Chapter 3

Linear Second-Order Equations

In this chapter, we derive the heat equation in general dimension, the equation of wave propa-
gation in an elastic membrane, and the Poisson’s equation. We present the properties of each
equation and then classify the linear second-order partial differential equations into elliptic,
parabolic, and hyperbolic equations. The main reason for this classification is that each class
of equation has distinct solutions that behave differently. For instance, elliptic equations
have solutions that are smooth and have no singularities, whereas hyperbolic equations have
solutions that have singularities and can exhibit wave-like behavior. Understanding these
differences is crucial for solving and interpreting the solutions of partial differential equations
in various fields of science and engineering.

3.1 Heat equation

The heat equation is a fundamental equation in physics, engineering, and applied mathe-
matics that is used to model a wide range of phenomena, including heat transfer, thermal
diffusion, and mass diffusion. In this section, we will first derive the heat equation for solid
conductive continua, and then introduce the advection-diffusion equation for fluids.

3.1.1 Derivation of heat equation

In the first chapter, we demonstrated the derivation of the equation for heat flow in a
conductive rod. In this chapter, we present the derivation in three-dimensional space (IR?)
to gain a deeper understanding of its physics.

Consider a solid conductive continuum 2 CIR", which can be a bounded or unbounded set,
with or without a boundary. If €2 is a bounded domain, we suppose that the only possibility
that Q exchange heat with the ambient space is through its boundary bnd(€2). Let u(z,t)
denote the temperature of an arbitrary point x €€ at time ¢. For any bounded region D C (2,
the thermal energy inside D at time ¢ is defined by the integral:

@olt) = [[] ata.av.
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where ¢ is the density function of the heat energy. Therefore, the increment in energy can
be expressed as:

Qp(t+6t) — Qpl(t) = //D{q(x,t+ 5) — gz, )} dV.

In the limiting case as 6t— 0, we obtain the following relation:

%QD@) - ///Dpcﬁtu(sc, t)ydVv,

where p is the density and c is the specific heat capacity of the continuum.

On the other hand, we can relate the rate of change of thermal energy inside D to the heat
exchange through its boundary bnd(D). The rate of heat exchange through the boundary
of D is proportional to the temperature gradient, according to Fourier’s law, which states
that the heat flux J(z,t) at a point x in D is given by J(z,t)=—a(z)Vu(z,t), where a(x)
is the thermal conductivity at x. Note that the negative sign arises because the direction
of the temperature gradient is towards increasing temperature, whereas the direction of the
heat flux is from hotter to colder regions. The net flux leaving D through bnd(D) is equal
to the surface integral

z,t)-v(z)dS=— a(z)Vu(z, t)-v(z)dS,
ﬁ{mw)ﬂ 0 -v() ﬁ{m(m (2) Vu(z,1) - 1(2)

where v(z) is the outward-pointing unit normal vector at z € bnd(D). By the conservation
of energy principle, we have

d = — z V2
FOO=—f Ie0-u)as,

where the negative sign accounts for the fact that the integral measures the flux leaving D
at time ¢. Substituting % by the triple integral and rearranging, we obtain

///Dpcatu(x, t)dV = #l;nd(D)a(Z) Vu(z,t)-v(z)dS.

Using Gauss’s theorem, we can convert the surface integral in the right-hand side of the
previous relation to a volume integral. Applying the theorem yields:

///D div () Vu(z, £))dV = 7%} e,

and y rearranging the terms, we arrive at the integral form of the heat equation:

//A[’) cOu(x, t) —div (a(x) Vu(r, t)] dV =0.

Since this equation holds for arbitrary (2, we obtain the following differential form of the
heat equation

—i iv (a(x) Vu(x .
w(a,t) = div (a(z) Vu(a. 1)
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If o is constant, then we have
u(x,t) =kAu,
where k = % > 0.

Remark 3.1. The heat equation that we derived involves a first-order partial derivative of u
with respect to time. Therefore, to fully describe the heat dynamics, we need to specify the
initial condition w(z,0) for x € Q. This is called the initial condition of the heat equation.
In fact, the initial condition provides the initial thermal energy distribution for the system,
which drives its subsequent behavior. Additionally, in some physical systems, there may be
an internal source or sink of thermal energy that is not accounted for in our derivation. In
the presence of such a source or sink, the heat equation takes the form:

! div(aVu) +h,
pc

Ut =

where the function h represents the rate at which the internal source or sink produces or
absorbs energy.

3.1.2 Convection-diffusion equation

The convection-diffusion equation is a partial differential equation that is widely used to
model heat and mass transfer in fluids, such as in chemical engineering and environmental
science. The equation takes into account both convection, which is the transport of heat
or mass by the fluid flow, and diffusion, which is the transport of heat or mass due to a
concentration gradient.

In the modeling of the heat problem, we assumed that heat is transferred only by conduc-
tivity. This assumption makes sense if the medium is solid. If the medium is a fluid or gas,
the heat can be transferred in the form of convection in addition to diffusion. In this scenario,
the heat flux J consists of two terms, the conductivity term and the convection term:

J=J cond J conv-+
If the fluid moves with velocity V, then J.,,, =uV, and thus

ﬂ J-l/dS:ﬂ aVu-udS+# uV -vdS.
bnd(D) bnd(D) bnd(D)

Therefore, the heat equation reads
peug+div (uV) =div (aVu).

The above equation is called the convection-diffusion equation. The first term on the left-
hand side of the equation represents the change in temperature with respect to time. The
second term represents the convective transport of heat by the fluid flow, while the third
term represents the diffusive transport due to a concentration gradient. In the presence of
a source or sink, the heat equation takes the form:

pcug+div (uV) =div (aVu) + h.
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The convection-diffusion is a fundamental equation in many areas of science and engineering
and has many applications, such as modeling air and water pollution, heat transfer in pipes,
and drug delivery in biological systems.

3.1.3 Boundary conditions for bounded domains

Continuing with our discussion of the heat equation on bounded domain, it is worth noting
that the solution to a partial differential equation, and especially to the heat equation,
depends heavily on the boundary conditions imposed on the bounded domain 2.

Recall that the Newton cooling law relates the temperature inside and outside a region
Q). Specifically, if T denotes the temperature outside €2, the law states that the heat flux
through bnd((2), is proportional to the difference 7' — u, where u is the temperature function
inside €. This relationship is expressed mathematically by the Robin boundary condition

ou
—=r(T" —1

an ( j“)?

where v denotes the outward normal to the boundary, and x is the conductivity factor of
the boundary. When x = 0, the boundary is perfectly insulated, and the condition reduces

du _
2=

boundary condition takes the form %‘ = g on bnd(Q2), where ¢ is a given function. In the

limiting case where x is very large, the Robin condition can be rewritten as

_1ou
Kk On’

and taking the limit x — oo yields the condition © =T on bnd(£2), which is called the Dirichlet
boundary condition.

to the homogeneous Neumann boundary condition 0. More generally, the Neumann

T—u

Dirichlet boundary condition. The Dirichlet boundary condition is used when the
temperature at the boundary of the domain €2 is known, such that u(z,t)=g(z,t) for
z€ bnd(S2). This condition is named after the German mathematician Peter Gustav
Lejeune Dirichlet. For a heat equation, this means that the temperature at bnd(€2) is
kept at the known value ¢(z,t). If ¢ is identically zero, then the condition is called
the homogeneous Dirichlet condition.

U=4g

PDE inside 2

In one-dimensional problems, such as a conductive rod extending from z =0 to
x = L, the condition becomes u(0,t) = gy and u(L, t) = g1, where gy and g can be
constants or functions of time.
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Neumann boundary condition. This condition is named after the German math-
ematician Carl Neumann. Mathematically, the Neumann boundary condition is
expressed as

ou
—:=Vu-v=
on 9
where 2% is the directional derivative of u along the unit normal direction v on

on
bnd(€2). In the context of a heat problem, this condition specifies the heat flux through

the boundary bnd(€2) in terms of function g. In particular, if ¢ is identically zero,
the boundary is perfectly insulated.

14

ou

on

PDE inside 2

For a one-dimensional problem where the conductive rod extends from x =0 to
x = L, the condition reads:

u2(0,1) = go, ua(L, 1) = gr.

Robin’s or mixed boundary condition. As we observed above, the Robin boundary
condition is a straightforward derivation of the Newton cooling law in the context of
a heat problem. Mathematically, it can be expressed as

au(z,t)+ /JSZ(ZJ) =g(z,1).

where o and (3 are some coefficients, and ¢ is a given function. In particular, if g
is identically zero, the condition is called the homogeneous Robin boundary condi-
tion. The Robin boundary condition is commonly used in problems that involve heat
transfer between a solid and a fluid, where the heat transfer coefficient (i.e., a/ 3)
depends on the properties of the fluid and the surface of the solid. It is also used
to model heat transfer in biological tissues, where the heat transfer coefficient can
depend on the blood flow rate and other physiological factors. The Robin boundary
condition is named after the French mathematician Victor Gustave Robin.

ou
RQYr __
au+ [ o =Y

PDE inside 2

For a one-dimensional problem, the condition reads

{ Qaq U(O, t) + ﬁl UI(O, t) = 4o
asu(L,t)+ Pou,(L,t)=gr
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3.1.4 Fundamental solution of heat equation

Consider a conductive rod of diffusivity factor k£ >0, extended over the entire real line (—oo,
00). Suppose that an infinitely small portion of the rod at £ =0 has a temperature of u=1,
and the temperature is zero everywhere else. As time progresses, the heat diffuses across the
rod, but the total thermal energy remains constant as it was at £ =0. It can be shown that
the heat profile evolves according to the function:

22

e 4kt

1
VAarkt ’

for t > 0. In fact, one can verify that ®;; = k®,, through direct calculation. The graph of
®(x,t) demonstrates the evolution of heat profile for ¢t > 0. The following figure shows ®(x,t)
for t=0.1,0.5 and 1 where k= 1:

O(x,t)=

081 ®(z,0.1)
0.6
=
Eoal
3 O
D(z,0.5)
0.2
D(z,1)
O 1
-4 2 0 2 4
T

That the total thermal energy remains constant over time follows from the fact that the
integral of ® for any fixed value of ¢ is constant:

/ O(x,t)dr=1.

xT

VAakt

o 1 e
) =— Vdv=1.
/_OO (z,t)dz ﬁ/_ooe v

This confirms the conservation of thermal energy since the initial heat source is a unit
pointwise source at © = (. The function ® is called the Gaussian or heat kernel of a heat
equation.

In fact, using the change of variable v= , we have:

Exercise 3.1. By direct calculation, verify that ®(x,t) satisfies the heat equation u; = k.

Now, consider the heat problem given by the partial differential equation
U= Kk Uyy, T € (—00,00),1 >0,

with initial condition u(x,0) = f(z), where f(z) is a continuous and integrable function in
(—00,00). The following theorem gives the solution to this problem:
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Theorem 3.1. The solution to the given problem is given by the convolution

u(x,t):f*ézz/jo(b(x—y,t) f(y)dy.

[e.9]

Proof. We first show that u defined as above satisfies the partial differential equation. We
have

un(. 1) = / T8y — ) f(y) dy,

. (o @]
and v, 1s

ol 8) = / T B(a— 1) f(y) dy.

[e.e]

The above representations of the partial derivatives are justified by the assumption of inte-

grability of f, that is,
| @iz <.

o0

and the Dominated Convergence Theorem which allows us to take the limits from outside
the integrals to inside the integrals. Accordingly, we have

= Kty = / S @i — o) — kol — 9. 1)] f(y) dy.

By the above exercise, we have ®; — k®,, =0, and this completes the claim. It remains to
show that the convolution satisfies the initial condition for t — 0. We have

(z— )2
Tkt dy =1 4kt x — u)dy.
/ (y)dy =lim \/W f y)dy

limu(z,t) =1lim

t—0 t—0 4/ 471']{3

Using the substitution v = ﬁ we can write
1 [ 2
li t)=lim — v —V4aktv)dv.
pue D=l U o Sl vk

If we pass the limit ¢ — 0 inside the integral (which is justified by the Dominant Convergence
Theorem), we obtain

limu(z,t)= / ~lim f (z — /Aktv)dv.
\/_

t—0 t—0

Since f is continuous, we obtain
- _S@) [T e
li v2 v —
tl_rgu x,t)= \/_/ flx ﬁ _Ooe dv= f(z),
which completes the proof. O

Example 3.1. Consider the following problem:

Ut = Ugy
u(x,O):{l —l<z<1l -

0 otherwise



LINEAR SECOND-ORDER EQUATIONS

The initial heat profile, denoted by f(z), is 1 for z in the interval (—1, 1), and zero elsewhere.
The figure below shows the solution at time t =0.1. Note that the solution is smooth, despite
the initial condition having jumps at x = 1. This is a characteristic property of the heat
equation, where it immediately smooths out any discontinuities after ¢t =0.

1t
0.8} f(x)
.06
B
= 04t
021 u(z,0.1)
0
-4 2 0 2 4

In this equation, we have taken k=1. Remember that k is proportional to the diffusivity

of the rod. Therefore, for larger values of k, the solution u(x,t) spreads out faster, as shown
in the figure below for k =4.

1t
0.8} f(x)

= o6l A
g

= 04t

0.2

0
-4 -2

o
[ NS
IN

Exercise 3.2. Another interesting property of the convolution solution of the heat equation is that
the initial temperature of distant points can have an immediate impact on the heat evolution of a fixed
point. This is because the solution involves an integral over the entire domain, and the contribution
from faraway points is not necessarily negligible. This is in contrast to some other types of differential
equations, where the evolution of a point is only influenced by its immediate neighbors. This property
of the heat equation makes it particularly useful for modeling systems where heat can quickly spread
throughout a medium, such as in heat transfer problems in engineering or physics.

For the simple heat equation u; =1, suppose the initial condition is given by f(z)=0(z)+d(x —3),
that is, two point heat sources at x =0 and = 3. Find the convolution solution and then use the following
code in Matlab to draw the solution at ¢ =0.5:

x=-10:0.01:10;

k=1;t=0.5;

Fi=0@(z) exp(-z.~2/(4*kxt))/sqrt(4*pixk+t);
plot (x,Fi(x)+Fi(x-3))
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Exercise 3.3. From the above exercise, we learned that the heat equation is a diffusion equation,
which means that heat is gradually spread throughout the rod. This spreading process is affected by the
diffusivity factor k& and the initial heat distribution, but it also depends on the position of the fixed point
relative to all other points on the rod. In other words, the heat at distant points has an immediate impact
on the heat evolution of a fixed point. In addition to its smoothing-out property, another important
feature of the heat equation is its time-invariance. This means that the solutions to the system:

{ U= kg, t>0
u(z,0)= f(z) ’

Ut =kUgy t>to
u(x,to) =D (x,to) * f(x) ’

are the same. In other words, we can define a flow as

$i(f(2)) = @(z, 1) * f(2),

and

that satisfies the property
Prts(f(2)) = De(ds(f(2)))-

This means that the heat evolution of a fixed point depends only on the initial heat distribution over
the entire rod and the diffusivity factor k, and not on the specific time at which we consider the system.
The flow ¢, thus provides a way to study the time-evolution of the heat equation in a systematic way, by
tracking how initial heat distributions evolve over time. We will prove this fact in subsequent chapters
using the Fourier transform. However, we can verify the fact for the Dirac delta function, f(z)=0d(z),
here. Consider the heat equation u; = u,, with initial condition u(x, 0)=4§(z). Show that the solution
of this problem at time ¢ + s is equal to the solution of the system

Ut = Ugy
u(x,s)=0(x,s)’
at time ¢ > 0. In other words, the following relation holds:
O(x,t)*«P(x,s)=2(x,t+s),
for t,s>0.

Exercise 3.4. The above exercise helps us to gain a better understanding of the solution to a heat
equation as a convolution integral. Specifically, a heat problem can be viewed as a system with the
response ¢ f(x)) for the initial condition f. When f(z)=4(z), the impulse response of the system is
®(x,t). Recall that any continuous function f(z) can be expressed as the convolution

f@)= [ 5wty dy
We can rewrite this integral as a Riemann sum
flz)~ Z f(y) 6(x — i) 0ys.
The response of the heat system to this function is
S ()Y flys) $elo(x — )] 6yi=>_ F(yi) (= yi, 1) Sy,
Returning to the integral formulation, we obtain
o fa@)= [ )@ =y.0)dy

In the above proof, we have used the following properties

a) The solution of the system

Ut = Ugg
u(z,0)=ad(z)’
for a constant « is u=a®(x,1).
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b) The solution of the system
Ut = Ugy
u(z,0)=06(x —y)’
isu=®(x —y,t).
Justify both properties through direct calculation.
Exercise 3.5. We can compare the heat kernel ®(z,t) to the Gaussian or normal probability density

function of a random variable X with expected value =0 and variance o2, given by

@
! e 272,

N(z,0)=

o2

Upon comparison, we see that the standard deviation of the Gaussian distribution is related to time as
o=+/2t.
a) Use a Z-table and find @ > 0 in terms of ¢ such that
P(—a< X <a)=0.95.

b) Since 95 percent energy of ® is concentrated in (—a, a), we can use this value to approximate the
convolution integral ®(x,t) * f(x) as

a

B, t) % f () ~ / Bz —y.1) f(y) dy.

—a

¢) Suppose | f(x)] < M, show the inequality

B(x,t) % f(2) _/

—a

a

O(x—y,t) f(y) dy‘ <0.05M.

Exercise 3.6. Verify that the function ®,, given by the function

B (1, ..., T, t) = (Akt) /2 = (it tah) 4kt
solves the heat equation
uy =k Au,
on R", and furthermore the convolution
u(z,t) = Cn(z,1) * f(z),
solve the heat problem
w=kAu
{ u(z,0)= f(z)’

where f is a continuous and integrable function in R™. For the proof, we need the result

/ D, (21, .., t)dV =1,
which we accept without prof. ’
Exercise 3.7. Assume that f is a piecewise continuous function and integrable in (—o0, 00). Suppose
that lim,_,qg+f(2) =a and lim,_,o- f(2) = —a. Show the following relation

172
e 4kt dx=0.

1 o0
lim —— x
tim 2 [ (@)
Exercise 3.8. Consider the equation u; = uy, for x € (—o0, 00), and ¢ > 0. If u(z,t) and u,(z,t) are
bounded and furthermore lim w(¢,2) =0, then show the following integral is decreasing

r—+oo
P() :/ () 2da.

Conclude that the following problem
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has a unique solution under the above assumptions.

Exercise 3.9. Consider the equation u; =div (¢ Vu) on R* x R™. Suppose u(z, t) and Vu(z, t) are
bounded, and furthermore lim wu(a,¢)=0. Show that the following integral is decreasing

ol
mﬂ=[|m%m%v

Conclude that the following problem
{ Uy =div (e Vu)
u(z,0)= f(z)

has a unique solution under the above assumptions.

3.1.5 Solution for problems in bounded domains

The convolution solution is only applicable for heat problems defined on domains without
boundary. To see this, consider the simple heat problem on the interval [0, 1]:

Up = kg, x€(0,1),t>0
u(0,t)=u(1,t)=0
u(z,0)= f(x)

Note that the convolution integral does not satisfy the prescribed boundary conditions at
x =0, 1. Therefore, the heat kernel ®(x, ¢t) cannot be used to obtain the solution of heat
problems defined on domains with boundaries. In subsequent chapters, we will study partial
differential equations defined on bounded domains, and we will need to develop new tools
that allow us to express the solution of PDEs as infinite series or improper integrals.

However, we can still obtain some important properties of the heat equation on bounded
domains by solving boundary value problems. The following exercises illustrate some of these
properties.

Exercise 3.10. Consider the equation u; = kuy, in (0, L) where k > 0 is a constant. Show that the
integral

L
P)= [ ute. P da.

is decreasing for the following boundary conditions
i u(0,t)=u(L,t)=0
il w(0,t) —ug(0,8) =0, u(L,t) +uy(L,t)=0.

Exercise 3.11. Let ) be a bounded open set with smooth boundary bnd(£2). Consider the following
Dirichlet problem

ug=div (aVu)
] bnd(Q)=0 '
For the power function

PO)= [ Jute.0Pav.
show P(t) is decreasing. ¢
Exercise 3.12. Consider the following heat problem
U= KUpy —TU
uz(0,t) =uy(L,t)=0 .
u(z,0)= f ()
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where 7 is a constant. Let F(t) be the following energy function

L
E(t) :/0 u(x,t)dx.

B(t) = (/OLf(x) dm) e,

Exercise 3.13. Repeat the above problem for the following equation

Prove the following relation

ug=div (aVu) —ru
du
%| bnd(Q) — 0

u(z,0) = f ()

Exercise 3.14. Let Q be an open bounded set with smooth boundary bnd(Q2). Consider the following
heat problem on 2

ur=kAu

ou
6_n|bnd(&2) =0,

u(z,0) = f(x)

/Qu(a:,t)dV:/Qf(x)dV.

ur=kAu—ru

ou
6_n|bnd(&2) =0,

u(z,0) = f(x)

where r is a constant, show the following relation

/Qu(m,t) dV:(/Qf(m) dv>e—rt.

a) Show the following relation

b) Now for the problem

3.2 Wave equation

3.2.1 Derivation of the equation

In the first chapter, we obtained the equation of motion for a vibrating string by modeling it
as an infinite number of small mass-spring systems. We now extend this approach to derive
the wave equation for an elastic membrane in two-dimensional Euclidean space. The method
we use can be generalized to any dimension R", where n is greater than or equal to one.
Let Q) be an elastic membrane in the two-dimensional space, and let D be an infinitesimal
element of area JA=0dzdy. For the displacement function u(x, y, t), the tension on the
boundary of D is given by T'=7Vu, where 7 is called the stress and depends on the physical
characteristics of the elastic material. The vector force exerted on D can be defined by the

integral
F= %TVU -vdl,
D
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where v is the unit exterior normal vector to the boundary of D. Applying Newton’s second
law to this small portion of the membrane, we obtain

p(SAutt =F

where p is the density of the membrane. By applying the divergence theorem, we can write
utt—— lim //le (1Vu) dS——le (1Vu).

If the medium is homogeneous with constant 7 and p, we can write the derived equation
as uy = ¢ Au, where c= \/% is the wave speed of the elastic medium. This equation is

known as the wave equation for elastic membranes. This method can be extended to higher-
dimensional spaces, where the wave equation takes a similar form.

The derived formulation is incomplete without specifying the initial conditions for the
equation. Note that the equation contains a second-order partial derivative of u with respect
to time. Therefore, the equation should be accompanied by two initial conditions: one to
specify the initial displacement u(z, y,0) and the second to specify the initial velocity u(x,
y,0). These initial conditions correspond, respectively, to the initial stretch potential energy
of the membrane and the initial kinetic energy. These energies cause a dynamic for the
membrane that forces it to oscillate like a wave function. Evidently, if u(z, vy, 0) = 0 and
ui(x, y,0) =0, then uw = 0 for all . Therefore, we can write the wave equation in general
dimension as follows

wp = c2 Au
u(z,y,0)= f(z,y) ,
w(z,y,0)=g(z,y)

for 1 € Q CR", where f and g are initial displacement and velocity respectively.

If Q is a bounded domain, such as a string, then the natural boundary condition for the
equation is the homogeneous Dirichlet condition. Physically, this condition means that the
endpoints of the string are fastened and fixed. However, other possible boundary conditions
include the Neumann and Robin conditions, which we have seen previously for the heat
equation. The wave equation with homogeneous Robin’s boundary condition on a bounded
domain 2 is

Uy =c? Au on
au+ﬁ%:0 on bnd(€2)

u(z,y,0)= f(x,y)
uy(r,y,0)=g(r,y)

3.2.2 Damped wave problem

In the formulation of the wave equation, we neglected the drag or resistance force that the
membrane may experience. To include such a possible forces, we assume that the drag forces
is proportional to the velocity of the displacement, that is,

fdrag X U,
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and write the damped wave equation as
Uy + Eup=c* Au,

where £ > 0 is a constant. If in addition, the membrane is under an external force h, the
equation reads

utt+§utZCZAu+h.

3.2.3 Solution of 1D wave equation

The one-dimensional wave equation u; = c? u,, has a simple solution. By denoting the
time derivative with the operator 0; and the space derivative with 0,, we can represent
the equation as (0, — ¢0,)(0; + ¢0;) [u] =0 or equivalently (0; + ¢0,)(0; — ¢0,) [u] = 0. This
representation allows us to decompose the wave equation into two uncoupled first-order
PDEs:
U+ cu, =0
{ U —cu,=0"

which can be solved for arbitrary functions F'(z — c¢t) and G(z + ct). Thus, the general
solution to the equation is u(z,t)=F(x — ct) + G(x + ct).

Now, consider the wave equation with initial conditions u(x,0) = f(x), and us(z,0) = g(x).
It is possible to determine F', G such that the general solution satisfies these initial conditions.
To find F and G, we can use the initial conditions to set up a system of equations. From u(zx,
0)= f(x), we have F(x)+G(z)= f(z). Taking the derivative with respect to ¢ and evaluating

at t=0, we get wy(z,0)=F'(x) —G'(z) = %g(m), and finally we obtain the following system

Fx) + G(z) = f(z)
F'(a) = G'(x) = ¢g(x)

A simple manipulation gives the following solution
1 1 :B—l—Ct
u(:c,t)zi[f(:c—ct)—l—f(:c+ct)]+2—C/ g(s)ds.
x—ct

The above formula is commonly known as the D’Alembert formula for solving 1D wave equa-
tions, named after the French mathematician Jean-Baptiste Rond d’Alembert. According to
the formula, the value of u at an arbitrary point (x,?) is determined by the values of f and
g in the segment [z — ct, x + ct]. This segment is referred to as the wave equation’s influence
domain, as illustrated in the figure below. It is worth noting that if ¢ =0, then the value of
u(z,t) represents the average of the right wave f(x — ct) and the left wave f(x + ct), both
propagating with the same speed c.

In the wave equation, the value of w at an arbitrary point (z,t) is determined not only by
the initial conditions but also by the values of u and its derivatives in the segment [z — ct,
x + ct]. This means that the influence of far distant points on a fixed point is not immediate,
but rather it takes time for the values to propagate and reach the fixed point, and this time
is determined by the velocity c¢. So the behavior of the wave equation is very different from
that of the heat equation, where the value of u at a point is determined by the convolution
over entire axis .
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E=x—ct N, n=x+ct
// \\
et AN X
/ \ R
L4
xr—ct x T +ct

Example 3.2. Consider the following problem

Ut = Mgy
u(z,0) = f(z) ,
ug(z,0)=0

where f(z) is the function

f(x):{l —-1<z<1

0 otherwise

The figure below illustrates the solution at time t =0 and t =1 for ¢=3.

| 1)
0.8}
0.6+ sf(z+et) 1f(x—ct)
0.4}
0.2}
O 1
-6 -4 -2 0 2 4 6
€T

As it is observed, the initial condition is split into two branches, one moving to the right
and one moving to the left with the same speed ¢ = 3. This is because the solution to the
wave equation is a superposition of two waves propagating in opposite directions. Each
wave carries half of the energy of the initial function, which is why we see two identical
waves moving away from the origin in the figure. While the heat equation can smooth out
discontinuities in the initial condition, wave equations are unable to do so, which can lead
to issues with properly defining the partial differential equation at these points.

Exercise 3.15. Consider the equation
Upp — gy = 0.
Take { =2 — ct and =2+ ct. Show that the equation under the transformation reduces to
Oenyu=0.
Solve the obtained equation and conclude that the solution of the equation is
u(z,t)=F(z—ct)+ G(z + ct),

for arbitrary functions F', G.
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Exercise 3.16. Consider the non-homogeneous equation

Ut = gy + h(t, )
w(z,0) =uy(z,0)=0"

a) Use the characteristic change of variable £ =x — ct, 7=z + ct to change the equation wu;; = c*u,,
to the form wug, =0.

b) Use this method to show that the solution to the above non-homogeneous problem is

u(x,t) // " dt'da’,

where A is the inside of the triangle constructed on the characteristic £ =z — ct, and n=x+ct

3.2.4 Solution on finite string

We will now derive the solution to a 1D wave problem on a string of length L whose endpoints
at =0 and x = L are fixed. The problem is given by the wave equation:

Uty = Ugy
with the initial and boundary conditions:
u(t,0)=u(t, L)=0

t
u(z,0)=f()
ui(x,0)=g(x)

To solve this equation, we can use the following formula:
1 1 :B—l—Ct
u(t,x)zi[fodd(x —ct) + fodd(z +ct)] +2—C/ Godd(8) ds. (3.1)
x—ct

Here, foqqa and g¢oqq are the odd extensions of f and g, respectively, and are 2L-periodic
functions. Recall that the odd extension of a function f defined on [0, L] is

flx 0<z<L
fodd(x)Z{ _(f()_x) —L<z<0"

The solution given by the above formula is obtained by applying the D’Alembert formula to
the odd extension of the initial condition f(z) and the odd extension of the initial velocity
g(x). The first term in solution represents the contribution of the initial displacement to
the solution, and the second term represents the contribution of the initial velocity to the
solution.

The boundary conditions u(t,0)=wu(t, L)=0 are automatically satisfied by this solution
since fodd(0)= foaa(L)=0

Example 3.3. Consider the following problem

u(0,8) = u(d, 1) =0
u(e,0)= flx)
ut(x 0)=0
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where

r—1 1<z <2

flz)=¢ 3—2 2<x<3 .
0

otherwise

The figure below illustrates the initial condition f(x), and u(x,1):

1

val f(@)
0.6}
u(z, 1) u(z,1)
0.4}
02F
0
0 1 2 3 4
x

17

For t > 1, two branches of waves hit the boundary points x =0 and z =4. According to
formula (3.1), the odd extension of the wave moves back after it hits the end point. The
figure below depicts the solution u(z,t) for t =0, 1,3, and 4.

0.5

-0.5

0.5

-0.5

t=0

]

05

0

-0.5

-

2 4

t=3

’

05

Exercise 3.17. Verify the formula (3.1).

t=1

0 2 4
t=4
0 2 4
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Exercise 3.18. Consider the following equation

Ut =Uge — 1, O0<z<1
u(0,t)=u(1,t)=0
u(x,0) :%x(x -1),

ui(x,0) =sin(mz)
Verify that the following function is the solution of the above problem:
1 1. .
u(x,t)= 550(50 -1+ - sin(mz) sin(mwt).
Exercise 3.19. Consider the following wave problem

w(0.2) = (L, ) =0
u(x,0) = f () '
g9(z)

ut(x,0) = g(x

The energy of the wave function is defined by the following formula

L
E(t)::/) (e, £)[2 +c2ug (2, £) 7] dv.

a) Suppose that f/(z) is integrable. Verify the following formula which is known as the conservation
of energy of the wave function

L
E(t) = /0 {lg(@)]? +c2If(2)]?} da.

b) Conclude that the the given problem has a unique solution.

Exercise 3.20. Let 2 C R? be a bounded set with smooth boundary bnd(£2). Consider the following
wave problem on (2

Uy = c2Au
U]pna(e)=0
u(z,y,0)=f(z,y)
u(@,y,0)=g(z,y)

// lg|?+c?|V £|2dS < .
Q

a) The energy of the vibrating membrane is defined through the following integral

and assume that

E(t): = //Q [ue(, y, £) P+ Vulz, y, )2 dS

Prove that E(t) is constant and conclude the following relation
B0 = [ lloP +e219 12 5.
Q

b) Prove that the above problem can not have multiple solutions.
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Exercise 3.21. Consider the following wave problem

Utt = Ugge — U
u(0,t) =u(L,t)

t
u(z,0)= f ()
ui(z,0) = g(x)

0

i. Show the following conservation of energy for the above problem
L L
[P+ ) da= [+ da
0 0
ii. If f(0)= f(L), show that
L L
N e T Ty TR
0 0
Exercise 3.22. Consider the following damped equation

Ugt + Ut = Ugy
u(0,t) =u(L,t)=0
u(z,0)= f(z) ’
w(z,0)=g(x)

where &k >0 is a constant. For E(t), the energy defined as

L
B = [l + fusf?) do,
show the following relation
e 28 E(0) < E(t) < E(0).

Exercise 3.23. Consider the following wave problem

up = c2Au

] bnd(Q)=0
u(z,0)=f(z)’
ui(z,0) = g(z)

where © € Q@ C R"™, and Q is a bounded domain with smooth boundary bnd(2). Verify the following
conservation of energy formula for the problem

/ (e, 1) 2 +¢|Vu(z, )]2) dV = / l9(@)P +E|V f(z)[2 dV.
Q JQ

Exercise 3.24. Consider the following wave problem
U =Au —u
u(t,bnd(2)) =0, ,
u(0, p) = f(p), Oru(0,p) =0

for x € @ C R", and Q) is a bounded domain with the smooth boundary bnd(€2). Show the following
conservation of energy for the above problem

A<|u|2+|ut|2+|w|2>dv= / (f2+[VfP)av.

Q
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Exercise 3.25. Consider the following damped equation

U+ Eup = Au
U] bna(Q)=0
u(z,0)= f(x) ’
uy(z,0) = g(z)

where £ >0 is a constant, and €2 is the unit cube [0, 1] in R".

i. For E(t), the energy defined by
E(t)::/|ut|2+/|Vu|2,
Jo Q

E(t)<E(0)e %

show that E(t) < E(0) for ¢ > 0.

ii. Show the following relation

3.3 Poisson and Laplace equations

The Poisson and Laplace equations are two important partial differential equations that
arise in many areas of science and engineering. The Poisson equation describes the steady-
state behavior of a field, such as the electric potential or temperature, in the presence
of a given source or charge distribution. The Laplace equation is a special case of the
Poisson equation where the source is zero, and it describes the equilibrium state of the field.
These equations have many applications in physics, engineering, and mathematics, and their
solutions can provide valuable insights into the behavior of physical systems. In this chapter,
we will discuss the Poisson and Laplace equations and their solutions in one, two, and three
dimensions.

3.3.1 Derivation of Poisson and Laplace equations

Let € be an open subset of R"”. The Poisson’s equation has the general form —Awu = f. If )
is bounded with boundary bnd(f2), the associated boundary condition can be

du

s on bnd(Q)

=9,

where o and (3 are constants. In particular, if f is identically zero, the partial differential
equation is called a Laplace equation.

The Poisson equation can be considered as the steady-state solution of a heat problem.
For example, the steady-state solution of the non-homogeneous heat equation

w=Au+f  onf)
au+ ﬁ%:g onbnd(92) ,
u(@,0) =uo(x)

is expressed as the equation

—Au=f on )
au+ B2 =g onbnd(Q)’



3.3 POISSON AND LAPLACE EQUATIONS 21

which is independent of the initial condition wuy.

In the electrostatic context, the Poisson and Laplace equations arise as the potential field
of electric charges. Consider a distribution of electric charge with density p(r) in IR3. The
electric field at r € R? generated by this distribution is determined by the following integral:

1 Po
B0) = g | el (33)

where ¢ > 0 is the permittivity constant. We can apply Gauss’s law, which relates the flux of
electric field through a surface to the charge enclosed by that surface, to a bounded domain

QC R
ﬂ E(r)-vas=2,
bnd(£2) €0

where () is the total charge enclosed by bnd(€):

Q= ///pdV

Using the divergence theorem, this can be rewritten in terms of the divergence of the electric

field:
i ///Wdiv (E) dvzgio //K2 pdV.

It turns out that the electric field F is potential in the sense that there is a scalar function
¢ such that F=—V¢. Accordingly, we obtain the following differential equation for ¢:

—ag(r) =2

€0
Exercise 3.26. Recall that if we put a pointwise electric charge ¢ at the origin, it produces an electric
field E that bu the Columb law is
E(r)= 47r€g|r|2fn’
for any 7 € R? — {0}, where # is the unit vector in the direction of r.
a) Verify that for ¢ = — we have £ =—V¢.

—_q

dmeg |r]?
b) For any r € R3 — {0}, verify the relation Ag¢(r)=

Exercise 3.27. f the electrical field F(r) is known, its associated potential ¢ with the relation £=—-V¢

is derived by the relation

o(r) = / "B(r)-Tdl,

J OO
where 7' is the unit tangent vector to the straight line connecting oo to 7.

Exercise 3.28. The most well know conservative field in physics is the gravitation field. If a particle
with the mass m is located at the origin in R?, then its potential U(z, y, ) is

m

5T
for r € R?* — {0}. Now, suppose that in R™, n >3, the potential function U has the form

m

U(x1,...,Tn) = — ,
o ) (234 +2})/?
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for some constant «. Find « such that AU =0.

Exercise 3.29. Despite the heat and wave equations, the Poisson and Laplace equations with Neumann
boundary conditions can be tricky and the existence of a solution may fail. Consider the following

equation:
—Au=f on{2
%: g onbnd(Q)

a) Use the divergence theorem to show that the necessary condition for the existence of a solution

t() the equatl()n 1S:
/
J( bnd(SZ) JQ

b) Even if a solution u exists for the equation, show that the solution is not unique and there are
infinitely many other solutions.

c) Let B C R? be the unit disk centered at the origin. Find « such that the following equation is
solvable.

)

{ Au=1+2%y

ou|
%l 5=
where S =bnd(B) is the unit circle.

Exercise 3.30. The MAXWELL’s equations are as follows

V~E:€£,V-B:O,VxE:—Bt,VxB:uaE—l-uegEt,
0

where E, B are respectively the electric and magnetic fields in space, p is the density of the electric
charge, 1 is the magnetic inductive capacity and ¢ is the electric inductive capacity and o is the electrical
conductivity. Use the above equations and derive the following equation

1
AE = peg By + po By + E—VP
0

3.3.2 Fundamental solution of Poisson’s equation

Consider the equation —Au= f(r), where r € R3. We can write [ as a convolution integral
using the Dirac delta function ¢:

f(r)= R3f(T/) o(r—r')dV.

This suggests that the solution to the above equation is related to the solution of the equation

—Au=0(r). Recall that the potential function ¢ = . | describes the electric field of a

" 4meg |r
pointwise unit charge at the origin. We can take u(r) = ®(r) := ﬁ for r € R® — {0}, and
although a rigorous proof is beyond the scope of this book, we can verify the following:

—AD=0=4(r),

for » € R®— {0}. Moreover, for any ball B, of radius a centered at 0, we have:

//B S(r)dV =1.
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Using the divergence theorem, we can rewrite the left-hand side of the above equation:

—///A(I)dV:—# V(I)-de:—# V-1 .ids,
Ba bnd(B,) bnd(B,) 4 |r

where we used the fact that v =7 on the surface of the ball B,. Using the relation

] ;
Vopl ™ I

and the equality |7|>=a? on bnd(B,), we obtain

1 1
. V—-de:—# dS =1,
ﬁ)nd(Ba) 4m |r| dma? bnd(B,)
- /// AD(r) dV = /// 5(r)dv
B, a

for any a > 0. We can now obtain the solution to the equation —Awu = f using the convolution

integral:
// fr)y®(r—r')dV.
R3

Example 3.4. Consider the equation —Au(r)=|r|e~"l. The solution of the equation is

// |7,/‘€ 7’|
R3 |T—7"|

The value of u at the origin » =0 is equal to

o)zi/// —|wdv__hm/// "2 sin(6) dr’ dfdg — 2.
ar J))rs 47T R—o0

For r# 0, we can use a numerical integrator to find the value of u(r) by the above integral.

Therefore,

Remark 3.2. While the convolution solution for the Poisson equation works well on R", it
does not always satisfy the desired boundary conditions when applied to bounded domains ).
In fact, finding a closed-form solution for the Poisson equation on a general bounded domain
with arbitrary boundary conditions is typically impossible. However, in later chapters, we
will develop tools to solve this equation on specific types of domains such as rectangles, disks,
cylinders, and spheres.

Exercise 3.31. Let f= e~ I"1”. Use a numerical integrator and find the solution of equation —Au = f
on the sphere |r|=1.

Exercise 3.32. Let us find the fundamental solution of the POISSON equation in R?

—AD=(r).
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Assume ® = ®(|r|), where |r|=+/2?+ y?. Calculate A® and obtain the following equation for r # 0:

d*® 1 do

ar?

Solve the equation and obtain ®(r) = Cln|p| for some constant C. Find C'.

3.3.3 Harmonic functions

Harmonic functions play an important role in many areas of mathematics and physics. A
smooth function u defined on an open set €2 C IR" is called harmonic if it satisfies the Laplace
equation Au(x) =0 for all x € Q. There are many examples of harmonic functions in R",
including some simple ones that can be obtained using basic calculus. The following exercise
gives a few such examples.
Exercise 3.33. Verify that the following functions are solutions to the LAPLACE equation in R?:
i. f(z,y)=constant

f(@,y)=az+ by

i, f(z,y)=
iv. f(z,y)

z,y (n:v) cosh (ny).

Harmonic functions possess several interesting properties. One of these properties is that
the net flux of the gradient vector field F'=Vu through an arbitrary closed surface S' is zero.
Specifically, for any closed surface S that encloses the open set (), we have

:AM:}[SW-V, (3.4)

where v is the unit outward normal vector to S. This property also explains why the Laplace
equation Au =0 corresponds to the steady state of a heat equation u; = Au: if we interpret
u as the temperature function, then the gradient Vu represents the heat flux, and since
u is steady, the net heat flux through any closed surface S must be zero, otherwise the
temperature of points inside S would change in time. This observation leads to the following
important theorem

Theorem 3.2. A harmonic function u in an open set €1 can not have a proper mazimum
and minimum inside ).

The theorem expresses a fundamental result in the theory of harmonic functions. It
states that a smooth function u, which is harmonic in an open set (), cannot have a proper
maximum or minimum inside (2. By proper maximum or minimum, we mean a point zy and
a neighborhood D containing xy such that u(zg) > u(z) or u(xg) <u(x) for all z € D.

To understand why this is true, consider the associated vector field F'=Vu. As we saw
in the first chapter, proper maximum points behave like sinks for the vector field, while
minimum points behave like sources. In either case, the net flux passing through the level
curves around the maximum or minimum points is not zero, which violates the relation (3.4).
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For example, the function u = zye~*~¥" can not be a harmonic function. The figure
below illustrates the associated vector field of the function. Observe that the net flux passing
through the level curves around the maximum and minimum points are non-zero.

T
‘,F!{O‘vb}

NI
|

The following fact is an immediate result of the above argument:

Theorem 3.3. (Maximum principle) If u is harmonic function in an bounded open
set QCR"™ and if u is continuous on cl(§2), then u attains its maximum and minimum on
bnd(€2).

Exercise 3.34. Let 2 C R™ be a bounded open set with smooth boundary bnd(2). Use the maximum
principle and prove that the unique solution of the Laplace equation

Au=0 on)
u=a onbnd(2)’
for a a constant, is the constant solution u = a.

Exercise 3.35. Let 2 C R™ be a bounded open set with smooth boundary bnd(2). Use the maximum
principle and show that if there is a solution to the following problem

Au=f onf)
u=g onbnd(Q)’
then it is unique.

Exercise 3.36. Let 2 CIR" be a bounded open set with smooth boundary bnd(2). Use the maximum
principle and show that if there is a solution to the following problem

—Au=f onf)

u—|—%:g onbnd(Q) ’
then it is unique.
Exercise 3.37. Let 2 be an open bounded set with smooth boundary bnd(€2). Prove that the necessary
condition that the following problem has a non-trivial solution is A >0

Au=—Au onf)

u+2%=0 onbnd(Q)’

Exercise 3.38. Let us write the wave equation on a bounded domain 2 as follows

1

_QUtt = Au.
C
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When ¢— oo, the equation approached to the Laplace equation Au=0. Therefore, we can consider the
Laplace equation as a wave propagation equation with the wave speed infinity. This justifies that if the
condition on bnd({2) changes, this change affects immediately on the value of u inside Q.

a) Verify that the function u =1+ er?sin(26) satisfies the Laplace equation

Au=0 onB
u=1+e¢esin(20¢) onbnd(B)’

where B is the unit disk in R2.

b) For ¢ = 0, the unique solution is v = 1. For the boundary condition |, q(p)=1 + €sin(26), the
solution inside B changes immediately to u =1+ e7?sin(26). Run the following code in Matlab
and draw the solution for ¢ =0,0.5, 1.

[th,r]=meshgrid(-pi:pi/20:pi,0:0.2:1);

up=0@(e) 1l+exr.~2.*sin(2*th);

[x,y]l=pol2cart(th,r,up(0.5));

axis([-1 1 -1 1 0 2]);

subplot(2,2,1)

surf (x,y,up(0));

axis([-1 1 -1 1 0 2]);
title(’$\epsilon=0%$’,’interpreter’,’latex’,’fontsize’,12);
subplot(2,2,2)

surf (x,y,up(0.5));

axis([-1 1 -1 1 0 2]);

title(’$\epsilon=0.5%’, ’interpreter’,’latex’, ’fontsize’,12);
subplot(2,2,3)

surf (x,y,up(1));

axis([-1 1 -1 1 0 2]);
title(’$\epsilon=1$’,’interpreter’,’latex’,’fontsize’,12)

Another consequence of the relation (3.4) is the Mean Value Property of harmonic func-
tion. In its rigorous form, it states that if «u is a harmonic function on an open set €2 in R",

and B,(z) denotes the open ball of radius r centered at x, and S,(z) denotes the sphere
bnd(B,(x)), then for any = € 2 and r >0 such that B,(z) C (2, we have:

u(x) !

=— u(z)dS,
510"

where |S,.| denotes the volume of the ball sphere S,. In other words, the value of a harmonic
function at any point is the average of its values over any sphere centered at that point.

In the case of harmonic functions on {2 C R?, the Mean Value Property can be expressed
as follows: if u is a harmonic function on an open set €2, and B,(z;) denotes the open disk
of radius 7 centered at zp= (70, yo) and contained in €2, then

1
u(zo) = 27”’7{cr(z(,)U(Z) dz,

where C,(zy) denotes the circle of radius r centered at zj, oriented counterclockwise. In other
words, the value of a harmonic function at any point is the average of its values over any
circle centered at that point.

To see why this is true, suppose u is harmonic in an open set Q CR? and consider two
circles centered at zo=(zo, yo) with radii  and r + ¢ inside €. For an arbitrary point z on
C'., the circle of radius r, consider the associated point z+&e7 on C, ..
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+

v

We can calculate the limit:

liml{ 1 7{ u(z) dl—lf u(z) dl}'
e=0 & (T +E S, (20) ""JCr(z0)

Using polar coordinates for both integrals, we obtain the expression in the bracket as:

1 1 T
u(z dl—f u(z dlze/ Vu(l&l,0)-rdb,
r + € %C\VT+5(Z()) ( ) r C’r(zo) ( ) - (| | )

where ¢ is a point in the line connecting z to z + 7. Therefore, we obtain:

liml{ L 7{ u(z)dz—ly{ u(z)dl}:lim V(€] 6) -7 db,
e—0 €& T+€ CT'+6(ZO) T C’r'(ZO) e—0 —r

and if we pass the limit inside the integral, we obtain

nr%/ vu(|§|,0)-f~d9:/ Vu(r,0)-#df—0

27

where the last equality is justified by the relation (3.4). This calculation justifies the fact that:

dlj{ u(z)dl =0,
d?" T CT(ZO)

17{ u(z)dl
T J Cr(z0)

is a constant. In particular, if » — 0, we obtain

and then the integral

lim 1 u(2) dl =u(zp) lim 1 dl =2mu(2),
r—07T Cy(z0) r—0 7T Cy(20)

1
u(xo, yO):WfC( )u(z)dl.
r{20

This is the first version of the mean value property of harmonic functions in 2D.

and then

Example 3.5. Let us verify the mean value property for the harmonic function u = 2% — /%

We have
Ry
2mr |

62(cos?0 — sin’f) df = 2;/ cos(260)df =0,
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and the obtained value is equal to u(0,0). Now, consider the arbitrary point zo: (zo, ). The
circle C' of radius r centered at zy has the following representation in the polar coordinate

x=x9+rcost, y=yo+ rsind.
Hence,

1

1 T .
2 b, (22 — y?)dl = %/ [(xo+ 1 cos0)? — (yo+ 7sinh)?|d = 2§ — yi = u(20).

r

Exercise 3.39. Verify that the function u =23+ y® — 32%y — 3xy? is harmonic and calculate the following

integral
fuapa.
c

where C' is the circle of radius 1 centered at the point (1,1).

Exercise 3.40. We prove another version of Mean Value Property for harmonic functions in 2D

1
u(z0, Yo) :W//B " )u(z, y) dxdy.
~{Z0,Y0

For this, use the polar coordinate and write

// u(z,y) dxdy:/ / u(r, 8) rdrdd.
Br(z0,90) JO J—7

Then, use the first version of the mean value property and conclude the claim.

Exercise 3.41. Use the spherical coordinate and prove the first and second versions of the Mean Value
Property for harmonic functions in 3D.

3.4 Classification of linear second-order PDEs

The differential equations we have explored thus far are instances of linear second-order
equations. Understanding the behavior of their solutions is a significant aspect of studying
these equations, both qualitatively and quantitatively. In order to analyze them effectively,
it is helpful to classify linear second-order partial differential equations into three main
categories: elliptic, parabolic, and hyperbolic equations. This classification is based on the
properties of the principal part of the differential operator near a specific point, which in
turn determines the characteristic behavior of the solution in the vicinity of that point.

3.4.1 Operator form, linearity and superposition

A useful perspective on linear differential equations is to view them as operator equations.
When dealing with a real-valued function u(x) defined on a domain 2 CIR", the partial deriv-

ou
8mj
differentiable functions and returns continuous functions:

8;: CH(Q) — C(9).

ative can be seen as a mapping 0; that takes functions from the domain of continuously
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Here, C'! represents the set of continuously differentiable functions, and C represents the set
of continuous functions.

.8 . :
By considering 8—5 as an operator J;, we can analyze how it acts on functions and how
J

it relates to other operators in the differential equation. This viewpoint allows us to study
the properties of the operator, such as linearity, composition, and its effect on the solutions
of the differential equation. Similarly, we can extend the notion of differential operators to
higher order derivatives. For instance, the second partial derivative operator can be denoted
as 0;; and maps functions from the domain of twice continuously differentiable functions:

0;;: C*(Q) — C(Q).

Furthermore, we can define a complete linear second-order differential operator as:

n

L:=)" a(x) 3z'j+z bj(x) 9; + c(x), (3.5)

ij=1

where a; j(x),bj(z) and ¢(x) are some continuous or smooth functions defined on the domain
(). This general form allows us to represent a wide range of second-order linear differential
equations.

Recall from linear algebra that a mapping 7" from R” to R™ is called linear if it satisfies
the following relation for any oy, as €IR and uy, us € U:

T(Oél 171 “+ o 172) = T(ﬁl) + Qo T(l_}'g)

Similarly, we can apply this concept to the differential operator L. The operator L is linear
because it satisfies the following property:

L(cquy(x) + agua(x)) =y T'(ui(z)) + ag T (us(x)),

where wu;(z) and us(x) are functions in the domain of the operator L, and a; and «s are
constants.

Although we won’t delve into the full vector space formulation of partial differential
operators in this book, representing partial derivatives in operator notation can help us
understand the classification of second-order linear PDEs. In general, a linear second-order
partial differential equation can be written as:

Llu]=f.

where L is the operator defined in (3.5). Here, L represents a linear mapping that takes a
function u as input and produces the corresponding function f as output. The goal of such
an equation is to determine the function u, given a known function f.

Interpreting a linear partial differential equation as an operator equation has several
advantages. It allows us to make a connection between linear algebra, which studies the
properties of linear mappings in finite-dimensional vector spaces, and differential equations.
One benefit of this approach is the superposition principle, which applies to homogeneous
equations of the form L[u]=0.
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Proposition 3.1. If uy, ..., uy are homogeneous solutions of linear equation L{u] =0, then
the function
N
U= Z CjUj,
j=1

for arbitrary c¢; € R solves the equation. Moreover, if u, is a particular solution for the
equation Lu] = f, then the function

N
u:up+ E Cjuj,
J=1

solves the equation if uy,...,un are in the kernel or null space of L.

Exercise 3.42. Let L be the linear operator L =0, + 0,. Consider the equation L[u]=x+ y.
a) Find the general homogeneous solution of the equation.

b) Verify that u, ==y is a particular solution of the equation. Therefore, u=uy+ xy is the general

solution of the equation. It is simply verified that u, = %xQ + %yQ is also a particular solution.
Show that the latter particular solution can be derived from the general solution u=uy + zy.

Exercise 3.43. Find the general solution of the linear equation L[u] = z for u = u(z, y), where
L=0;— cO, for a constant c.

Exercise 3.44. Consider the following equation
Uy — Puyy =0,
and let L be the operator L :=0;; — c?0,,. Show that
L=1LjoLs,

where L1:=0; — ¢y, Lo: =0;+ c0,. With the aid of the the decomposition, find two linearly independent

solution of the given equation.

By taking some precautions, we can also extend the superposition principle to the infinite
or continuous versions. For example, if u;, us, ... are in the null space of L, then Lu]|=0 for
the function

Cj Uyj.

.

Il
—

J

Similarly, if u(x; k) solves the equation L[u] =0 for k in some interval I, then the following
function also solves the equation:

UZ/%wmxxkym.

Example 3.6. Consider the partial differential equation Au =0 defined on the half-plane z >
0. An example of a solution to this equation is given by the functions u(z,y) = e " sin(ky)
for any k € (—o0,00). Now, suppose we define ¢(k) as follows:

0 k<O
C(k):{ 1 k>0

[ __ Y
)= [ elbyunte, ) dh=

Then, the function



3.4 CLASSIFICATION OF LINEAR SECOND-ORDER PDES 31

solves the equation Au=0 on x> 0. However, as x approaches 0, the function u(x, y) becomes
unbounded and cannot be extended to the boundary of the domain. To remedy this, we can
choose c(k) as

0 k<0

c(k) = eh k>0

This transforms the superposition integral to
Y
u(z,y) =——5—.
9= Ty
This solution can be extended to the boundary =0 in a proper manner.

Remark 3.3. The version of infinite superposition should be used with caution. For instance,

j—; + 1 and the functions u,(z) = %cos(nx) for any

odd n, which solve the equation. The function

let us consider the equation L =

u= Z up(x) = cos(z) + 1 cos(2x) + 1 cos(3x) + -+
4 9
n=1,n:0dd
converges to f(x) = %2
not have a derivative at x = 0. Therefore, we cannot define L[u] as equal to zero at x =0,

and we must be careful when using the infinite version of superposition.

— 2|z | for x € (=, 7). However, this function is discontinuous and does

Exercise 3.45. Find a solution to equation Au =0 on the half-plane = > 0 such that v on the boundary

—0; Y
x =0 is equal to e

Exercise 3.46. Consider linear equation d,,u=xy, for u=wu(z,y).

1

a) Show that u, =2’y solves the equation.

b) Find the homogeneous solution of the equation and write down the general solution.
Exercise 3.47. Find the general solution of the following equation
Llu] ==y,
for a function u=wu(z, y), where L =0y,

Exercise 3.48. We know that the linear equations enjoy superposition principle. This property does
not necessarily hold for non-linear equations. Verify that functions u; =z + ¢; and us = y + c¢2 are the
solutions to the nonlinear equation

e ]? + Juy|* =1;

however, 11 4+ uo is not a solution.

3.4.2 Classification: constant coefficient case

Linear second-order partial differential equations can be classified based on their principal
part, which is defined by the sum:

Lp = Z aij(sc) &-j.

2%



32 LINEAR SECOND-ORDER EQUATIONS

This classification is based on the idea that the behavior of a PDE near a given point is
determined by the highest-order derivatives appearing in the equation at that point. To
illustrate the logic behind the classification, we first consider the case where a;; are constants,
and the domain of the problem is open subsets of the plane.

It is simply seen that L, can be rewritten in the matrix form as follows:

L= (o, aQ)A(gl),
2

where A is the symmetric coefficient matrix given by

a12 + a2
ainn
A—
ai2 + a1
D) a22

From linear algebra, the eigenvalues of A are real. Let \; and Ay be the eigenvalues of A.
Based on these eigenvalues, we can classify the PDE as follows:

e KElliptic: Ay Ay >0.

o Solutions to elliptic PDEs are smooth and have no singularities. This type of
PDE typically arises in problems involving steady-state phenomena, such as
in electrostatics or fluid mechanics. The most familiar example is the Poisson
equation —Awu = f, where A operator can be written as

A=( o 52)((1) ”(gi)

with the coefficient matrix A = ( (1] (1) ) having eigenvalues \; = Ay =1.
e Parabolic: \; Ay =0.

o Solutions to parabolic PDEs have a smoothing effect that can regularize initial
data. This type of PDE often arises in problems involving diffusion, heat
flow, or time-dependent phenomena that evolve in a certain direction. The
most familiar equation is the heat equation u; = ku,, in the plane (x,t¢). The

coefficient matrix is
00
=(o1)

withe eigenvalues A\ =0, Ao =k.
e Hyperbolic: A\ Ay <0.

o Solutions to hyperbolic PDEs have wave-like behavior and can exhibit shock
waves and other discontinuities. This type of PDE typically arises in problems
involving wave propagation or vibrations. The most familiar example is a wave
equation uy = c?u,, in the (z,1)-plane. The coefficient matrix of this equation

is
-1 0
A=
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with eigenvalues \; = —1, Ay =c2.

Remark 3.4. It is known from linear algebra that A\; Ay =det(A), and thus the classification
can be done based on the sign of det(A) too. Therefore, we can classify the PDE based on
the sign of det(A), as follows:

e Elliptic: det(A)>0

e Parabolic: det(A)=0

e Hyperbolic: det(A)<0

Example 3.7. Consider the following equation
2y — QUgy + 2Uyy + Uy =Uu + T.

We classify the type of the equation based on the value of a. The coefficient matrix of the
principal part of the equation is

We have det(A) =4 — %2, and thus the equation is elliptic if a? < 16 or —4 < a < 4. The

equation is hyperbolic if a >4 or v < —4. The equation is parabolic if « =4 or —4.
Exercise 3.49. Classify following equations
a) Ugy + Uyy + 2Uzy +uy=1—1u
b) Uz + 2Uyy — Uy =1u.
Exercise 3.50. Determine the type of the following equation based on the values of «

Ugg + Uyy + 20005, = 0.

Definition 3.1. Let L, be the principal part of a linear second-order partial differential
equation (PDE), given by

n

Lp: Z az-j @j,

ij=1
where a;; are constant coefficients. The associated coefficient matriz of the operator is defined

by A= a;;] where a;;= aij;ra"i. Let \i, ..., \, be the eigenvalues of A.

e The PDE is called elliptic if all eigenvalues Ay, ..., \,, have the same sign.

e The PDE is called hyperbolic if one eigenvalue has the opposite sign of the other
etgenvalues.

e The PDFE is called parabolic if one eigenvalue is zero, and the other eigenvalues have
the same sign.

Exercise 3.51. For function u=u(z,y,t), classify the equations

a) ur=kAu,
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b) wuy = c? Au.
C) Uyt + Uyy + Ugg + 3y =0.
Exercise 3.52. Find « such that the following equation is parabolic in the coordinate (¢, z, y):

Up = QU+ QClUgy + 2y

3.4.3 Canonical form

For the principal part L,, the terms 0;; for ¢ # j are called multiplicative terms. We can
remove these terms by performing a linear transformation of the coordinate. Before intro-
ducing the transformation, let’s explain the terminology of ellipticity, parabolicity, and
hyberbolicity by comparing them to the types of conic sections.

Recall that the equation of a conic section is given by:

ax?®+2bxy + cy? + dx + ey = const.
The principal part of this section is az? + 2bxy + cy?, which can be represented in matrix

form as

ar?+2bzy+cy*=(x y)A( z ),

where the coefficient matrix A is symmetric and has real eigenvalues A\{, A9, and two orthog-
onal eigenvectors. Let @) = [t/|7h] be the eigenvector matrix of A with |t]| = |Us| = 1.
By linear algebra, we know that:

orao-(% 1)
(7))

maps the old coordinate system to the new coordinate system (X, YY), and transforms the
conic section to the following form:

Thus, the transformation

A1 X2+ N\ Y2 =first and zero order terms.

If Ay and Ay have the same sign, the conic section is an ellipse. If one of \; or \; is zero,
the conic section is a parabola. If A\; and A\, have opposite signs, then the conic section is a
hyperbola.

This argument shows how we can remove the multiplicative terms and why the termi-
nology is justified based on geometrical observation.

Example 3.8. Consider the equation
202+ 2y? — 2zy=1.

In the matrix form, we can represent the equation as

(A2
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The coefficient matrix A= ( _21 _21 > has two eigenvalues A =1, 3 with associated eigenvectors

V2 V2
U1 :< 2 ), U :( 2 ) Consider the coordinate transformation

:
(3)(2)

where () is the matrix of eigenvectors. By performing this transformation to the equation,
we obtain

) RERCIE T CO REREIER) €'

Thus, the given equation in the new coordinate system has the representation X2+ 3Y?=1
which is a ellipse. Note that @ is a 45 degree rotation matrix, and thus the coordinate change
is just a rotation of the old coordinate system.
22% + 2% — 2xy =1

Y

.om

X2 4372 =1

7|

-0.5

We can employ the above technique for linear partial differential equation.

Example 3.9. Let us rewrite the following equation in the canonical form

Uy + 2Uyy — 2Ugy + Uy =u + .

The coefficient matrix of the principal part is A = ( _21 _21 >, with the eigenvalues \; = 1,

and Ay =3. The eigenvectors of the coefficient matrix A are v; = %( i >, Uy = %( _11 >, and

thus Q) = %( } _11 ) is the transformation matrix. Define the new coordinate system Oy, dy

through the following transformation

(2)-(%)

By performing this transformation to the principal part of the equation, we reach
2Ugy + 2Uyy — 2Ugy = Uxx + SUyy.

We need also to transform the first and zero terms of the equation as well. From (3.7), we
have

Or= o=
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and ©r = gX — gY. Finally, the given PDE reduces to the following one in the new
coordinate system

V2, V2

uXx+3uYy+T2UX U—FQX—gY.

u
2 7 2
Exercise 3.53. Write down the canonical form of the following equation
Uz + Uyy + Azy + /2 uy =u
Exercise 3.54. Find values of « such that the equation
Ugg + Sy + 20Uy + 21, — 3uy, =0,

is elliptic, parabolic or hyperbolic. For a = 1 write down the equation in the new coordinate and
determine the associated linear transformation.

Exercise 3.55. Write the following equations in the canonical form and classify them into elliptic,
parabolic and hyperbolic equations

a) Ugy=0
Ugy + 2Uzy =U
Ugy — Uyy — 2Ugy = Uy + U
SUgg + AUy + OUyy = Uy — U
Ugy — gy + 4ty — Uz =1
f) —2uyy — Bugy + 6tyy —uy =0
8) Upg + AUpy + Uyy +V2uy=u
Exercise 3.56. Consider the following equation

Ut + Ugy + AUy = /2.

a) Determine the type of equation in terms of elliptic, parabolic or hyperbolic equation. Your answer
should be based on a calculation.

b) Use a change of coordinate from (¢, ) to (T, X) and rewrite the equation in the normal form
without any multiplicative partial differentiation.

¢) For the new equation in the coordinate (7', X), find a solution in the form u(7, X)=a X+ gT°
for suitable constants a,a, 3, b.

Exercise 3.57. Consider the following equation
Qg + 3Uyy + 2¢/2 Uyyy =0

a) Determine the type of the equation in terms of ellipticity, parabolicity and hyberbolicity.

b) Write the canonical form of the equation with the aid of a transformation of the type
0r \ _( Ox
o(5,)-(%)

¢) In the new coordinate (X,Y), use the transformation { =Y +i2X, n=Y —i2X, and derive the
following equation in (&, n)

for an appropriate matrix Q.

U§n =0.

Find the general solution of the equation in (X,Y).
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3.4.4 Classification: variable coefficients

The classification of linear second-order PDEs with variable coefficients is similar to that of
equations with constant coefficients. However, for variable coefficient equations, the classi-
fication is local, meaning it holds only in an open neighborhood of the focal point, and not
for the entire domain. The following example illustrates this fact.

Example 3.10. Consider the differential operator
L:= (14 2%Y)0pz — 220y Dy + YOy

The coefficient matrix of L, is

A(x,y)z( 1+2%y —ay )

—ry )

Note that det(A)=y. Thus, L is elliptic in the half plane y>0 and hyperbolic in the half
plane y<0. For any point on the z-axis, the equation exhibits degenerate behavior.

Exercise 3.58. Consider the differential operator

L=2030+ 2y Oy + yOyy.
Rewrite L in the form
L =div ([aij(z, y)] V) + first term derivatives
where [a;;] is a symmetric matrix.

Problem 3.1. Find domains in which the following operators can be classified into elliptic, parabolic
or hyperbolic type

i Li=y0py — yOyy +2 (2 —1)0sy
ii. L:=cos(zy)0sy + cos(xy)dyy + 2sin(xy)dyy.
ill. L:=x0ps+ yOyy +22y0yy

v, Li=+\/2®+y?0ps + /2° + y*Oyy + 201y,
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