obtained from initial con-

dition:
A, (0)=0C,
Al (0) = w, Dy,
Proof. So, we just the routine established in the previous section.

1. Start with a homogeneous problem and find the eigenfunctions.
In this case, we have the Helmholtz Equation:

VZp+Ap=0, €0

and that:
p(x) =0, €N

recall that Helmholtz Equation had the property of:

(a) @, is the complete set
(b) Ap > 0 if Dirichlet B.C. (which we have)

However, the specific eigenfunctions depend on the geometric shape of
the region. Explicit formulas can be obtained only for certain relatively
simple geometries. (e.g. subsection 7.2)

2. Then, expand the solution in eigenfunctions:
u(ac, t) = Z An(t)@n($>
n=1

again, we can immediately compute A, (0), A} (0) from initial condition
here.

Additionally, let us expand Q(z,t) now:

Q) = qul)pn(@)

and that: f ( )Q( Hav
_ Ja$nlX Zz,
wl) = Ay av

3. Now, we need to compute the coefficients.

(a) the time derivatives are always assumed to be continuous, so we can
take term-by-term differentiation:

u = Y A (t)pn(x)
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(b) the term V2u, which we want to avoid since the geometry is complex
at boundary.

Therefore, we do the following approach:

Uy = Z Al () on(x) = AV +Q

n

An(t) = W/ FonV2u+ 0,Q) dV.

which becomes integrals, and computing the terms separately:

(a) consider:

? / on(2)V3udr.
Q

using Green’s Formula:

/ (vVPu — uV?0) dV = / (vVu —uVo) -ndS
Q o0

ou ov
= / (an B an> a5
Then we have:

/(pnvzudV:/uV2<pndV—|—/ (g&nau—u&p"> ds
Q Q o0 on on
_ —An/ won dV—/ ()2 4s
Q a0 on

since we know that ¢, (z) = 0,z € 9Q and the boundary condition.
Notice that if we have homogeneous boundary condition, then
the g(z,t) would have disappeared.

Last but not least, combining with the factor:

Jo onV2u av. _ Jo wpn dV fasz g(x t)% ds
Jo ©2(x)dV fﬂ 02 (x)dV Jo ©2(x)dV
= A\ An(t) — ra(t).

where we defined r,(t)to basically contain the boundary term:

Joq 9(x t)a“o" dsS
Joei(x)adv

(b) the other source term is actually simple:

Jo Q(z, t)pn(x)dV
Joeh(x)av

rn(t) =

= qn(t)

because we had:

= au(t)pule)
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now, putting everything back:
A(t) = qn(t) = =P A Apn(t) — Pro(2)
AL () + M An(t) = gn(t) = ra(t)
AL () + w2 A (t) = 5,(2).

where we have defined:

o W, =cVA,

¢ the source and boundary combined to be:
5a(t) = au(t) — Pra(t)
However, to solve the below equation:
A1) +wp An(t) = sa(t)

we needed the method of particular solution, so that:
A, (t) = C,, cos (c\/ )\nt) + D, sin (cﬁt) + particular

to solve for the particular solution, we can use the method of undeter-
mined coefficients:

let particular = a,,(t) cos (wpt) + by (t) sin (wp,t)

note that if a,(t) = an, b, (t) = b, becomes constant, then we would get
sn(t) = 0.
It turns out the solution is:

1t
particular = — / sin (wn (t — 7))sn(7) d7
Wn Jo

this solved A, (), and together with C,,, D,, obtained from initial condi-

tion:
A, (0)=C,
AL (0) =w, Dy,

Example: Resonance

Consider the special case of:
$n(t) = qn(t) — 0 = 7, cos (wt)

where basically, we have no boundary term but a source term of v, cos (wt).
This is also called a sinusoidal forcing.

Then we have:

A" (1) + wp Ap(t) = yn cos (wt)

120



and notice that w for the source has nothing to do with the w,. Then:
A, (t) = Cy cos (c@t) + D, sin (C\f/\t) + particular
and in this case, it can be guess that:
particular = Fj, cos (wt)
so that it will satisfy the ODE. This means that:

(—w?F + w2 F) cos (wt) = ~y, cos (wt)

F,=——-.
w2 —w?

for w # w,, which means that:

In

articular = ——— cos (wt
D R (wt)

and notice that:
e w, = ¢y A\, are the natural frequencies

o forced response (particular solution) has the same frequency as
the source

o amplitude of the forced response becomes large when near
natural frequency

now, for w = w,, we need to solve the particular solution again
from the ODE, and we will get:

particular = Tt sin (wt)
w

where basically w = w,, makes this thing never stop/grow linear in
time <= resonance

1. since this forced response grows in time, eventually the object
might break

2. or, our assumption/PDE of wave equation might no longer be
valid

o assumption of small displacement

e ignorance of damping terms
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9 Green’s Function

Before talkie about the theory, let’s review some Linear Algebra related
topics so that you could see some analogies later.

Theorem 9.1: Symmetrical Matrix Decomposition

If a square matrix A of size N x N is symmetric, then we know the
following:

e decomposition

A0 L [E]
A=VAVT =[ty & .]|[0 A .| |5]
0 0

where ¥, A, is the n-th eigenvector/eigenvalue
Alternatively, this can be written as:

N
A= E Ay T 0L
n=1
o the inverse can be computed easily:

N
A7t =

n=

o
UpU

1
1)‘"
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9.1 Introduction with ODE
Consider an ODE with:

where I have L[u] = & (pfLu) + g(z)u(z) being a Sturm-Louisville operator,
and we have B.C.:

u(a) =u(b) =0

Reminder:

Since it is a S-L problem, we should remember that it:
1. has a complete set of orthogonal eigenfunctions v, :
L{pn] +Anpn =0

for vn(a) = p,(b) = 0 satisfying the B.C.

Theorem 9.2: Green’s Function for Simple ODE

For the above problem, we can also have the solution written in Green’s
Formula:

oo b
u(w) = S anpn = [ Gla)f0)dy
n=1 a
where the eigenfunction is computed from
Lon] 4+ Anpn =0
with the Green’s Function for this problem being:
— 1 on(T)Pn(y)
Glay) =) % o
i [, PR () de

essentially we do this because we want to have an attempt to undone
the S-L operator like in Linear Algebra:

A

81

=b
= A 1p.

8

and we have here:
—Llu] = f()
b
u= / G(z,y) f(y) dy.

Proof. First, consider an eigenfunction expansion:

u(z) = Z anpn ()
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from:
L [‘pn] + )\n(Pn =0

where we can compute coefficients from orthogonality:

[ u(@)pa(w) do
f: ©2(x) dx

which technically solved the problem. However, suppose we want to derive the
solution by undo-ing the S-L operation:

so that we get:
u(z) = something(f(z))

Consider the integral f: upy dx, using Green’s Formula:

/ (WL — vLfu]) dz = 0

because the B.C. is homogeneous. Then, letting v = ¢,,, we get:

/ (onLlt] — ullipy]) dz = 0

b b
/ on () () di = / M ()i ()

b
n(x) f(x)dx
L wfb( @)2;;) = Apan[u]
an[f] = Anan[u]
anlul = 5l

Therefore, I get:

u(r) = 3 anlulion(@) = O 5-anlflin(2)

o 1 on(@)pn(y)
_/a v L_Mnﬁf 72(2) dz] v

And now we have obtained the Green’s Function for this ODE, in that:

so that we have:

where we have:
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1. this Green’s Function looks similar to the linear algebra inverse:

and that:

which looks even more alike if @, is normalized so that ff on(z)dz =1

2. undone the S-L operator, like in Linear Algebra, we have:

A

8

=b
7= A"1D.

and we have here:

Note:
The Green function for this ODE:

o exists <= A, # 0 (otherwise we cannot use 3-)

e it is symmetric in that G(z,y) = G(y, x)

125



9.2 Computing Green’s Function for ODEs

However, G(z,y) is hard to calculate now. So we can attempt to use Dirac
Delta Function to represent an arbitrary function f(x)

AX aX A

Starting from Dirac Delta Functions as Square Pulses of height ﬁ with width
Az , we can write down:

flz) = Z f@)0as(x — ;) Ax

in the limit, we have:
b
f@) = [ 5w v)dy
a
where also notice that:

e delta function is also symmetric
oz —y) =0y — )

« the anti-derivative of a delta function 6(x) is a Heaviside Function

H(z):

Theorem 9.3: Greens’ Function

Consider the ODE:

with homogeneous B.C.. Then From theorem 9.2, we know that we are
dealing with:

o0 b
u@) = anen =/ G(z,y)f(y)dy

Let f(x) = §(z — x0), then we can obtain ODEs for G(xz,y), and the
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solution in this cases looks like:

G(Ly){(yLL)I’ 0<z<y

which is symmetric in z,y

Proof. The problem is:

d*u
qz f(z)
The aim is to find out G(x,y) in the below equation

Llu(z)] =

o0 b
u(@) = Y anpn = [ Gle)fw)dy
n=1 a
1. A trick is to let f(x) = d(z — x0), then we get:
b
u(e) = [y 20) Glay) dy = Glamo)

Note:

This trick is justified because we know that the general source
term is f(x):

f(z) = / F()8(x — ) dy

and suppose we have a singular source, where :

Llu] = f(y)d(z —y)

which means the source is just at one point x = y, then the solu-
tion is:

u=f(y)Gz,y)
since basically we are going to solve G(z,y) for:

LIG] = b(x —y)

Therefore, it can be justified then:

L
w= / f)Gx,y) dy, Ll] = f(z)

since then we are just summing all contributions of GG, which
comes from a singular source.

Then, using the trick, we know something more:
LIG(z,x0)] = f(x) = d(z — 20)
G(0,y) = G(L,y) = 0.
Then, the problem becomes essentially solving an ODE of G(z, x¢), with
L=2

dz?"
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2. To solve the above ODE that has a delta function, there are two ways:
e Method 1: Using Integrals. We know that:

d? d?
@G(%Io) = jG(I,Z/) =0(r —y)

dx
Then integrating gives:
G'(z,y) =H(z—y)+a

Doing it again, we get:

G(z,y) z/ H(z—y)dz+azx+
0
However, we know that the Heaviside function would behave like:

0 z2<y
1 z>y

H(Z—y)—{

Therefore, this means that the integral can be evaluated:

T
0
/H(z—y)dz:{ Ty
0 rT—y >y

Now, we can use the two boundary conditions to solve for the
two coefficients:

and, since y < L, since the big picture was doing fOL G(z,y) f(y) dy,
so we have:

G(L,y)=(L—y)+aL=0
_y-

L
a="—.
L
Now, putting everything back, we basically have solved it:
0+ %x = uL, <y

G(z,y) = B
(@y) {x—y+yLL=‘”LLy, x>y

and notice that G(z,y) is symmetric

e Method 2: Solving per Region Since the ODE we are dealing with
involves a delta function, we can separate the ODE into two regions
like we did for Quantum Mechanics:

d2
EG(%?J) =60z —vy)

then into two parts:

G'(z,y)=0, 0<z<y
G"(x,y) =0, y<xz<L
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Then we just need to solve the two simple ODEs, which we just get:

Gi(z,y) =ax+b, 0<z<y
Gir(zyy)=cx+d, y<a<lL
Though it appears that we have four unknown coefficients but only

two boundary conditions, we have some extra constraints in this prob-
lem, namely continuity and jump continuity.

First, using the two homogeneous boundary condition, I get:

Gi(z,y) = ax, O<z<y
Grr(zv,y)=cx—cL, y<z<L

using G(0,y) = 0 and G(L,y) = 0 respectively. Afterwards, we can
first use the jump continuity due to the presence of the delta
function:

G (x,y) = d(z —y)
y+e y+e
/ G"(z,y) dy:/ 5(x —y)dy

e y—e
Gyl =1
Guly+ey) —Grly—ey) =1
G (y"y) -Gy ,y) =1L
which make sense because:

— we knew in Method 1 that G'(z,y) = H(x — y), so there is a
jump at v =1y

Now, computing the derivates and putting them in, I get:
c—a=1
a=c—1.

Lastly, use the "normal" continuity equation:

GI (ya y) = GII(y7 y)
(c—Ly=cly—1L)

y=cL
=2
T

Now we got all the coefficients, putting them back into the Green’s
Function and we see:

Y _1)x= (ﬂ) ., O<a<
G(l‘,y)Z{(L )l‘ . T <Yy
Y(@w—-L)=(2)y, y<z<L
Regardless of which method, we have now found the Green’s Function. O
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Graph of the above Green’s Function:
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Interpretation for Green’s Function:

Because we know that:
L[G] =6(x — x0)

this means that G(x,y) - the solution - is the response as a function of x to
the §(z — xg) = f(x) - the source - as a source at xg.
Therefore, the equation:

b
u(x):/ fzs)G(x,xs) da

can be seen as u(x) being the superposition of all G(z,xs), which is a response
to a source at xg.

Note:

Notice that we solved the ODEs quite easily in part because the boundary
condition was homogeneous. If we have an in-homogeneous B.C., you
will see that there are some interesting ways to deal with it.

e one obvious way that we had before was to subtract from it a
reference solution, which would work but not discussed next.

e the other more common way, which is discussed next, is to solve
the non-homogeneous problem with the easier, homogeneous
B.C. version Green’s Function G plus a trailing term that
solves the non-homogeneous B.C.
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9.2.1 Symmetry of Green’s Function

Corollary 9.1: Symmetry of Green’s Function

In general, Green’s Function is symmetric in that:
G(z,y) = Gy, z)

if we have a self-adjoint /hermitian operator for the ODE.

Proof. Suppose we have a self-adjoint operator £. We already know:
LI[G(z,y)] = 6(z —y)

since L is self-adjoint (e.g. a S-L operator with homogeneous B.C.), then con-

sider: . .
/vﬁ[u] dx:/ ullv] dx

letting u = G(z,y),v = G(z, z), we have:
/ze (z,y) dx—/Gaty,C[G(acz)]dJ;

/ze x—y dx—/ny (x —2)dx
Gly,z) =

This finishes the proof. O
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9.2.2 Non-Homogeneous Boundary Condition

Before, we solved the Green’s function having the B.C. for PDE being ho-
mogeneous.

Reminder:

The previous case was:

with homogeneous B.C.. So we ended up solving G with homogeneous
B.C.:

Gl y) = 3(a )
G(0,y) = G(L,y) =0.

Then, by letting f(z) = §(x —x0), we can obtain ODEs for G(x,y), and
the solution in this cases looks like:

G(x,y):{((j_zj>x’ O<zx<y

T )y, y<ax<L

which is symmetric in x,y

Now, we consider the general non-homogeneous B.C. with:

u(0) = «
u(L) = 8.

And the general idea would be to use the G(x,y) of the homogeneous B.C.
version to solve non-homogeneous case

« alike the approach of solving non-homogeneous problem using related ho-
mogeneous eigenfunction p,.

e in fact, one big reason is that G is essentially composed of homoge-
neous B.C. eigenfunctions
Theorem 9.4: Solution to Non-homogeneous ODE Problem

Consider the setup of the same ODE:

d2
@U = f(z)

but with non-homogeneous B.C.:
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The idea is to use the G(z,y) of the related homogeneous version
of the problem, so that we have:

where we see that:

o G(z,y) is the homogeneous version:

L
/0 (ullv] — vL[u]) de = (1) (v’ — vu’)|OL.

L
A G, y) () du

is satisfying the source term f(z) of the PDE but was for homo-
geneous B.C. Term

e the term:

o the other term:
L
L L
solves the boundary term of the PDE, but was for homogenous
source term, i.e. Llu] = 0.

Combining them hence makes the perfect sense. (i.e. the analogy of
having a reference solution)

Proof. The steps are basically the same as the eigenfunction expansion ap-
proach, so that:

1. find out the related homogeneous version of the PDE, and its G(z,y)
(which would hence also have a homogeneous B.C., so easier to solve).
In this case, we have already done it, we have

y=L
G@wr—{Qi)m’o<x<y
(=)y, y<z<L

2. Now, the trick is to consider the Green’s Formula with now homoge-
neous B.C. terms:

L
/0 (uLlv] — vLu]) de = (1) (w’ —vu')|5 .

Since we don’t have homogeneous B.C. for u, but we do have homogeneous
B.C. for G(z,y), and since we knew G”(z,y) = §(x — y), we have:

L
A[M@Mx—w—G@wﬁ@H¢w=M@G$

/’ny = u(D)¥ — ()’
y—L

/ G(z,y)f dx+ﬁ—— 17
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where we see that:

o the term: .
| cteasds

is satisfying the source term f(z) of the PDE but was for homoge-
neous B.C. Term

Notice that this is also one justification why taking f(z) = d(x — y)

is valid for solving H(z,y) in the homogeneous case.
e the other term:
gy _ y-L
L L
solves the boundary term of the PDE, but was for homogenous source
term, i.e. Llu] = 0.

Combining them hence makes the perfect sense. (i.e. the analogy of having
a reference solution)

O
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9.2.3 Higher Dimensions with Eigenfunction Expansion

Now, consider the ODE problem at a higher dimension, so that we consider a
general domain (2 with general boundary 0}

Note:

This could also be used for solving a general S-L problem:

Then, the general steps would be:
1. find the related homogeneous problem and its eigenfunction

2. use eigenfunction expansion to obtain the solution, and convert it into
a series of Green’s Function

3. End up with an ODE for Green’s Function, and solve it

The example that I will cover here would be using ODE:
Viu=f(z), 2€Q

with first a homogeneous B.C.:

Note:

If the problem is non-homogeneous in B.C., you can use the approach
covered in subsubsection 9.2.2.

Theorem 9.5: Green’s Function of Laplacian in Infinite Space

Consider the ODE for G, so that:
VinG(@,9)=6(@-7), FeQ

but now, we are having ¥ for infinite space, so that we don’t have a
boundary. Then, we can utilize some symmetry property:

 translational symmetry
o rotational symmetry

so that we could eventually imagine shifting the source to the ori-
gin, and obtain the solution in 2D:

G(#,5) = 5= () + 5
1 S
= o7 )+ 6
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and in 3D, it becomes:

—L+B

4rr
1 1

T mE-g

G(Z,9)

all for r = | —¢] > 0.
Proof. Consider the ODE for G, so that:
for & in infinite space, i.e. no boundary, then we have:

e translational symmetry, so that:

» rotational symmetry, so that letting (assuming we are in 2D for
this example ):

o
r=1&-g

being the displacement form source (i.e. source becomes the origin),
then we have G(r,0) with the ODE becoming:

Lo (0Gy LG
r Or r@r r2 962 r=y

and because of the rotational symmetry (as we are in infinite space),
G(r,0) = G(r), so that:

10 ( 0G - S
w(rar)“x—y)

Now even if we don’t have B.C., we can still solve it so that for r > 0, i.e. when
we are away from source:

10 (06
r or or )

rG =«
=2

r
G=aln(r)+5.

where 5 = G(0) would be unknown, yet « is solvable by considering a small ball
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with radius R at the origin:

/ VG dViz) = / - (VG) dViz
BallR BallR

/ -7 Rd
BBallR

/ -7 Rdf
BBallﬁ»

= / oG RdO
OBallg o

(0%
= — Rdf
/OBallR R

= 2ma.

However, we also know that:
V3G =6 (% — 7))

therefore: )
o
So that the Green’s Function for infinite space in 2D is:

1 =27na, a =

G(#5) = 5= (1) + 6

1 L

= 5o In(F = 7)) + 8.

Note:

The version of Green’s function in 3D would be solved analogously, you
will basically just use:

e 3D spherical Laplacian
e same symmetry arguement

and end up with:
1 1

G, ) =———

+ 8

which looks like the Coulomb’s Electrostatic Potential with the % de-
pendence.

Theorem 9.6: Green’s Function of the Higher Dimension ODE

The ODE was:
Viu=f(x), 2€Q
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with a homogeneous B.C.:

u(0) =u(L)=0
The related homogeneous problem

V20 + Anon =0

being the eigen-equation, and realize that this is the Helmholtz Equa-
tion.

Then, we will then end up with the Green’s Function in Higher Dimen-
sion being:

n=1
a — 1 on(@en(d) I
= [ | @ e

Lastly, we will use the Green’s Function in the related infinite space
problem to solve: TODO.

Proof. As mentioned above, we will use the approach of eigenfunction expansion.

1. firstly, find a related homogeneous problem
V20n + Ann =0

being the eigen-equation, and realize that this is the Helmholtz Equa-
tion, so that:

e , is a complete set

Before going to the eigenfunction expansion, we can compute some useful
quantity. Consider:
u=u(Z), v=py(¥)

in 2D or 3D. Then, consider the Green’s Forumla
/ (0nV?u—uV3p,) dV(z = 0.
Q

because we have a homogeneous B.C.. Using the fact that V2, =
—Apn, and that V2u = f(x) being the ODE, we have:

1 —
/ upy dVig) = 7)\7/ on f(T) dViz
Q n JQ

which is almost the coefficient for the eigenfunction expansion.
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. next, we do the eigenfunction expansion, so that:

u(Z) =

An[u]pn(7)

1 foenly f( ) dViy) B}

NE

n=1

t”qg

n=1

Z)on(9)
/ Z )‘fQ(andV(*)

/G ) dVig

which proved the validity and the form of the Green’s Function in
this problem.

f(g) dVig)

. once we get the equation:
u@ = [ 6@ vy

the rest is the same idea for solving G. The trick is to let f(¢) = 6(y — 2),
so that:
w(@) = G(Z,2)

the argument that the generality of source term f(x) of ODE is still pre-
served is discussed in previous sections.
Then, we obtain the ODE for (, so that:

V(I)G( Z)=46(Z-2), e
and the same boundary conditions:
G (#,2) =0, Z e 0N

then using the infinite space version: TODO
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10 Method of Characteristics

This section covers an alternative, powerful way of solving "PDEs", including
some non-linear/quasi-linear ones (actually we end up solving ODEs).

10.1 Introduction

Before, we have discussed numerous methods to solve the following PDE:
Ut = Py
Now, we will use the following method:
1. separate it into two PDEs without separation of variables

2. solve the two PDEs using method of characteristics

Theorem 10.1: Method of Characteristics

Given an first order PDE:
wy + cwy =0
and having no B.C. but an initial condition of:
w(z,0) = P(x)
Then, using the following trick:
w = w(x(t),t), x(t) being AN characteristic curve

we get simplification to:

% =g characteristic curve
4 w(z(t),t) =0; w along a characteristic curve x(t)

and the solution is simply:

x(t) = ct + xo
w(z ), t) = Pz —ct).
where:

¢ the "initial condition" for the characteristic curve zy determined
which curve we are on, i.e. which single observer

o the total solution graph for x,¢ would combine the character-
istic curves, i.e. combine the observers at zg,,xo,,... for
the entire x-domain

Proof. According to the above two steps, we do:
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1. separate the PDEs into two first order PDEs using factoring:
9 + c2 9 c2 u=0
ot ox ot ox N

AV AT
ot ox ot Ox e

notice that the above two is equivalent to the original PDE:
Ugt — Uy = 0

Now, we proceed by letting:

v = g + ﬁ U
S \ot  ox)
and substituting into the two factored PDEs respectively, we get two
first order PDEs:

w 4+ cw, =0

vy — cvg = 0.

Reminder:

Recall that this was the advection equation, where solutions
where the Gaussian Curves translating (see subsection 1.3)

Now, we can proceed to the method of characteristics
2. Now, consider one of the first order PDE:
wy + cwy =0
with no boundary and an initial condition of:
w(z,0) = P(x)

for some function P(x).
Now, the crucial step is to consider an characteristic curve z(t) such
that:

w=w (z(t),t)

which means how w evolves along the characteristics curve z(t)

« an analogy could be z(t) represents a moving observer.
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The characteristic curves might look like:

+ A
AN

5&1;3

Xo X X

©

where some feature needs to be satisfied are:

o the characteristic curves are unique/distinct, so that they do not
cross each other

e uniqueness dependents on initial condition xy of the character sic
curve

Therefore, we conclude that z(¢) must be a solution to an ODE with
some initial condition z(0) = xo.

Now, going back to our first order PDE, we see something interesting:

d dx X
%w(x(t)’t) :1'wt+a'wm :wt+awz

Now, we can assume/specify the ODE for z(t) to be:
dz

e
dt
so that we can further get:

L o (@(t),t) = we + By =y +
dth ,t) = wy dth—wt CWy

notice that the RHS is exactly our first order PDE, therefore:

d
W (z(t),t)=0

In total, we now simplified the problem to:

flj—f =g characteristic curve
4 w(z(t),t); w along a characteristic curve z(t)

solving the characteristic curve, we found that:

x(t) = ct+ xo
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each curve is unique for its initial condition :

Now, solving for w(z(t),t), we know that:

)

d
%w—o

so w is constant along an characteristic curve. Additionally, from
initial condition, I know that:

w(xg,0) = P(z0)
therefore, this means that:
w(x(t),t) = P(wo)

for AN characteristic curve starting at z(. Lastly, since we know
z(t) = ct + xp, we can trace back from any given characteristic
curve to its origin at ¢ = 0 so that:

xo = x(t) — ct
This would have solved the problem:
w(z(t),t) = P(x — ct)

which basically shows that we will have an propagating initial condi-
tion to the right with speed ¢

O

Graphically, we see that:

0.8
oe
ad

0.2

oo
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where:
« the initial condition is basically the Gaussian Curve
 this is exactly what we had for advection equation

Then, along each characteristic curve:

o w (i ek

/

where we notice that:
e along each curve, w is constant
o w is different for different curves

e asnapshot of the solution can be seen by combining the x-contributions
of the w on the characteristic curves at a given time

e the symmetry of the contour plot implies the Gaussian Solution

e the Solution Gaussian moves forward in x as time increases as indicated
by the contour plot for each horizontal time slice

Note:
Recall that we have only solved part of the entire PDE:

Ut — gy = 0
solving the other half is trivial as we have done it already:

v — v, =0
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using the exact same method of characteristic of the above, we get:

for an initial condition of v(z,0) = Q(z).

Therefore, just for the sake of completing the PDE, we put everyhing back
to assemble u. Recall that:

W= Ut — ClUy

V= Ut + ClUy.
Therefore, we know that:

{w(w+m;wum+Q@+dn
Uy = 5-(v—w) = 5 [Q(z + ct) — Pz — ct)]

o=

Now, we can define:

1 1
Fl——_p g
2¢’ ¢ 20Q

so that the following is true:

u(z,t) = F(x — ct) + G(z + ct)

where you can check this by taking the derivatives explictly to see that it
satisfies the u;, u, ODEs. This is also called the D’Alembert’s Solution.
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10.2 Method of Characteristics with Source and Damping

Now, we are kind of familiar with the trick. The general steps are simple.

Reminder:
General step for using this trick involve:
1. change the v(z,t) — v(x(),t)

2. specify the characteristic curve equation according to the given

first order PDE
dx

E—...

3. simply the PDE to an ODE for the unknown using a total/ma-
terial derivative:

£U(l’(t),t) = ...

4. solve each one of them.

Consider the problem:
vy —cup +av =0

where we have:
o damping term av
e source term

and we have no B.C., but an initial condition:

v(x,0) = P(x)

Theorem 10.2: Solution

Using the above setup and the trick:
dx

P
av(m(t},t) +av=p.
becomes solving ODESs, and the solutions are:

r = —ct+ xg
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v(x,t) = g + (p(%) _ g) oot

= g [1—e ] + P(x+ct)e .

Proof. Taking the general routine, we do:
1. consider v = v(z(t),t) along some characteristic curve

2. then, let the characteristic curve ODE be:

dx (t) t+
— = —c z(t) = —ct+x
dt ’
notice that this choice will make the below becomes

. the PDE becomes an ODE so that:

%v(x(t),t) +av=_,

which is thanks to our characteristic curve.

. Now, since the two equations are independent, it doesn’t really matter
which one first to solve. We have already solve the z(t), so we now solve
.
Notice that this ODE is solved by integrating factors:

e—at (eatv)/ =3

so the solution becomes:

v = é + ce
o}
for some constant c. This constant can be solved using initial condition:
’U(l’o,O) = P(Jfo)

Therefore:

Therefore, we have the solution:

v(@,t) = g + (P(:co) - ﬁ) oot

B —at —at
=—|l—-e" P t)e .
. [1—e ] + P(z+ct)e
which we basically used our characteristic curve x(t) = —ct + z¢ for ¢

being the speed of light. Additionally, as t — oo , we will just have g :
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ey — wx.0)
130 —_—
1.25 1 — ::zi:
1.00 | —— i
0.75
0.50 /
0.254
0.00

10 -8 -6 -4 -2 0 2 1

where:

o the damping + source term is caused by awv, (B, respectively:
Vg — Uy +av =

e curve moves to the left because we have x + ¢t
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10.3 Non-linear Characteristic Curve
All of the above had the similar characteristic curve:
T = tct + x9

Consider this example:
wy + 3tw, = w

with no B.C., but an I.C. of:

w(z,0) = f(z)

Theorem 10.3: Solution

Using the above setup and the characteristic equation:
dx
— =3t
dt

we get the solution is

w(zt) = f(zo)et = f (x - 31&2) ¢!

Proof. Doing again the same steps:
1. covert w = w(x),t)

2. consider the appropriate characteristic equation. In this case, we need

at take: p
x
— =3t
dt
then, the solution is:
S
== x
5 0

being our characteristic curves

3. now the PDE should have been implied to an ODE:

%w (x(t), t) = wy + 3tw,

the RHS was exactly our PDE, so we get:

dw
dt

being the ODE.
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4. now, this is trivial to solve. The solution is:
w = ce'
for a constant ¢, which can be solved using initial condition:
w (20,0) = ¢ = f(xo)

now, again walking backwards from the characteristic curve, we

get:
3
To =T — 5152
so I get the entire solution being:
t 39 ¢
w(z,t) = f(xg)e' = f |z — it e

which is again an travelling initial condition.

However, for a more general case, if we have:
wy + c(x, H)w, + alz, t)w = Bz, t)

we would have:
dx
i c(z,t)
which should be solvable, but the uniqueness only holds for small ¢. This
means that d
pri (x(t),t) + a(z, t)w = B(x,t)

is technically also a linear ODE, but if two characteristic curve coincide, we have
a problem. Therefore for cases like this, we need to take some extra care, or
use one of our previous methods.
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10.4 Quasilinear PDE

Now, consider the case if we need to solve something like:
ug + cug = Q)
then, we tried the method of characteristics
92 — c(z,t,u)
{jtu(x(t),t) =qQ

where we see that the first equation is coupled to the second equation. However
the PDE is still linear in u,, u;, so we can say that it is a quasilinear system.

10.4.1 Traffic Equation

Theorem 10.4: Modeeling Traffic in 1D

Consider a density of cars in 1D being p(x, t), and the flux towards right
for cars being ¢, then we can arrive at the conservation equation:

Pt + 4y = 0
Now, by modelling the flux ¢ to be
q=wu(p)-p=qlp)

for u representing the velocity of the car. Then, we can arrive that
the PDE:
pt+c(p)pe =0

dg

for c(p) = gt

Proof. Start with the density representing number of cars per unit length
at a location z at time t:

/D(X't) b

Then we know that the total number of cars in this segment is:

/ab plx,t)de

Now, the typical starting point is to consider the flux of cars (to the right)
being ¢(a,t) at x = a, and ¢(b,t) at = b. Therefore, I have:

b
G | ptatyde = gta.t) - g0
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Then, we can rewrite RHS as:

)
ala.t)~albt) == [ SLads

Therefore, we got the conservation:

b
0 0
— —q ) dx =0
/a (8tp + Ox q) .
Because this must be true for any segment, this means that:

pt+q: =0

Now, recall that the unknown of interest is p. So we need to find a way to
represent ¢ in a related way. Consider:

1. ¢ = up, for meaning the flux of cars to the right is proportional to the
number of cars p at that = and the speed of those cars.

2. u =~ u(p) where we assume that the speed of cars only depend on the
density. (In reality, there could be z and ¢ dependence as well, but they
are ignored here)

Now, using the simple model of:
q=ulp)-p=alp)

our conservation equation becomes:

dgq
Pt t qe = pr+ Ippx = pt +c(p)pa = 0.
So we got our PDE with coupled coefficient and the traffic equation. O

Note:

Observe that ¢(p) representing the wave speed is then:

clp) = L = ulp) +u'(p) -

which means that ¢(p) # u(p), i.e. speed of wave is DIFFERENT
from speed of cars
Now, we want to attempt to solve it.

Theorem 10.5: Solution to 1D Traffic Flow

First, we also need to have the expression of u(p). We can consider:
u(p) = Umax (1 S >
pmax

o u(0) = upmax for modeling light traffic

so that we have:
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e u(pmax) = 0 for modeling heavy traffic

Then the method of characteristic gives:

42 =c(p), I1.C.=x(0) = =
%p(x(t)vt) =0, IC:[)(JJ(()),O) = po(on)

Then, suppose we have ppax = 10, umax = 5, and the initial condition

is:
3, <5

) =
po(x) {17 ©>5

Then the solution is:
p(z),t) = p(z(0),0) = po(zo), along a characteristics
And each characteristic curve is described by:
z(t) = c(po (z0))t + 7o
Combining both will give the solution plot.
p(x ), t) = po(xo) = p(T = Clpy(0)), t), along a characteristics

Proof. Consider the model we mentioned for u(p) being the velocity of cars:
P
u(p) = Umax (1 - )
pmax

o %(0) = Umax for modeling light traffic

so that we have:

e u(pmax) = 0 for modeling heavy traffic

Then, we have our ¢:

q(p)ZU(p)-pzumax(l— P )p

Pmax
then, since we also had:

dq 2
C(p):%:umax (1_ P >

Pmax

We can now treat the PDE with method of characteristics:
pt+c(p) - pa =0

And we would be dealing with:

4z =c(p), I.C.=x(0) = xg
Lp(z),t) =0, LC.=p(x(),0) = po(zo)

Now, we start our method of characteristics:
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1. since the first equation is coupled to the second, we start with solving
the second equation. Since:

d

= 0, constant along characterstics
This means that:
p(x),t) = p(x(0),0) = po(zo), along a characteristics

2. Now, I know p along a characteristic curve, I can solve the first equation:

dx
i c(p), for a characteristic curve with x(0) =
Therefore, since on a characteristic curve, p is constant, I simply

have:
% =c(p (m(t),t)) =c(p (CC(()), 0)) = c(po(0))

Hence each characteristic curve is described by:
z(t) = c(po (w0))t + xo
where basically the gradient ¢ is dependent on the initial density.
3. Therefore, we again obtain the moving initial condition:

p(x ), t) = po(xo) = po(® — C(py(xo))t), along a characteristics at xo

Though now we should be able to plug in I.C. and got the solution, but
notice the risk of curves crossing each other here. Suppose two curves
do cross at t = t*, for each starting at zg, x1; 1 > zothen:

c(po(0))t" + xo = c(po(x1))t" + x1

x 1 — o

 clpo(w0)) = clpo(1))”
Therefore, since we already know that ¢(p) is a decreasing function of
p, so if po(x) is decreasing as z increases, then we would have t* < 0
and no curve crossing!
Note:

In this example, we will discuss the case for po(x), the initial
condition, be an decreasing function of z, so that it means c(p) is
higher for larger x, which means fast cars are in the front.
The other case will be discussed in the next section

4. Now, we solve the equation with some initial condition. Consider the

setup of:
(z) = 3, <5
PRI =31, 2>5

which graphically looks like:
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— Polx)

Then, we can compute the ¢(p) = ¢(po(xo)) needed by the characteristic
curves:
2, <5

4, x>5

c(po(x)) = {

using pmax = 10, umax = 5. The graph looks like this:

40
35 T
" Sk
25
ANAVES
2.0 —_—
15
1.0
” j.iccln“.s)(—s WS — dlpotx)

0.0

[+] 5 10 15 20

x

where fast cars/waves with higher ¢(p) is in the front.
Then, our characteristic curves are ready, and our solution:

Characteristics

4.0 f 4

35 .35

30 250

25 235
v 20 2,00

15 175

10 150

3 125

0.0 1.00

° 5 10 15 2 35
x

— =00
t=0.5
— t=1.0
— t=l5
t=2.0
— t=2.5
t=3.0
— t=35

n

30 35 =5 0 5 10 15 20 25 30 35

where:

e p = po being constant long a characteristic curve

« if we take a horizontal slice of the characteristic curves, we get
the solution p at a some fixed time tg

e the only problem left is the gap between the discontinuities,
which is also indicated by the gap between the characteristics
curve for blue and orange lines. Sometimes, this gap can be
understood as a rarefaction of waves.

O
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10.4.2 Gap Between Characteristic in Traffic Flow
In the case of the fast cars in front, we see the following characteristics:

Characteristics

—t=0.0
t=0.5
— t=1.0
— t=15
t=2.0
— t=25
t=3.0
— t=3.5

where:

e the gap between blue and orange lines are assumed to be a linear rela-
tion for p in the solution plot (i.e. linear line connecting discontinuities)

This section aims to explain why the linear choice.

Proof. The first and main step is to make an assumption: the value of p only
depends on the gradient of the characteristics, p = p (x/t), because:

« solution p is constant along a characteristic curve

e solution p is different for different characteristic curves, but the

gradient ¥ is also different for different characteristic curves

Therefore, such assumption is somewhat sensible. Now, if we consider:
x
€= = pla,t) = pl6)

Then preparing for some derivatives:

a _1 @« _ =
de ~ t’ dt 2

Therefore, we can rewrite the PDE to become:

d¢ d d¢ d
pﬁc(p)mzédfg C(p)édfg
T 1
= e tclp)ype
X
= [eto) = ] ve
= 0.

This means that we have a similar case for characteristics:

p(§) =0, p is constant for the same %
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which means that p is constant along characteristics! Same conclusion
before.
However, the difference is:

clp) ==, wave speed

Since we know the expression for wave speed, we have:

(p) = tmas [1 _ }

Pmax

x
7
we have another expression for p:

Pmax z 1
= — ]_ _—
P 2 { t umax}

which means that p is indeed only dependent on %, and that p is linear

with gradient 7 of the characteristics!

Therefore, graphically we see that

expansion wave

a0
35
3.0
25
“ 20
15 4
1.0
05
0.0
o 5 10

where is linear characteristics in the gap is also called the fan characteristics.
O

Characteristics

15 20\ 25 30 35 -5 0 H 0 15 20 25 30 35
x  fan characteristics x
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10.4.3 Shock Waves for Traffic Flow

Now, we consider the case where the initial condition will cause characteristics
curves crossing. This, as you will see in the future, is common for non-

linear /quasi-linear PDEs, and that you will also see:

« solution depends critically/varies greatly for small changes in initial con-

dition

Consider the case where we have the 1.C. being pg being a increasing function

of z, so that the speed is:

from slopes of characteristics

-

C(},) /1 / C(P) /1

N

discontinnons

where we see that:

e now the I.C. gives slow cars are in the front!

~

continuouns

e both continuous and discontinuous case will be examined so we confirm
that this issue has nothing to do with discontinuities

Therefore, now we have collisions of characteristics curves, so we have:

8
Characteristics

3.00

2.75

2.50

2.25

2 2.00

1.75

1.50

1.25

1.00

where:

— t=0.0

t=0.5
t=1.0

— t=15

t=2.0

— t=2.5

t=3.0

— t=3.5

o because characteristics cross, this means that for some (x,t), we have a

two possible values for p (the purple line)

o this issue can be also seen if you walk along a characteristics curve
at zo = 8, for example. You will meet two choices for p from the same

initial condition xy = 8.
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For the continuous case, the situation is even worse:

i >

where:
e bottom part is faster than top

« now, we could have three possible values p of the same (z,t).

resolution. If we consider what is happening step by step in time, we realize
some critical moment when things go wrong:

buffer critical moment

this means that essentially, we reconsidering the same problem in the discon-
tinuous case, which is just the critical moment:

*
Characteristics

3.00 { e t=0.0
t=0.5
t=1.0
t=15
t=2.0
t=25
t=3.0
— t=35

The big picture of resolution means that, at the critical point, we should have
cars not colliding by making them having the same speed.
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This means the following three possible scenarios:

CHARACTERISTICS
- k-
slow shock fast shock
5 /
T
X

where:
o for the solution plot p, the difference will be at what speed should the

infinite gradient part be travelling at

Note:

Note, in some cases, you might end up with new characteristics emitting
out from the shock wave (if we have steep gradient on the left and flat
gradient on the right). This in general will violate conservation law,
as you shall see soon.

The resolution in this case comes from considering conservation:

CHARACTERISTICS SOLUTION

A x_shock

where notice that:

o after time At, we have lost some number of cars in the shaded
region due to the shock wave (i.e. the total number of cars changed)

Consider the region between z € [a,b]. We then know that the total number
of cars would be:

b
N(t) = / o, 1) dt
and since it changes, we have flux ¢ being defined towards the right:

=) —a0)
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However, notice that from the characteristics curve, we see that:

Therefore, applying conservation equation:

N(t+At) = N aa(t + A) — 2,(0)

At - At [o" = 7]
dN  dxg _
W]

= q(a) —q(b).

Therefore, we obtained the gradient of shock wave — speed of "interme-
diate cars" being:

drs _ q(a) —q(b) _alp™) —a(p?)

dt pt—p- pt—p—

This is also called the RankineHugoniot Jump Condition, which is also
considered the Entropy Condition in relevant studies such as Physics. Then,
you will generally find that:

drs
dt

c(p) < =7 <elp?)
So the correct graph is actually the intermediate one

CHARACTERISTICS

intermediate shock —3 X’

and from this x4, you get the speed of those squashed together cars, and you
can plot your p with the shock. O
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11 Appendix

11.1 Common Solutions from ODE

Below are some common ODEs with their solution/ansatz:

1. Simple case
2'(t) = a(t)x(t) + f(t)
o goes to z(t) = e?O([e=®® f(t)dt + c),
o for ¢ = [a(t)dt
+ derived with integrating factor: % (e=*®z(t)) = e¢®(a'(t) —
¢'()z(t)) = e~ "M f(2)
2. with constant coefficients:

ar” +bx' +cx =0

o ansatz v = Ae"
o derived by plug in and solve for r, which looks like ar?+br+c =
0, ry = =btvb2—dac
’ - 2a

« for example, if b> > 4dac, we get © = Aje’+! + Aze”!

3. solve for ¢(x)
2" +axg’ + fp =0
e ansatz p = Az"
e derived by plug in and solve for r, which looks like: r(r — 1) +
ar+p5=0
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