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1 Introduction

1.1 Introduction to Partial Differential Equations
1.1.1 Partial Differential Equation

Let u = u(x1,...,24) be a function in d variables, with partial derivatives denoted 0,,u,0z,z;u, ..., then a
partial differential equation (PDE) has the form

F(x1,...,24,U, Op Uy ..., Op U, Op oy Uy« oy Onyzyy Oy ywy ) = 0.
We get different types of PDEs depending on the properties of F'.
1. If F is linear with respect to u we have a linear PDE, otherwise we have a non-linear PDE.

(a) The PDE is semi-linear if it is non-linear only with respect to u.
(b) The PDE is quasi-linear if it is linear with respect to the highest order derivative of w.

(c) The PDE is fully non-linear if F' is non-linear with respect to the highest order derivative of w.

2. The order of the PDE is equal to the highest order of differentiation contained in F'.

1.1.2 Linear PDEs
Definition 1.1.1. An operator L acting on functions w, v is linear if the following hold.
1. L(u+v) = L(u) + L(v) for all functions u and v.
2. L(cu) = cL(u) for all functions v and ¢ € R.

An operator L on functions u : R — R of the form

where x € R and f; : R — R is linear and is called the general linear differential operator. The order of the

operator is m, and we use the notation

o) =g .
——

7

Theorem 1.1.2 (Superposition Principle). Let uy,...,u; be solutions to the same linear PDE. Then u =
ciuy + -+ + cpug with cq,...,cr € R is also a solution to the linear PDE.

1.2 Calculus Preliminaries

Throughout, a domain will refer to an open connected set and will usually be denoted €.
Definition 1.2.1. A point x € Q C R? is a boundary point if for any r > 0 we have that B,.(x) N # () and
B.(x)N (Rd \ Q) # 0.

Definition 1.2.2. For a domain 2, the set of boundary points is denoted Of).

Definition 1.2.3. A domain 2 is a C'-domain if the following holds for every x € 9€). Forx € O there exists
a system of coordinates
Y1y -3 Yd—1,Yd = (y/ayd) )



whose origin is X, along with a ball B(x) and a function ¢ defined on a neighbourhood N' C R?~! of y' = 0/
such that ¢ € C1(N), ¢ (0') = 0. Moreover,

1. 900N B(x) = {(y',y4) 1 ya=¢(¥').y € N}, and
2. QNBx)={(y\vd) :ya> ¢ ),y € N}.

In words, this says that at every point on the boundary of a C'-domain has a well-defined tangent. Moreover, the
normal vectors to these tangents vary continuously along the boundary. The pairs (¢, ) are called local charts.
We can generalize this definition to C*-domains by requiring the functions ¢ to be C*-functions.

Definition 1.2.4. A domain € is smooth if Q is a C¥-domain for all k > 1. In such a case we say  is a
C®°-domain.

If the ¢ : 2 — R are only Lipschitz, say with constant L, then we call Q a Lipschitz domain.

Integration by Parts Formula

Theorem 1.2.5 (Gauss Divergence Formula). Let Q C R? be aC'-domain and let F = (F, ..., Fy) : Q@ — R?
be a vector field with F € C* (Q) Then the following holds

/QV -F(x)dx = /89 F(o) -n(o)do,

where
» V-F=0, Fi+ -+ 0,,F, is the divergence of F,
= 1 /s the unit outward normal vector to 0X2, and

= do is the surface measure on 0S) given by the local charts

do =1+ |Ve(y)[?dy'.

/Qv(x)v-wx) dx:AQv(U)F(U)-n(U) da—/QVv(x)-F(x)dx.

Corollary 1.2.7 (Green's First Identity). Foru € C(Q) NC! () a scalar function we have that

/Q'U(X)AU(X) dx = /aQ v(0)Opu(o)do — /Q Vu(x) - Vu(x) dx,

where
= V. -Vu=Au, and

= Vu-n=0yu.

Corollary 1.2.8 (Green's Second Identity). For v € C*(Q2) NC* (Q) a scalar function we have that

/ v(x)Au(x) — u(x)Av(x) dx = / v(0)Onu(o) — u(o)Onv(o) do.
Q

Q

‘ Corollary 1.2.6. Forv € C! (Q) a scalar function we have that



All of the above results also hold for Lipschitz domains.
1.2.1 Important Theorems

Theorem 1.2.9 (Cauchy-Lipschitz Existence and Uniqueness). Fixty € R,y € R? a,b > 0 and let
R:{(tay):to §t§t0+aa|y7y0| Sb}
Let f be continuous on R with M = max , er(f(t,y)), and uniformly Lipschitz continuous with respect to

y. Then the differential equation
y'(t) = f(t,y())

with y(to) = to, has a unique solution y(t) defined on [to,to + T| for T = min {a, & }.

Definition 1.2.10. For Q C R? and F € C*(Q), the Differential of F at a point x € () is denoted DF(x) and
is the d x d Jacobian matrix with entries

fori,j=1,...,d.

Theorem 1.2.11 (Inverse Function Theorem). Suppose F € C'(Q), DF(p) is invertible at p € 2, and
q = F(p). Then, there exists open sets U,V C R? with p € U,q € V such that F is injective on U and
F(U) = V. More specifically, the inverse of F given by G : V — U is such that G € C*(V).

Theorem 1.2.12 (Implicit Function Theorem). For  C R"™™, suppose F € C'(Q)) maps into R™ so
that F(p,q) = 0 for some (p,q) € . Assume that D,F(p,q) is invertible. Then there exists open sets
V C R"™ and U C R™ with (p,q) € V and p € U such that for every x € U there is a unique y such that
(x,y) €V and

F(x,y)=0.

Letting G(x) :=y, we have that G € C*(U) and
F(x,G(x)) =0

for x € U. Moreover,
DG(x) = —(DyF(x, G(x))) " DuF (x, G(x))
forx e U.

1.3 Fourier Series

Definition 1.3.1. The Fourier series of a periodic function f : R — R of period 2T > 0 is

ag > Tk > . mkx
flx) = = + l;ak cos (T> + ;bk sin (T>

1T mkx
= — —_— d
a = /_T f(z) cos ( ) a2,

1 [T . [ Tkx
by, = T [T f(z)sin (T) dz.

where

and



For f an odd function, it follows that ay = 0 for all £ > 0 and we are left with the sine Fourier series
= k
= Z by, sin <7TT$>
k=1

with coefficients taking the simplified form

o3 [ ()

For f an even function, it follows that by = 0 for all £ > 1 and we are left with the cosine Fourier series

> Tkx
f(x) = 29 43" gy, cos ()
2 ; g T

with coefficients taking the simplified form

Proposition 1.3.2. Let f € C'(R) be 2T-periodic with Fourier coefficients ay and by. Then f' has Fourier
coefficients aj, and b}, given by

, 7k
= —b
ag T ks
and .
b;c = 7%0,]6

Theorem 1.3.3. Assume that f is a square-integrable function defined on (=T,T), that is

/ " @) dz < oo

=7
Then
T
lim |Sn () — f(x)])?dz = 0,
N—oo T
where
a N wkx N wkx
Sn(z) = 50 + Z aj, cos (T> + Z by, sin (T)
k=1 k=1
Moreover,
LY R \2dm—a—3+i lan|? + (g2
T/ - 9 k k|
k=1
and

lim ap = hm by = 0.
k—o0

Theorem 1.3.4. If f € C' ([-T,T)), then

oo
D laxl,
k=1



and
o)

> (bl

k=1

are convergent. In particular, the Fourier series of f is uniformly convergent in R to f.



2 First Order Equations

2.1 Transport Equations
2.1.1 Pure Transport

The pure transport equation is defined as
Op+adyp=0 (2.1.1)

where p(t,z), and a > 0. Moreover, the initial conditions are specified by

p(0,z) = g(z)

()

so that (2.1.1]) becomes Vp -a = 0. As the gradient of the function is perpendicular to its level lines, it follows
that the level lines of p are the straight lines parallel to a, namely,

for some assignment function g. Let

x = at + xg (2.1.2)

for arbitrary 7o € R%. The lines represented by (2.1.2)) are known as the characteristics. Indeed one has that

d
&p(t,at + o) = (Opp + a0yp) (t + at + x9) = 0.

Hence, for a particular initial condition p(0,x9) = g(x¢), as p is constant along the characteristic lines we must
have

p(t,at + x) = p(0,z0) = g(xo).
Therefore,
p(t,x) = g(x — at).
2.1.2 Distributed Source

Consider the initial value problem

Op+adzp= f(t,x) t>0,z€R (2.13)
p(0,2) = g(x) z €R. o
Exercise 2.1.1. Show that the solution to (2.1.3)) is given by
t
p(t,z) = g(xz — at) + / f(s,z —a(t—s))ds.
0
2.1.3 Damped Travelling Waves
Consider the initial value problem
=—6p t R
Op + alyp p t>0,x€ (2.1.4)
p(0,z) = g(x) z €R.

Exercise 2.1.2. Show that the solution to (2.1.4) is given by

p(t, ) = exp(—dt)g(x — at).



2.2 Method of Characteristics

We can generalise the approach taken to solve the transport equations, to what is known as the method of
characteristics. Consider the quasi-linear equation

a(z,y,w)0pu + b(z, y, u)Oyu = c(z,y, uw) (2.2.1)

where 2,y €  C R? and a,b,c: R3 — R are continuously differentiable. The method of characteristics utilises
the intuition to solve (2.2.1)). Let (xo,yo, 20) be a point on the graph of . Then the tangent plane to the graph
u at (xo, Yo, z0) has the equation

9zu(o, Yo)(x — o) + dyu(wo,Y0)(y — Yo) — (2 — 20) = 0.

Then the vector normal to the place
8111(1’0, yO)
ng = 3@/“(%073/0)
-1

is is also normal to the vector
a(o, Yo, 20)
vo = | b(zo, Yo, 20)
(0, Yo, 20)
by the fact that u satisfies . Therefore, vq is tangent to the graph of u at (xg,yo, z0) and thus the graph
of any solution is tangent to the vector field

V= (a(a:,y, Z)v b(x,y, Z)7 c(x,y, Z))

Re-parameterising the curve of u as (z(s),y(s), z(s)) where z(s) = u(x(s),y(s)), it follows that the tangent
vector of this curve must v so that

9 — a(z,y,2),
W = b(z,y, 2),
92 = c(x,y,2).

The curves (z(s), y(s), 2(s)) are the called the characteristics of (2.2.1)).

Exercise 2.2.1. Verify that z(s) gives the solution, u, to (2.2.1)) along a characteristic. That is,

% = c(x(s),y(s), 2(s)).

Thus along the characteristics (2.2.1)) reduces to an ordinary differential equation.

2.2.1 Cauchy Problem for First Order Quasi-linear Equations

Let I C R be an interval containing 0, and let v : I — R? be a smooth curve parameterised by

(1) = (n(7),72(7)) € R?,

where 1,2 are continuously differentiable in I. Consider the Cauchy problem

_ 2
{a(w,y, w)0zu + bz, y,u)0yu = c(z,y,u) (r,y) €R (2.2.2)

u(y1(7),72(7)) = g(7) rel.

We can solve (2.2.2)) by applying the method of characteristics in the following way.



1. Using Theorem there is a unique solution

= X(s,7),
=Y(s,7),
z=27Z(s,7),
for the system of characteristics
& =alz,y,2) 2(0)=m(r)
H=b(x,y,2) y(0) =(7)
T =clz,y.2) 2(0) = g(r)
in a neighbourhood of s =0 and for 7 € I.
2. For 1y € I check that
0sX(0,79) 95Y(0,79)
) ) |7

so that the above (X,Y, Z) defines a function w.

Theorem 2.2.2. Let a,b,c € C' in a neighbourhood of (x¢, yo,u(z0,y0)) and assume that v1,v2,g € C1(I).

If
88X(O7 7'0) 83Y(07 7'0)

71(70) 2(70)

then in a neighbourhood of (x¢,vo) there exists a unique solution C!-solution u = u(x,y) of the Cauchy
problem

£0

{a(x, Y, u)0zu + b(z, y, u)dyu = c(z,y,u) (x,y) € R
u(y1(7),72(1)) = 9(7) rel

Moreover, u(z,y) is defined by the parametric equations

2.2.2 Cauchy Problem for First Order Linear Equations

Consider the linear equation
a(z,y)0zu + bz, y)0yu = c(z,y) (z,y) € R?
u(ni(7),72(7)) = g(7) Tel

The system of characteristics is given by

9 = a(z,y) 2(0) =7(7)
W =b(z,y) y(0)=2(r)
9z = ¢(z,y)  2(0) = g(7)

from which we observe that z is decoupled. For the first two we can determine a solution

x=X(s,7),
Yy = Y(SaT)

and thus s
Z =Z(s,7) = g(7) +/O C(X(o,7),Y(0,7))do.

10



After checking that the inversion of the system of equations is valid we can conclude that

w(X(5,7),Y (5,7)) = g(7) + / " d(X(0,7), ¥ (0.7))do.

Exercise 2.2.3. Find the unique to solution to the Cauchy problem

—yOyu + 20yu = 4dxy  (x,y) € R?
u(z,0) = g(z) x> 0.

2.3 Scalar Conservation Laws
The non-linear generalization of the pure transport equation

dep+ 0zq(p) =0

is known as the scalar conservation law. If p is differentiable we can investigate this law with the Cauchy problem

! J—
Op+q(p)0p=0 2R t>0 (231)
p(0,2) = g(x) zeR.

Consequently, we can write down the system of characteristics

dz

=4 ) z(0)=r,
a—1 t(0) =0,

E=0  2(0)=g(n).
Solving these we see that the characteristic lines are given by

=1+ (g(7))t.

Issues arise at points where the characteristics for different values 7 intersect, for instance, they introduce discon-
tinuities into the solution.

2.3.1 Existence of Classical Solutions

Definition 2.3.1. For T > 0, a classical solution to (2.3.1)) is a function C*([0,T) x R) that satisfies (2.3.1)
for every (t,z) € (0,T) x R. In particular, if T = oo then the solution is a global-in-time classical solution.

Theorem 2.3.2. Let g € C*(R) and g € C'(R), and assume that there exists M > 0 so that
= sup,cp ¢’ ()| < M, and
= sup.eg |g'(r)] < M.

Then there exists T = T(M) > 0 such that there is a unique classical solution, p, to (2.3.1) defined on
[0,T] x R. Moreover, if

¢"(r)g'(s) 2 0

for all v, s € R then the solution is global in time.

Example 2.3.3. Burger’s equation is the Cauchy problem,

(23.2)

Op+poyp=0 xR, t>0
p(0,z) =g(xr) =€R.

11



If g is increasing the ¢'(s) > 0 for all s € R and as ¢ (r) =1 > 0, the condition of Theorem is satisfied.
Therefore, there exists a global solution to ([2.3.2)). Now suppose that g is not increasing, such that there exists
71 < To with the property that g(71) > g(72). Recall, that the characteristics at 71 and o are given by

x =1 +g(n)t

and
x =Ty + g(m2)t

respectively. These intersect at
T2 — T1
T:=—F"——->0.
9(m1) — g(72)

Therefore, there is a discontinuity in the solution, which implies that solution to cannot be a classical
solution global in time. However, it turns out that the solution remains classical fort < T, and it is only at the
point T where the solution ceases to be a classical solution. Such a time and spatial location, (xs,ts), where
the solution ceases to be a C' function, is known as a shock.

2.3.2 Weak Solutions

Example [2.3.3] illustrates the limitations of the method of characteristics for determining solutions for all initial
conditions. To circumvent these issues we relax the regularity conditions we impose on solutions. To explore this
idea consider the Cauchy problem

{@p +0:4(p) =0 z€R,E>0 (2.3.3)

p(0,z) = g(x) x eR.

Let v be a smooth function on [0,00) x R, called a test function. One can show that for any smooth solution p

satisfying (12.3.3]) we have
/ /(&gp + 0yq(p))odadt + /(g(x) — p(0,2))0(0, 2)dz = 0. (2.3.4)
0 R R

Exercise 2.3.4. Verify that if a bounded function on [0,00) xR, p, satisfies ([2.3.4)) if and only if it is a solution
to (2.3.3).

Definition 2.3.5. A function p, bounded on [0,00) X R is a weak solution to (2.3.3)) if (2.3.4]) holds for every
test function v on [0,00) x R with compact support.

Remark 2.3.6. Note that the only condition imposed on p is that it is bounded, that is, it can be discontinuous.

2.3.3 The Rankine-Hugoniot Condition

For an open set V, contained in the half-plane ¢ > 0, consider the domains V. and V_ partitioned by a smooth
shock curve I' : & = o(t). Suppose p is a classical solution on both sides of I', with continuous derivatives. Take
a test function v supported on a compact set K C V, with K NT # (. One can then show that the outward
normal, n, to OV, is

i ()

o = 4+t 0)) — alp-(t,0))
pr(t,0) = p-(t,0)
where pi is the value of p on V from the V4 side. This condition on I' is known as the Rankine-Hugoniot
Condition. One can solve this condition to find the equation of a shock for a particular problem.

and

12



Example 2.3.7. Consider Burgers equation

Op+poep=0 xR >0
p(va) :g(l') reR.

1 <0
with g(z) = 0 - 0 It can be shown that the characteristics intersect along straight lines, forming a shock.
x > 0.
As p+ =0 and p_ = 1,we can solve the Rankine-Hugoniot condition to get the shock

t
x=o(t) ;
2.3.4 The Entropy Condition

Solutions satisfying the Rankine-Hugoniot condition may not be unique.

Definition 2.3.8. Let p be a weak solution to (2.3.3)), with a discontinuous shock I' : © = o(t). The shock is
entropic if

7 (p+(t,0(t)) < o'(t) < q'(p-(t,0(t))),
for every t for which the shock is defined.

Remark 2.3.9. A shock is entropic if the slope of the shock curve is less than the slope of the left characteristics
and greater than the slope of the right characteristics. Consequently, the characteristics hit the shock curve
forward in time, and it is not possible to go back in time along a characteristic that hits a shock line.

Theorem 2.3.10. If ¢ € C*(R) is convex (or concave) and g is bounded, then there exists a unique entropic
solution to the problem

Op+0.q(p) =0 zeRt>0
p(0,2) = g(x) z € R.

Example 2.3.11. Consider the car traffic on roads.
= p is the car density.
= v is their average speed.
= ¢ is their flux.
These three quantities are linked via ¢ = vp. We make the following assumptions.
1. Average speed is a function of p, with v'(p) < 0.
2. There is a maximum velocity v,, > 0.

3. Traffic stops at a maximum density p > 0.

Under these assumptions we suppose that v(p) = v, (1 — pi) which means that q(p) = vmp (1 e )

Consequently, one can show that q is concave. The conservation laws for this scenario may be summarised by

13



the problem
atp—l—vm( —j—ﬂ)azpzo reR,t>0
p(0,2) = g(x) zeR
which has the corresponding characteristics
z=7+q(g(7))
for 7 € R. We can model different scenarios by specifying g(x). For example,

(.’17)_ Pm l‘SO
R =0 z>0

could represent traffic waiting at a red light, whilst the road ahead is clear. On the other hand,

Lm 2 < ()
9(96)2{8 g

pm >0

could represent a traffic jam. We will first consider the case of traffic waiting at a red light. The characteristics
in this setting may be written as
{T — ot T<O0
xr =

T+v,t 7>0.

These characteristics do not cover the region S = {(z,t) : |z| < v,t}. We fill in this vacant region using a
rarefaction wave. That is, we look for a solution of the form p(t,x) = h ( %) Using this form for p we conclude
that the unique entropy solution is given by

Prm T < —Unt
p(t,z) = &= (1 — ﬁ) —Umt < T < Uyt
0 T > vpt.

Now we consider the case of a traffic jam. Similar to the previous case we see that the characteristics are

T+%’Umt T<0
=
T — Ut 7> 0.

These characteristics intersect and so form a shock. From the Rankine-Hugoniot condition we obtain

x = o(t) :fva

and so the unique entropy solution is given by

Pm < _Ymy
plty=9 8 TS TE
Pm x> —Ft.

2.4 The Continuity Equations

The multi-dimensional generalization of the pure transport equation for a smooth domain Q C R¢ and smooth
vector field u = u(t,x) : R x Q — R is

{0tp+v-(pU)0 t>0,xeQ (2.4.1)

p(0,x) = g(x) x e

14



This is known as the continuity equation. The form of the continuity equation can be simplified depending on
the physical situation we are modelling.
2.4.1 Particle Trajectories
For an initial configuration of particles, a € €2, their trajectories can be modelled by
X(t,a) = (X1,...,Xq)(t,a) : [0,00) x RY — R%

The map a — X(t,a) is known as the flow map. Under suitable conditions we have the back-to-labels map, A,
which satisfies

A(t,X(t,a)) = a,

X(t,A(t,x)) =x
for all a,x € R, We can think of the particles as moving along a velocity field, u, according to

0 X (t,a) = u(t, X(¢,a))

and
X(0,a) = a.

For a function f, let the convective derivative along the flow be

O (f(t, X(t,a))) = (Do f)(t, X(t,a))
= atf +u- V.f7

where the second equality comes from the chain rule, which applies if we assume all functions are C'. Using this
we observe that (2.4.1)) is equivalent to

{Dtpz—pv~u t>0,x€Q

p(0,x) =g(x) xe€. (24.2)

Let
J(t,a) = det (VaX) (t,a).
Lemma 2.4.1. Suppose we have u in C' defining X and J be as above. Then
OJ(t,a) = J(t,a)(V - u(t,X(t,a)))

pointwise in (t,a).

Lemma 2.4.2. Let f : R x R? — R be a C! function, and assume the u defining X(t,-) is also in C*. Then

we have that

d
&t ( vy d") = [, 0+ 9 -y dx

for every t > 0 and fluid element V' where
V(t)=X(t,V)={X(t,a):a e V}.
Applying Lemma to the total mass
m(t, V) = / p(t,x)dx
1%
we deduce that

d
StV (H) = 0.

Thus, mass is neither created or destroyed. In this scenario, p should be thought of as the density of concentration.
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2.4.2 Flow Compressibility
Definition 2.4.3. A velocity field u is incompressible if the flow map X(t,-) is such that
V=V
for all V-C Q and t > 0, where |V| is the Lebesgue measure of the set V.

Proposition 2.4.4. The velocity field u is incompressible if and only if V- u =0 for every x € Q and t > 0.
In such a case u is said to be divergence-free.

Corollary 2.4.5. Suppose we have a divergence free vector field u in C* defining X and J, then
J(t,a) =1
for alla € Q and t > 0.

If we assume the fluid is incompressible then we can solve (2.4.2)) to yield the solution
p(t, %) = g(A(t,X).
On the other hand, if V- u # 0 then

plt. X)) = g(@)exp - [ 'V (s, X(s,a) as)

and

Therefore,

2.5 Solution to Exercises
Exercise 2.1.1]

Solution. For the characteristic lines
xr = at + xg,

where 2y € R we have that

d
ap(tat + xg) = f(t, at + x0).

Therefore,
" d
p(t,at + xp) = / —p(t,at + xo9)ds + ¢
0 dS

t
:/ f(s,as +x0)ds +c.
0

With the initial condition that p(0,zg) = g(zo) it follows that ¢ = g(z() and so

¢
p(t,at + xo) = g(xo) + /0 f(s,as + xg) ds.
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Letting x = at + xo we deduce that

p(t,z) = g(x — at) + /0 f(s,z —a(t—s))ds.

Exercise [2.1.2]

Solution. For the characteristic lines
x = at + xg,

where £y € R we have that
d
&p(t, at + xo) = —0p(t, at + xg).
This of the form y' = —dy, which can be solved through separation of variables to yield
e p(t, at + x0) = g(xo)

where we have used the initial condition p(0,z¢) = g(xo) to fit the constant of integration. Letting x = at + x

it follows that

ot

p(t,x) = e g(x — at).

Exercise [2.2.3]
Solution. In this case I = {(x,y) : © > 0,y = 0} with y1(7) = 7 and 72(7) = 0 for 7 € (0,00). Therefore the

characteristic system is

L=z y0)=0
= g(7).

We can deduce that
x=X(s,7) =7cos(s) and y =Y (s,7) = 7sin(s).

from which we get that
w(X(s,7),Y(s,7)) =g(1) + 272 sinz(s).

Using the substitution s = arctan (£) and 7 = y/22 + y2 we conclude that

u(z,y) =g (\/x2 + y2> +2y°.

O
Exercise 2.2.1]
Solution. Proceeding directly we observe that
© = Bula(s),yls) G+ Dyl (s),o(5)
= a(z(s),y(s), 2(5))ru(x(s),y(s)) + b(x(s), y(s), 2(s))Oyu(x(s), y(s))
= c(x(s),y(s), 2(5))-
O

Exercise 2.3.4]
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Solution. Suppose that p satisfies (2.3.3]). Let v be a smooth function on [0,00) X R with compact support.
From ([2.3.3)) it follows that

[ [@o+aaedsa=o
0o Jr
Integrating by parts with respect to both ¢ and x, and using the fact that v has compact support we get that

/OOO/]RpathrQ(P)azvdxdt—/Rg(m)v(o’x) .

Conversely, suppose that p satisfies (2.3.4)). Integrating by parts in the reverse order yields

/ N / (Oup + Ou(alp)))o dz dt + / (9(z) — (0, 2))0(0, 2) dz = 0.
0 R

R

Choosing v to vanish at t = 0, the second equation is zero, and so we deduce that

/000 /R(atp +9x(q(p)))vdzdt =0

for all such v which implies that p satisfies (2.3.3)). O
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3 The Diffusion Equation
3.1 The Diffusion Equations

The diffusion equation is a linear second-order partial differential equation
Opu(t,x) — kAu(t,x) = f(t,x) (3.1.1)
where
» x(71,...,74) € R is the space variable,
= ¢ is the time variable,
= K is a positive diffusion coefficient, and

= A=>" 0, is the Laplace operator.

3.1.1 Heat Conduction

We can apply (3.1.1)) to explore the heat conduction of a solid body. As heat is a form of energy, the law of
conservation applies. We operate under the following assumptions.

1. The body has volume V.
2. The body is of constant mass density p.
3. The rate per unit of supplied heat by an external source is r.

4. The thermal energy per unit mass is e = e(t,x), is linear function of temperature. More specifically e = cou
where ¢g is the specific heat of the material.

5. The heat flux, that is the magnitude and direction of heat flow, is q and satisfies Fourier's Law which says
that q = —kpVu for kp > 0.

6. do is an area element contained in OV with outer unit normal n, meaning q - ndo is the energy flow rate
through do.

The conservation of energy tells us that

/p@tedX:—/V-qu—i—/prdx
1% 1% 1%

poe ==V -q+ pr.

for all V' and hence

Which under our assumptions simplifies to

u="FAut+ . (3.1.2)
PCo Co

3.2 Problems on Bounded Domains

We will explore problems on bounded space and time domains in the context of heat conduction. Therefore, we
will adopt the notation and assumptions set out previously. However, we will also consider the following additional
assumptions.

1. © c R?is a bounded domain.
2. Time spans the interval [0, 7.

3. u = u(t,x) satisfies ([3.1.2)).
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We will let Q7 = (0,T) x Q and prescribe the initial condition

u(0,%) = g(x)

for x € Q. We will refer to B
0Qr = ({t =0} x Q) U ((0,T] x 6Q)

as the parabolic boundary of Qr.

| Condition | Informal Definition | Formal Definition

|

Dirichlet Temperature is constant on the boundary. function h

u(t,o) = h(t,o) for ¢ € 90,t € (0,7] and some

Neumann

The heat flux through the boundary is | Onu(t,0) = h(t,o) for o € 99Q,t € (0,T] and some

and h some function, and o = .

temperature difference. KF

known. function h.
Surrounding temperature is constant the _
Robin heat enters the boundary linearly on the Oault,0) + au(t, o) = h{t,0) for o € 80, € (0,T]

3.2.1 One-Dimensional Dirichlet Problem

Consider the initial boundary value problem with homogeneous Dirichlet conditions,

Ot — KOpzu =0 (t,xz) € (0,T) x (0,L)
uw(t,0) =u(t,L)=0 te(0,T) (3.2.1)
u(0,z) = g(x) x € [0, L].

Theorem 3.2.1. Let k > 0 be a constant, and g € C1([0, L]) with g(0) = g(L) = 0. The function

2.2

o0
n‘m?\ . /mnx
u(t,x) = le::l Bn exp <—/€I/2) S11 (T) 9
for
Bu=2 [ gy (T22)

=T g(z)sin (—

is of class C([0,00) x [0, L]) N C> ((0,00) x [0, L]) and solves (3.2.1]).
Proof. Consider a function of the form u(t,x) = w(t)v(z). Then from the first equation in ([3.2.1)) we have that

LTw'(t) _ v'(2)
Kk w(t) v(x)

As each side is dependent on different variables, it must be the case that for a constant A\ we have
v —dv=0

with v(0) = v(L) = 0 and

w — Mkw = 0.
We can now consider different cases.
1. For A =0, we have v(z) = A 4+ Bz for which the boundary conditions imply that A = B = 0.

2. For A = p? > 0, we have v(z) = Aexp(—px) + Bexp(uz) for which the boundary conditions imply that
A=B=0.

3. For A\ = —u? < 0, we have v(z) = Acos(ux) + Bsin(uz) for which the boundary conditionals imply that
A=0,BeRand = p, =" forn=1,2,.... Moreover, we have that wy,(t) = Bexp(—rpu2t).
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From above we have obtained the family of solutions

kn?mt\ . /mna
unp(t,z) =exp [ — 2 sm(T)

which we superimpose to define

u(t,z) = i By, exp (—ang%) sin (wzx> )

Here the B,, are arbitrary, however, if we fix them as stated in the theorem then we see that the initial condition
u(0,2) = g(x) is satisfied. Due to the fact that the odd extension, §, of g on [—L, L] is such that that
g € CY([—L, L)) and that §(—L) = g(L) = 0, so that its Fourier coefficients exist and are given by

-1 [t 2 [t
B, = 7 /_L g(x)sin (—ﬂ-zx) = f/o g(x) sin (sz) = B,
for n > 1. Finally, one can check that the second equation of ((3.2.1)) is satisfied by differentiating term-wise.

3.2.2 One-Dimensional Neumann Problem

Consider the initial boundary value problem with homogeneous Neumann conditions,

Oru — KOzzu =0 (t,z) € (0,T) x (0, L)
Dpu(t,0) = dyu(t,L) =0 te (0,T) (3.2.2)
u(0,2) = g(x) x € [0, L].

Theorem 3.2.2. Let k > 0 be a constant and g € C*([0, L]) with ¢'(0) = ¢’(L) = 0. The function

u(t,z) = 4o + i A, exp (—/@Wt> cos (M)
2 L? L
is of class C([0,00) x [0, L]) N C>°((0,00) x [0, L]) and solves ([3.2.T)).
Proof. We proceed in the same in the proof of Theorem [3.2.1] That is,
v =X =0

with v/(0) = v'(L) = 0 and
w' — Asw = 0.

We can now consider different cases.
1. For A =0, we have v(z) = A + Bz for which the boundary conditions imply that B = 0 and v(x) = A.

2. For A = p? > 0, we have v(z) = Aexp(—px) + Bexp(uz) for which the boundary conditions imply that

A=B=0.

3. For A\ = —u? < 0, we have v(z) = Acos(ux) + Bsin(ux) for which the boundary conditionals imply that
AeR, B=0and pp=p, == forn=1,2,.... Moreover, we have that wy,(t) = Cexp(—kuZt) where
CeR.

O
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From above we have obtained the family of solutions

kn’mt ™M
Un(t, ) = exp ——pz ) cos (T)

ZA exp( ﬁnLW2t> cos (%)

Here the A,, are arbitrary, however, if we fix them as stated in the theorem then we see that the initial condition
u(0,x) = g(x) is satisfied. This time we consider an even extension of g and construct its Fourier coefficients in
the same way as before.

which we superimpose to define

3.2.3 Uniqueness

We can approach the problem of uniqueness for the general diffusion equation

Oru — KAu = t

wu—kAu=f (t,x) € Qr (3.2.3)
u(0,x) =g(x) x€N

where Q0 C R? is a bounded domain with a smooth boundary 9€2. We assume the boundary conditions of ([3.2.3)

are of either Dirichlet or Neumann type.

Theorem 3.2.3. The diffusion equation (3.2.3) with homogeneous Dirichlet or Neumann conditions has at
most one solution belonging to the class C{C2 (Qr).

Proof. Assume that u; and uy are functions in C}C? (QT) and solve (3.2.3). Let w = uy — ug, then it follows
that w satisfies

Ow—kAw =0 (t,x) € Qr (3.2.4)
w(0,x) =0 x €,
with homogeneous boundary conditions of either Dirichlet or Neumann type. It follows that
/ (Orw — kKAw)wdx = 0. (3.2.5)
Q
Using this we deduce that
H/ Awwdx = / Opww dx = / Jw|? dx. (3.2.6)

On the other hand, proceeding directly with integration by parts and using the boundary conditions we have

m/Awwdx: —li/ |Vw|2dx—|—f£/ Opww do
Q o9

= —m/ |Vwl|? dx. (3.2.7)
Q
Let 1
E(t) = f/ \w|2 dx.
2 Ja
Then
dt -/6twwdx
gn/ Aww dx
Q

—/@/ |Vw|? dx < 0.
Q

Therefore, as E(0) = 0 by the boundary conditions it follows that E(¢t) < 0 for ¢t € [0,T]. This implies that
Vw =0 in Q and so u; = us. O
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3.2.4 Maximum Principle

As heat flows from higher to lower temperatures, we know that a solution to a homogeneous heat equation must
attain its maximum and minimum values on the boundary.

Theorem 3.2.4 (Weak Maximum Principle). Let w € C}C2(Qr) NC (Qr) be a function such that
Ow — kAw =q <0
in Q. Then w attains its maximum on Q, that is

max w = maxw.
Qr 0Qr

Proof. For e > 0, let u = w — €T, then
Oyu — kKAu =g —€e < 0.

Assume that there exists a (tg,%o) € (0,7 — €] x Q where u attains it maximum on Q7_.. It follows that
A’U,(to,Xo) < 0 and

atu(to,Xo) =0 tge€ (O,T — 6),
0tu(t0,;1:0) Z 0 to =T —e.

In either case
Oru(to, x0) — kAu(to,xg) > 0,

which is a contradiction. Therefore,

max v < maxu < maxw.
Qr—- 9Qr 0Qr

Therefore, as w < u + €T, we have

max < max(u + €7') < max(w + €T). (3.2.8)
Qr-c Qr-- 0Qr

Since w is continuous in Q1 we deduce that

lim max w = max w.
€ Qr—- Qr

Sending € — 0 in ([3.2.8) it follows that

max w = max w.
Qr 0Qr

Remark 3.2.5.

1. Note that in the context of Theorem it is possible that the maximum, or minimum, is achieved at
an interior point as well.

2. If u is a solution to the diffusion equation
Oiu — kAu =0
in Qr, then w attains its maximum and minimum on 0Q~. That is,

min < u(t,x) < maxu
8QT aQT

for all (t,x) € Qr.
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3. Suppose
Opuy — kAuy = fi

and
6tu2 - HAUQ = f2.

Then using Theorem we deduce the following.

(a) Ifuy > ug on OQr and f1 > fo in Qr, then uy > ug in Qr.
(b) The following stability estimate holds true,

max |u; — ug| < max |u; — ug| + Tmax | f1 — fa.
Qr QT Qr

Thus if we are operating under Dirichlet initial conditions it follows that there is at most one solution
that depends continuously on the data.

3.3 Problems on the Whole Space
3.3.1 The Fundamental Solution

Throughout this section, we will analyse the diffusion equation

Ou— kAu = f (t,x) 5 (0,T) x R4 (33.1)
u(0,x) = g(x) xe€R%
Suppose that u is a solution to (3.3.1)) with f =0, that is
Oy — kAu =0 (3.3.2)

In such a case, u will have the following properties.
1. Time Reversal. That is, v(t,x) = u(—t,x) where v is a satisfied the backward equation d;v + kAv = 0.

2. Space and Time Translation Invariance. That is, for y € R¢ and fixed s € R, the function v(t,x) =

u(t — s,x —y) still satisfies (3.3.2).
3. Parabolic Dilations. That is, for fixed a > 0, the function v(¢,x) = u (azt, ax) still satisfies (3.3.2)).

Exercise 3.3.1. Using the properties exhibited by a solution to (3.3.2)), construct a solution to ({3.3.2)) for the
cased =1.

Definition 3.3.2. The function
Ly (t,x) L e ( |X|2)
w(t,X) = ———exp | ———
(4kt)e 4rt
forx € R% and t > 0 is called the fundamental solution of the heat equation (3.3.2).

We can examine the behaviour of the fundamental solution for the case d = 1. Note that
w limy o+ Dk (¢, 2) = 0 for x # 0, while
w limy o+ T'x(¢,0) = oo.

That is, the fundamental solution concentrates mass at the origin as t — 0. To capture this behaviour rigorously
we can utilise the Dirac measure.
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Definition 3.3.3. The Dirac measure at the origin is the generalized function, dy, that acts on a test function
v, which is smooth function with compact support, as

(60,0) = [ So(a)o(a)de = o(0).
R
More generally, the Dirac measure at y acts on a test function v as

{0y, v) = v(y)-

Remark 3.3.4. Definition[3.3.3 holds equally in higher dimensions
Using Definition the initial condition satisfied by the fundamental solution can be written as

F,{(O,X—y) = 5(X_Y)

3.3.2 The Homogeneous Problem

Now consider the homogeneous diffusion equation

{&u —rAu=0 (t,x)€ (0,00) x R? (3.3.3)

u(0,x) = g(x) x€R?

Theorem 3.3.5. Let g € C, (R?), that is a continuous and bounded function. Then

u(t,x) = /Rd Lt x —y)g(y)dy = Wit)g /Rd exp (—W) 9(y)dy

defines an infinitely differentiable function on (0,00) x R? that satisfies
Ou — kAu =0

and
lim u(t,x) = g(x)

t—0+

for all x € R®. Moreover, u is the unique solution to (3.3.3)).

Remark 3.3.6. From Theorem [3.3.5 we observe that there is a smoothing effect. Namely, ast > 0 the initial
data is regularised and the solution becomes infinitely differentiable. Moreover, if g is positive and compactly
supported we have that u is everywhere positive for t > 0.

3.3.3 The In-Homogeneous Problem

Having considered the homogeneous case, we return to the full problem stated in (3.1.1). Note how the solution,
u(t, ), given in the above theorem is dependent on the initial datum g € C, (]Rd). So by the uniqueness conclusion
of the theorem, we can define an operator S(t) : Cy, (R?) — C}, (R?) defined by

g S(t)g = ult,-).
Note,
1. S(t) is a convolution with the fundamental solution, and

2. that S(0) is the identity.
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Theorem 3.3.7. Let g € C, (R?) and f € CZ ([0,00) x R?). Then

u(t, x) = /R T(tx — Y)g(y) dy + /0 /R T(t 5, X - y)f(s.y) dyds (334)

is the unique solution to the non-homogeneous diffusion equation (3.1.1]).
Exercise 3.3.8. Verify that (3.3.4) is indeed a solution to (3.1.1).

Remark 3.3.9. Note how the solution of the above theorem is of the form

u(t,-) = S(t)g —l—/o S(t—s)f(s)ds.

3.4 Solution to Exercises
Exercise [3.3.1]

Solution. Due to the invariance under the change of co-ordinates (t,x) — (a2t, a:c) we consider solutions of the
form

1 x
(te)=—=U|—= 341
wit) = ot (=) (341)
where for £ = = We have U(¢) 252 0. Thus,
1 T
ou* = ——— U+U’)
' 2/t ( Vit
and
8atru* 1 _y”
T e
Therefore,
1 1 x
0=——=(2U+ U’+U”)
VEt3 <2 2v/kt
which implies that
1
U" + gU’ +5U=0 (3.4.2)

Now the time reversal manifests as an invariance to the change of variables £ — —&. Which means that
U(&) =U(=€) and U’'(0) = 0. Therefore, using ([3.4.2)) it follows that

cLEY
(07+5) =0

U’+§U:O.

which implies that

Solving this we arrive at
2
U(§) = coexp (—54) .

Where ¢y € R is such that U has unit mass, that is

JRGESE
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and so ¢y = \/%. Returning to (3.4.1]) we get that

u*(t,x) =

1 x?
Vimat (‘M>
forz € Rand t > 0. O
Exercise 3.3.8
Solution. We can differentiate the second term of (3.3.4), and recall that u = T'(¢,x — y) solves

ou — kAu =0

to find that
t t
o / / Tit — 5,x — y)f(s,ydyds = f(t,x) + / o, / To(t—s,x—y)f(s,y)dyds.  (3.4.3)
0 R4 0 Rd

Note that fRd Ti(t — sx —y)f(s,y)dy is the solution to the time-translated homogeneous heat equation with
initial data f(s,x), therefore,

(0 — KA) /d Tr(t—sx—y)f(s,y)dy = 0.
R
Thus, using (3.4.3]) we get that
t
(0 — KA) / / / Tu(t—s,x—y)f(s,y)dyds (3.4.4)
0 Jra JRra

x 0 w(t—s8,x — ,y)dyd
fex+ [0 [ Tt —sx—y)fsy)dyds
(6,5

(3.4.5)

We know that
/ Le(t,x —y)g(y)dy
Rd

solves the homogeneous problem and so

(0 — KA) /R Tultx - y)gly) dy =0, (3.4.6)

Using ([3.4.6) and ([3.4.4)) it is clear that

¢
/Rd Li(t,x —y)g(y)dy + / /Rd Lp(t — 5, X —y)f(s,y)dyds = f(t,x)
0
and so solves ([3.1.1)). O
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4 The Wave Equation

4.1 The One-Dimensional Wave Equations
We now construct a classical model for vibrations on a tightly stretched string using the following assumptions.
1. Vibrations are of relatively small amplitude.
2. Points on the string only undergo vertical displacements.
3. The vertical displacement of a point depends only on time and its position on the string.
4. The string is flexible.
5. Friction is negligible.
To work under these assumptions we make the following notational definitions.
1. po = po(x) is the linear density of the string at rest, and p = p(t, ) is the density at time ¢.
2. 7(t,z) denotes the magnitude of the tension at = at time .
3. f(t,x) denotes the magnitude of the vertical body forces per unit mass.
Using Newton's law and the conservation of mass we deduce that
Oyt — 2 (t,2)0ppu = f, (4.1.1)
o (t)

ROk The equation (4.1.1)) is known as the one-dimensional wave equation. We can also consider the

implications of the conservation of energy under the added assumptions that the string is elastic and has length
L.

where ¢? =

1. The total kinetic energy due to the vibrations is given by
1 [t )
Ekin(t) = 5 p|3tu(t,x)| dzx.
0

2. The potential energy is given by

1 /L
Eoot(t) = 5/0 7'0|8Iu(t,x)|2dx.

3. The total energy is given by
E(t) = Exin(t) + Epot(t).

If f =0, and Qyu(t,L) = 9,(t,0) = 0, then L F(t) =0 and so energy is conserved.

’ Condition \ Informal Definition \ Formal Definition
Dirichlet LI':Oewrc]Jlsplacement of the endpoints is u(t,0) = a(t) and u(t, L) = b(t) for t € (0,T].
Neumann I:(;aw;ensmn applied to the endpoints is ,yu(t,0) = a(t) and dyult, L) = b(t) for ¢ € (0,T).
Robin Describes a linear elastic attachment to | 790, u(t, 0) = ku(t,0) and 700, u(t, L) = —ku(t, L) for
the endpoints. k > 0 the elastic constant.
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4.1.1 One-Dimensional Dirichlet Problem
Consider the Cauchy-Dirichlet problem
attu - Czamxu = 0 (ta ‘Z‘) € (OaT) X (O7L)

u(t,0) =u(t,L) =0 te(0,T) (4.1.2)
u(0,2) = g(z), Owu(0,z)=h(z) z€]0,L]

where ¢ is a constant.

Theorem 4.1.1. Let g € C*([0,L]) and h € C3([0, L]) with g(0) = g(L) = ¢"(0) = g" = 0 and h(0) =
h(L) = 0. Then the function

o0 iln
u(t,z) = Z (f]n cos (pnct) + —c sin(unct)> sin(pn,),
n=1

P

is the unique solution to (4.1.2)).

4.1.2 The d’Alembert Formula
Consider the global Cauchy problem

(4.1.3)

Ot — 20y =0 (t,x) € (0,00) x R
u(0,z) = g(z), Ow(0,2) =h(z) zeR.

Under the assumption that g(z) € C2(R) and h € C!(R), and imposing the initial condition g(z) = u(0,z), we
get that

x+ct
u(t.o) = 5(gla+ o)~ glo—et) + - [ hy)dy (4.14)

2¢ Jo— ot

is a unique C%-solution to (4.1.3) in the half-plane [0,00) x R. This solution (4.1.4)) is known as the d'Alembert
formula and one can re-write this solution as

u(t,z) = F(x + ct) + G(z — ct)
where

= F(z+ct)=3g(z+ct)+ 5 0w+0t h(y) dy, and

» Gz —ct) = %g(z —ct) + %ffﬁct h(y) dy.

This re-writing highlights the characteristics  + ¢t = const and x — ¢t = const. The domain of dependence of
(t,z) is the domain on which the value of u(t,z) is dependent on, which is g(z + ct), g(z — ct), and h(x) for
x € [x — ct,x + ct]. Similarly, values of g and h at a point z influence u(t, ) for

z—ct <z < z+ct,

which is called the range of influence of z.

Example 4.1.2. Consider
0w — ?0pzu=0 (t,z) € (0,00) x R,

u(0,z) = g(z) z € R,
8{(11(0,1}) - O T € R7
where
(@) 1 |z|<a
=30 |z| > a
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for some a > 0. The solution to this problem given by (4.1.4)) is

u(t,2) = 3 (90 + et) + gl — ).

There are different cases one now has to consider.

1. Ifx > a+ct, then x > a — ct. Hence, g(x — ct) = g(x + ct) = Oand so
u(z,t) = 0.
2. If max(a —ct,—a+ct) <z < a+ct, then g(x — ct) =1, g(x + ct) = 0 and so
1
u(t,z) = 3
3. Ifmin(a — ¢t, —a + ct) < x < max(a — ct, —a + ct), then g(x — ct) = g(x + ct) = 1 and so
u(t,z) = 1.
4. If —a+ct <x<a-—ct then g(x — ct) = g(x + ct) =1 and so
u(t,x) = 1.
5 Ifa—ct <z < —a+ct, then g(x — ct) = g(x + ct) =0 and so
u(t,z) = 0.
6. If —a —ct <z <min(a — ct,—a+ ct), then g(x — ct) =0, g(z + ct) = 1 and so
1
u(t,x) = 3
7. If x < —a —ct, then © < —a + ct. Hence, g(x — ct) = g(x + c¢t) = 0 and so
u(t,z) = 0.
4.2 The Wave Equation in Three-Dimensions

Consider the homogeneous global Cauchy problem for the wave equation

Opu— 2Au=0 (t,x) € (0,00) x R?
u(0,x) = g(x) r € RY, (4.2.1)
Ou(0,x) = h(x) x € R4,

where d = 3.

4.2.1 Huygens Principle
Let wy, be the solution to the problem (4.2.1]) where g(x) = 0 and d = 3.

Lemma 4.2.1. Ifw, has continuous third-order partial derivatives, then v = O,w, solves (4.2.1)) with h(x) = 0.
In which case, the solution of (4.2.1)) is given by

u = Oywg + Wi,
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Definition 4.2.2. For somey € R3, we call the solution of (4.2.1)) withd = 3, g(x) = 0 and h(x) = §(x —y)
the fundamental solution of the three-dimensional wave equation and denote it K (t,x,y).

Proposition 4.2.3. The fundamental solution of the three-dimensional wave equation is given by

o(r — ct)

K(t =—
(txy) = ——

where r = |x —y|.

Proof. Recall that | 2

1 X—y
I'le,x—y) = sexp | ———— | - 0(x—
( y) () p( ” ) (x—y)

as € = 0. Thus, we attempt to approximate solutions to (4.2.1)) by replacing §(x —y) with I'(e,x — y). Indeed
let we be the solution of (4.2.1)) with §(x —y) replaced by I'(e,x —y). As I'(¢,x —y) is radially symmetric with
a pole at y we expect that we = w(t,r) for r = |x —y|. Passing the equation of ([4.2.1]) to spherical coordinates
it follows that

8ttw€ — C2 <87«7~ + i&«)) We = 0

which happens if and only if
Ot (rwe) — 0pr(rwe) = 0.

In particular, rw, satisfies the one-dimensional wave equation and thus using (4.1.4]) we have
1
we(t,r) = — (F(r+ct) +g(r — ct))

where F' and G are to be determined. From the initial conditions we have

{F(r) +G(r) =0,
c(F'(r)—G'(r))

=rT'(e,r).

Equivalently,

F(r) =-G(r),

G/(’I") _ _rFéi,r) )
Therefore,

60 = oz (o (-5) 1)
T e—— X R J—
dren/4dme P 4e

and so

we(t,r) = ﬁ <exp (_(7"4:’5)2> ~exp (“*4:“2» .

As I'(e,7) is the fundamental solution of the fundamental diffusion equation with = r and ¢ = ¢, it follows that

p 1
we(t,r) =9 oo (0(r —ct) = 8(r +ct)).
As r +ct > 0 for t > 0 we conclude that
o(r — ct)
K(t = ——
(t.x,y) = ——
where r = |x — y|. O
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From Proposition [4.2.3] we see that the fundamental solution is a travelling wave, propagated from the point y
to the region
OBu(y) ={x:|x—y|=ct}

which is called the support of K. This coincides with the forward space-time cone
Coy ={(t,x): [x—y| <ct,t >0}
from which we can define the range of influence of y as OCj .. This is the strong Huygens Principle which explains
X0~y
C

that perturbations at y are only felt as sharp signals at a point xq at a time 5 = after the perturbation.

4.2.2 The Kirchhoff Formula

We can exploit the work of the previous section to find a solution to the general form of (4.2.1)). More specifically
we note that

h(x) = . 6(x — y)h(y)dy.

That is, the solution to (4.2.1]) can be seen as the superposition of the corresponding solutions K (¢, X,y)h(y),

more specifically,
1

wntx) = [ K(txyh)dy = o [ _ he)de

Theorem 4.2.4 (Kirchhoff Formula). Let g € C* (R?) and h € C* (R?), then

1 1
t =0 | — d — h(o)d
u(t,x) t<4mzt [, .o o) e P

is the unique C? ([0, 00) x R?) solution to (@.2.1)).

Remark 4.2.5. We also have the alternative form of Kirchhoff formula given by

u(t, x) g(o) +Vyg(o) - (6 —x) + th(o)do.

_ 1 /
4’/T62t2 BBCt(x)

From this form we can deduce that for g and h having compact support D, then a disturbance localized in
D starts affecting x at time tyin, and stops affect X at time ty.x. Where tyin and tnax are the first and last
times that D N dB.(x) # 0. Therefore, Huygens's principle still applies.

4.3 The Wave Equation in Two-Dimensions
Consider the homogeneous global Cauchy problem for the wave equation

Opu— 2Au=0 (t,x) € (0,00) x R?
u(0,x) = g(x) r€R? (4.3.1)
Ou(0,x) = h(x) x € R4,

where d = 2. One can apply the work done in three-dimensions to two-dimension by writing X € R? as (x, z3)
for x € R2. This approach is known as the Hadamard method of descent.

Theorem 4.3.1 (Poisson Formula). Let g € C* (R?) and h € C* (R?). Then
1 9(y) / h(y)
tx)=— (8 Y g4 Y g4
u(t,x) e < t/BN(X) 22 — [x — y|2 y+ i) CE — X — y]? y

32



I is the unique C? ([0, 00) x R?) solution to (#.3.1)) with d = 2.

Remark 4.3.2. The solution given by the above theorem can be re-written as

1 / 9(y) +Vg(y) - (y —x) + th(y) dy.
Bt (x)

u(t, x)

~ 2met A2 — |x—y|?
From which we observe that the domain of dependence for (t,x) is given by

B.(x) ={y:|x—y| <ct}.

Interestingly, this shows a perturbation localized at £ affects x at ty, = ngg‘

remains for t > tyi,, and so Huygens principle does not apply in two-dimensions.

, however, the disturbance
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5 The Laplace Equation

5.1 The Laplace and Poisson Equation

The equation
Au=0

is known as the Laplace equation. More generally, for Q C R? a bounded domain, the equation

Au=f (5.1.1)

in  is known as the Poisson equation. There are no initial conditions to this problem, however, we can impose
boundary conditions.

| Condition | Formal Definition ‘
Dirichlet u(o) = h(o) for o € 9 and some function h.
Onu(o) = h(o) where o € 99, n is the outward normal to 99 and h is some
Neumann .
function.

Onu(0) + au(o) = h(o) where 0 € 9Q, o > 0, n is the outward normal to 02

Robin . .
and h is some function.

Theorem 5.1.1.7Let Q c R? be a smooth, bounded domain. Then there exists at most one solution
u € C*(Q)NCt(Q) to (5.1.1), under Dirichlet or Robin conditions. For Neumann conditions, two solutions
that differ by a constant exist.

Proof. Let u and v be solutions to ((5.1.1)) imposed with the same boundary conditions. Let w = u —v. Then w
satisfies the corresponding homogeneous boundary condition. Consequently,

Oz/wsz/ wanw—/\Vw\Q
Q a0

/|Vw|2:/ wpw.

Q X9)

Under Dirichlet or Neumann conditions we have

/ wopw = 0,
o0

woaw = —a/ |w| < 0.
a0 a0

/ |Vw|? <0
Q

which implies that Vw = 0and so w = u — v = ¢ for some ¢ € R. Under the Dirichlet and Robin conditions, it
must be the case that ¢ = 0, however, under Neumann conditions we do not have such a restriction. O

which implies that

and under Robin conditions we have

In any case, it follows that

Remark 5.1.2. Note that for the Neumann boundary conditions to admit a solution, it has to satisfy the

compatibility condition
/ F= / h.
Q a0

5.1.1 Harmonic Functions
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Definition 5.1.3. For a domain Q C RY, a function u € C*(Q) is harmonic if
Au =0

in Q.

Theorem 5.1.4. Let u be harmonic in Q C R?, then for any ball Br(x) C 2 we have the mean value formula,

d 1
_ _—_ 1.2
U(X) wqgR? /BR(X) u<y) o wgRI~1 /837‘(3() U(U) 4 (5 )

where wgy is the measure of 0B1(0).

Proof. For simplicity, we suppose that d = 2, so that wy = 27. Starting with the second integral of (5.1.2)) we

consider )

o(r) = —/ u(o)do
( ) 2mr 8B, (x) (
for r < R. Letting 0 = x + ro’ such that ¢’ € 9B;(0) and do = rdo’ it follows that

1

27 Jami(0)

!

(r) u(x+ro’) do’.

Letting v(y) = u(x + ry) we have that
Vu(y) = rVu(x+ry)

and
Av(y) = rPAu(x + ry).

Consequently,

1
¢ (r) = 7/ Opu (x +7r0’) do’
21 Jop (o)
1
=— Vu(x+ro')-o'do’.
21 JaB, (0)
1
=— Vo (o) 6" do’
2mr 8B (0)
1
= — Av(y)dy
2’/T7" B (0)
r
= — Au(x + ry)dy
271' B (0)
=0.

Therefore, ¢(r) = ¢ for some ¢ € R. As ¢(r) — u(x) as r — 0 it must be the case that ¢ = u(x) and so

1
= d .
u(x) war? /Z)Br(x) ulo)do

for all r < R. We can extend this to the second integral of ((5.1.2)) using continuity. Using this we can obtain the
first integral by noting that

R? 1 /R / 1
—u(x) = — u(o)do | dr = — u(y) dy.
2 ) 27 Jo < OB, (x) (@) 27 ) Br(x) )
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Definition 5.1.5. A continuous function has the mean value property in Q if (5.1.2)) holds for all Br(x).
I Theorem 5.1.6. For u € C(2), if u has the mean value property then C € C*°(Q)) and it is harmonic in €.

Theorem 5.1.7. For a domain Q@ C R?, let uw € C(Q). If u has the mean value property and attains its
maximum or minimum at p € (), the u is constant. If Q) is bounded and u € C (Q) is not constant, then for
every x € §) we have that
<
u(x) r%%zx(u)
and

u(x) > n{}bn(u)

Proof. For simplicity, we deal with the case when d = 2, and p € 2 is a minimum point of w. Thus

m:u(p) < u(y)
forally € Q. Let q € . As Q is path connected there exists a sequence of balls (B(x;));=o,...~ C € such that
xj € B(xj_1) for j =1,...,N with xg = p and xy = q. By the mean value property we have that
1
|B(p) B(p)

u(p) = u(y) dy.

Suppose that there exists a z € B(p) such that u(z) > m. As B(p) there exists an r > 0 such that B,.(z) C B(p).

Thus we can write
1
m = u(p) = / u(y) dy+/ u(y)dy | .
) |B(p)] ( B(p)\Br(2) B (2)

Using the mean value property we also have that

/ u(y) dy = |B, (z)|u(z) > m|B, (z)].
BT(Z)

Therefore, using the fact that u(y) > m for every y it follows that

m > ! (mIB(p)\Br(Z)|+/ U(Y)d}’>

|B(p)| B (2)
1
> B (m|B(p) \ Br(2)| + m|B,(z)|)

Which is a contradiction and so no such z exists. Thus, it must be the case that u = m in B(p). Hence, due to
our sequence of balls it follows that u(q) = m, from which it follows that w = m in  as q € Q was arbitrary. [

Corollary 5.1.8. Let Q C R? be a bounded domain and h € C(9S)). The problem

Au=0 in§
u=nh on 0f)

has at most one solution solution uj, € C?(Q)NC (Q) Let up, and up, be the solutions corresponding to the
data hy, hs € C(@Q)

1. If hy > ho on 02 and hy # ho, then up, > up, in Q.
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2. The estimate
|ny (%) = un, (x)| < max by — hel

holds for all x € Q.
Proof. Let w = up, —up,. Then w is harmonic and w = hy — ha > 0 on 9N2. It follows from Theorem that

in(hy — hg) >0
w(x) > Ig%zn( 1 9) >
for every x € €. Hence, we arrive at statement 1. Applying Theorem additionally to —w we deduce that
+ hy —h
w(x) < I%%X| 1 9|
for every x € (2, which is equivalent to statement 2. O

5.1.2 The Dirichlet Problem on a Circle

Theorem 5.1.9 (Poisson Formula). For p € R? and h € C(0Bg(p)), the unique solution u € C*(Br(p)) N
C(Br(p)) of

Au=0 in Bgr(p)

u="h  ondBgr(p)

is given by the Poisson formula

u(x) =

RQ—|X—P|2/ h(o)
wgR oBr(p) X =0l

where wq is the measure of Bgr(p). Moreover, u € C*°(Br(p)).

Remark 5.1.10. /n two dimensions and using polar coordinates, o = R(cos(«),sin(«)) and do = Rda, the
Poisson formula can be written as

R2 —p2 [27 h(c)
0) = da.
u(r,6) 27 /0 R2 + 12 — 2Rrcos(f — ) “

5.1.3 Harnack Inequality

Theorem 5.1.11 (Harnack Inequality). Let u be harmonic and non-negative in Br(0) C R%. Then

RT*(R — [x|) RT*(R + [x|)
WU(O) <u(x) < WU(O).

Proof. For the proof, we consider the case when d = 3. When By = Bg(p) is a 3-dimensional ball the Poisson
formula of Theorem [B.1.9 can be written as

) — B / uo)

Note that
R—|x|<|o—x| <R+ x|

and
R? — x| = (R — [x|)(R + [x]).
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Using the mean value property it follows that

Rilx / [ R(R + [x])

u(x) < ————u(0),

C) S B E iR L, Jos, Y = o Y
e . R Jx)
X X

> 0

“(X>—<R+|x|24wR/ /aBR = w1

which completes the proof. O

I Corollary 5.1.12 (Liouville Theorem). If u is harmonic in R? and u(x) > M, then u is constant.

Proof. Note that w = u — M is a non-negative harmonic function in R?. Let x € R? and choose R > |x|. It
follows by Theorem [5.1.11] that

RT*(R — [x|)
(R +[x[)9—!

RY2(R + [x|)

w(0) < w(x) < Wu}m).

Letting R — oo we deduce that
w(0) < w(x) < w(0),

which implies that w(x) = w(0) for any x € R%. O

5.1.4 Dirichlet Energy

Consider a smooth bounded domain © € R? and the boundary value problem

{Au:O in Q (5.1.3)

u=nh on 0N.

Definition 5.1.13. For w € C2(Q) NC (2), the Dirichlet energy of w is

E(w) = % /Q |V (x) [2dx.

Theorem 5.1.14. A function u € C*(Q)NC (Q) solves (5.1.3)) if and only if it minimizes the Dirichlet energy
among all functions in C2(Q2) N C () with boundary value h.

Proof. Note that
E(w) = % /Q IVw(x) — Va(x) + Va(x)[? dx
= % /Q |Vw(x) — Vu(x)[* dx + /Q V(w(x) — u(x)) - Vu(x) dx + E(u).

Suppose that u solves ([5.1.3]), then using that Au = 0 and u — w = 0 on 9N it follow by integration by parts
that

/ V(w(x) - u(x)) - Va(x) dx
=— / (w(x) — u(x))Au(x) dx +/ (w(o) — u(0))Ogu(o)do = 0.
Q

o0
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Consequently,

E(w) = %/Q |Vw(x) — Vu(x)|? dx + E(u) > E(u).

On the other hand, let u € C*(2) NC (Q) with w = h on 0f). Suppose that u minimises E(u). Let w €
C*(2) NC (Q) be such that w = 0. Now define ¢ : [~1,1] — [0, 00) by

6(t) = B(u + tw) = B(u) +t / Vau(x) - Vw(x) dx + 2 E(w).
Q
Note that ¢'(0) = 0. Therefore, as
o' (t) = /QVU(X) -Vw(x)dx + 2tE(w)

we deduce that

0= /QVu(X) - Vw(x) dx.

for all w € C%(Q2) N C (). Using integration by parts it follows that

0= [ Auxyulx) dx

for all w € C%(Q) N C (2) which implies that Au =0 in . O
For the more general problem

Au=f inQ

u=nh on 02

the solution instead minimizes the Euler-Lagrange energy which is associated with the Dirichlet energy and is
given by

E(w) = %/Q|Vw(x)|2dx—|—/9w(x)f(x)dx.

5.2 The Newtonian Potential
5.2.1 The Fundamental Solution

A solution to Laplace's equation can be characterized by some invariant properties.
1. Translational invariance. That is, if u(x) is harmonic then so is u(x — y).

2. Rotational Invariance. That is, if u(x) is harmonic and M is a rotation matrix, then u(Mx) is also harmonic.

Definition 5.2.1. The function

— i log(x]) d=2

@ 2)wa ]2

is called the fundamental solution of the Laplace operator, A.

Exercise 5.2.2. Using the invariant properties that a solution to Laplace’s equation satisfies, verify the funda-
mental solution for the case when d = 2.

Remark 5.2.3. Note that —A®(x —y) = 6(x —y). This arises due to the choice of constants made when
constructing the fundamental solution.
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5.2.2 The Newtonian Potential in Three-Dimensions

Definition 5.2.4. For a function f, the Newtonian potential of f is given by the convolution between f and
the fundamental solution ®.

Proposition 5.2.5. For d = 3 and a function f, the Newtonian potential of f, u, is given by

u(x) = L / ) dy (5.2.1)

o R X—yl

Moreover, if f is smooth with compact support then

—Au(x) = f(x).

Theorem 5.2.6. Let f € C? (R®) with compact support. Let u be the Newtonian potential of f given by
(5.2.1). Then, u is the only solution in R® of —Au = f such that u € C* (R3) vanishes at infinity.

5.2.3 Application to div and curl
We can use the Newtonian potential to solve two problems.
1. Given a scalar field f and a vector field w, we want to find a vector field u such that

(a) V-u=f, and
(b) Vxu=uw.

2. Given a three-dimensional vector field u, we want to find ¢ and a vector field i such that

(a) u=Vp+V x 1, which is known as the Helmholtz decomposition.

Theorem 5.2.7. Let f € C* (R?) and w € C® (R3) with compact support and V - w = 0. Then the unique
solution to Problem 1. that vanishes at infinity is given by

1) = — 7 (/R ) dy) L L[ Y xel) . (5.2.2)

4 s [x =yl Ar Jpo Ix—y] 7

Proof. Suppose that u; and uy are such solutions and let w = u; — us. It follows that
Vw=0
V xw=0.

From V x w = 0 it follows that VU = w for some scalar function U. Therefore,

AU=V - (VU)=V-w=0

which implies that U is harmonic. Consequently, its derivatives, which are the components v; of w, are bounded
harmonic functions in R3. Applying Corollary [5.1.12] it follows that each v; is constant and so identically zero.
Therefore, a solution to Problem 1. that vanishes at infinity is unique. To show existence we split u = v+ z such

that
V-z=0,
VXxz=w

V'V:f7
Vxv=0.
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As V x v = 0 there is some scalar field ¢ such that V¢ = v. Therefore, using V- v = f we have that A¢ = f.
Therefore, ¢ is given by the Newtonian potential of f, that is

1 fy)

A e [x =yl

$(x) =

allowing us to find v. Now recall the identity
VxVxz=V(V- z)—- Az

So as V -z = 0 we have
—Az=V xVxz=VXw.

Therefore,
1 V x w(y)

= — dy.
=(x) Am Jps X =yl Y
O
Corollary 5.2.8. The solution to Problem 2. is given by
1 V-u(y)
SD(X) - 471_ 6 |X _ y| Y
and ) - )
x u(y
vx) = [ —G—dy
dm Jps |[x =yl
Proof. Using Theorem onu, V-uand V x u we have that
1 V- 1 V xV
ux) = -y [ VU)o L[ VX Vxuly) o
Ar - Jrs [x =yl Am Jps x|
As u is vanishing at infinite we have
1 1
1 V><V><u(y)dy:7V>< qu(y)dy.
AT Jgs X - 4 r: XYl
Therefore, )
1 V. u(y
=—— ——=d
o(x) I ) oy Y
and ) v )
x u(y
= — —=dy.
¥(x) I e oy Y
O

5.2.4 Application to Fluid Dynamics

Consider the three-dimensional flow of a constant unit density fluid under the following assumptions.
1. The fluid has viscosity v > 0.
2. The conservative external force is given by F = V f.
3. u=u(t,x) is its velocity field.

4. The hydrostatic pressure is given by p = p(t,x).
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The Naiver-Stokes equations
u+ (u-Viyu+Vp=vAu+ Vf
V-u=0

arise as a consequence of the conservation of mass and linear momentum applied to these assumptions. The
non-linearity in the Naiver-Stokes equations makes the problem challenging to solve. However, under certain
physical conditions, such as slow-flowing liquid, the contribution (u- V)u can be assumed to be negligible. In
such cases, we can also consider imposing boundary conditions and make progress in solving the problem. More
specifically, we can consider solving the linear Naiver-Stokes problem

oou+Vp=vAu+ Vf
Vou=0 (5.2.3)
u(0,%) = g(x) x € RS,

where g is assumed to be divergence-free. To make progress on this problem we introduce vorticity, w = V x u.
We can take the curl of the equations of (5.2.3)) to arrive at

(5.2.4)

ow = vVw
w(0,x) =V x g(x).

Suppose further that the condition that g € C? (R3) and V x g is bounded with compact support. Then one
finds that (5.2.4)) is a global Cauchy problem for the heat equation and so

1 x -yl
= A dy.
w @)t /Rsexr)< ) V< 8y)dy

Hence, we can use (5.2.2) to determine u. Returning to ([5.2.3)), the pressure p satisfies
Vp=-0u+vAu+Vf=vA(u—w)+ V]

The curl of the right-hand side is zero and so we can solve for p up to an additive constant.

5.3 Solution to Exercises
Exercise [5.2.2)

Solution. We can write the Laplace operator in polar coordinates as
1 1
A= 87'7' + 787’ + 7280%
T r
As we require rotational invariance we can focus on u = u(r) and look to solve
1
Orrt + —0pu = 0.
r
Using the substitution » = e* we note that

1. Qu — 10u

S =5, and

2 Pu _ 1 (9w du
©oor2 T or2 | 022 oz |*

Which allows us to simplify our problem to

0%u _0

922
to give a solution of u = ¢y + ¢12 = ¢ + ¢1 log(r). Returning to Cartesian coordinates we get the expected
result. O]
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