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Quasilinear: Coefficient of the highest order derivative does not depend on the derivative of the unknown function

1.1 Wednesday 1 Apr 2015

4D Method of characteristics Consider the equation:

aug + buy + cu+ = f(z,y,z,u)
Write S = (z,y, z,u(z,y, 2)). Then take the total derivative and set to the source term:
d

$u(x(s),y(s), Z(S)) = f(ZC, Y, Z’u)

Then we have the system of ODEs:



Chapter 2

Week 2

2.1 Wednesday 8 Apr 2015

Method of characteristics for 1st order equations Consider F(Vu,u,¥) = 0 in Q@ C R? such that u = g on T' C 99.
We require F,g € C!. If F is not fully non-linear, then we can write it as the quasi-linear form:
F =a(z,y,w)ug + bz, y, w)uy, + c(z,y,u)
Then we pick a curve C' in ) that starts at some point xg € I' on the initial data. Parametrize this curve using s € R:
Z(s) = (z(s),y(s)). Also define z(s) = u(Z(s)), the value of u along the curve C. Define p(s) = Vu(X(s)), the gradient

of u along the curve C. Note that we chose p because it corresponds to the classical momentum. Now the problem is
as follows: We want to find X (s) such that z(s),p(s) are easy to solve from the system.

Note that the ith component of p is:

pils) = uz, (X(5)

Taking the derivative with respect to s,

pi (S) = Z Ug;,z; (f(s))xj (S)
j=1

Now we want an ODE that only depends on Z, z and p alone to relate these coordinates. Hence we want to get rid of
Uz, ;- Returning to the PDE, we can take the derivative with respect to z;:

0=F(Vu,u,Z)

o OF (Vu,u, %) OF (Vu,u, %) OF (Vu,u, ¥)
Vu,u, @) = Z Tuz]m + 5, Uy, + oz,

:}0:

0

j=1

Along the characteristic curve C, ug,(s) = p;(s).

OF (p(s), 2(s), Z(s))
oo (2.1)

O:
J

Uz, »Tj +

— OF(p(s), (s), ©(5)) IF (p(s), 2(s), %(s))
— Opj 0z

Comparing this equation to p;(s) = Z?Zl Ug,z,; (Z(5))2;(s), we note that if we require the term with second derivatives

to equal to the equation for p;:



. S , - OF . OF
pi(s) = Zururg‘x]’(s) = Zu?ﬂmrg‘ . = T = I
=1 =1 bi Pi

after comparing coefficients. Under this assumption, we replace the first term in (2.1) to have the characteristic equation
(shifting p; to the LHS):

Hence we have the system:

j=1
after substituting expressions for u,;, = p; and @; = (V,F); = %' This final equation gives us the complete closed
J
system:
Z=V,F, n components (2.2)

Z2=p-VpF, 1 component

p=—-V,F —(V.F)p, n components, (2.4)
Hence this ODE system has 2n + 1 components.

Theorem Let u € C%(Q) and F(Vu,u,Z) = 0. If Z(s) solves (2.2), then § = Vu(Z(s)) and z(s) = u(Z(s)) solves (2.3) and
(2.4) respectively for all Z(s) € €.

2D Linear Case Write F'(uy, uy,u,x,y) = a(z,y)u, + b(z, y)uy + c(z, y)u = a(x,y)p1 + bz, y)p2 + c¢(x,y)z = 0. Then we
have the system of ODEs:

. oF (z.7)

T =— =a(z,
op1 Y

. oF

V= o b(x,y)

2=V,F-p=a(x,y)p1 +b(x,y)p2 = —c(x,y)z
2D Quasilinear Case Let F'(ug, uy, 4, x,y) = a(z,y, w)u, + b(z,y, w)u, + c(z,y,u) = 0. Then we write these using mo-
mentum variables along the characteristic as:
F(pbPQ, 2, T, y) = CL(IL’, Y, Z)pl + b(l’, Y, Z)pQ + C(IL’, Y, Z)

which gives us the ODE system:

T = a($7yaz)
2,7 = b(m,y,Z)
i=V,F-p=ap: +bpy = —c(x,y,2)



Example 1 Consider u,u, = u(z,y) in {z > 0} with initial data u(0,y) = y*>. We want to transform the PDE into a form
so that one side is zero. This gives us F(ug,uy,u) = uzu, —u = 0. Then we have the corresponding characteristic
form:

F(p1,p2,2) =pip2 — 2

Applying the general method of characteristics to obtain an ODE system:

T =p2
y=p

. D1 D2
z = . =2 =2z
(2)-(2) =2

We now examine the expression for the derivatives of p from equation (2.4):

__OF oF . _ . _
P1 7833 *82101* D1 =P1
__OF _OF o
D2 By asz D2) = D2

which gives us the initial conditions for the momentum variables:

pl(o) = UI(O, yO)
P2(0) = uy(0,50) = 290

200 _ wo _

p2(0) 2y0

and to obtain p;(0) we use the characteristic equation p;(0)p2(0) = 2(0) = p1(0) =
ODEs for p; and ps:

% . Solving the

Yo Yo ¢
(5) =2

p1 = p1,p1(0) 5 P1 5 ¢
P2 = p2,p2(0) = 2yo == pa(s) = 2yoe®
2=222(0) = yg = z(s) = yge2s

Now we have the expressions for x, y:

& = pa(s) = 2yoe®, 2(0) = 0 = z(s) = 2yoe® — 2yo
— @es + @

8 Yo
y=pi1(s) = €, y0) =yo = y(s) 5 5

2

We now can invert the system of equations to express yg, €° in terms of z,y.

_dy-—=z
Yo = 1

_2zt4y-—=x
Ay —x

S



which we can plug back into the expression for u(z,y) to obtain:

s 4y + x)?
u(x’y):Z:y362 = ( 16 )

which is the solution we want.

2.2 Recitation Wednesday 8 Apr 2015

Example 1 Consider u; + u, = 0,u(x,0) = f(z),—c0 < < co. We want to write the LHS of the PDE in the form
%% + %% = % = 0. For this to be true, we would like % =1, % = 1. We pick the initial condition ¢(s = 0) = 0.
Then u(z(0),t(0)) = u(x(0),0) = f(«(0)). Hence we define xg = x(0) so we have the initial condition for u(0) = f(xo).
Solving, t(s) = s,x(s) = s + xo,u(s) = f(zo). Note that (x(s),#(s)) describes a curve on which u(s) is constant. Call
this a characteristic curve. We note that we can describe the curve explicitly by eliminating s: this gives us x —t = xg,
which is a family of curves indexed by xy. Since the value of u on each of the characteristics is a constant, we have

that u(x,t) = u(xg,0) = f(zo) = f(xz —1).

Example 2 u, — 2zu; = 0,—0c0 < & < 0o, u(z,0) = f(x). We hence use the method of characteristics to write the ODE
system:

z(s)=1
t(s) = -2z
u(s) =0
With initial conditions:
z(0) = zo
t(0) =
u(0) = f(zo)
and hence we solve the system:
u(s) = f(zo)

x(s) =s+xo
t(s) = —2(s + mg) = t(s) = —s® — 2510

Combining the expressions for z(s),t(s), we obtain:

t=—(r—x0)* = 2(x —20)rg = t = —2°+ 2}

Hence the characteristics are inverted parabolas with x intercept equal to z2. But 22 is non-negative. This means that
the characteristics will cut the z axis twice (if 22 > 0)! But the z-axis is precisely where we have defined the initial
data. Hence we have the requirement that f(xz) = f(—=z), and that f(z) has to be even so that the value of u on the
characteristics is a constant. If f is not even then we do not have a solution. Hence f(z) has to be even for there to be
a solution.

2.3 Friday 10 Apr 2015

Example 2 |Vu|? = u2 +u} = 1 with initial data u(z,y) = 1,2% +y* = 1. This is a fully non-linear problem. We recall the
conditions that the characteristic functions have to fulfil:



Then we define the function:
.2 2 _
F(p1,p2) =pi +p3—1=0

Then we have the system:

L.U = 2]91
Y= 2po
2= 2p1p1 + 2papa = 2(pF + p3) = 2

Now we note that F' has no dependence on ¥ or z. Hence we have:

p1=0 = pi(s) =p1(0)
P2 =0 = pa(s) = p2(0)

and the values of p1,ps, which are the values of the gradient of u in the x and y direction respectively along the

characteristic curve, do not change along the characteristic.

For the boundary conditions, we parametrise the circle:

z(0) = xo
y(0) = wo
vy +tys =1

for a certain point (xg,yo) on the unit circle. Hence z(zo,yo) = 1, which is the value of u along the characteristic
starting at (zo,y0). Now we know that the derivative of u is constant along the characteristic:

%ZVu-Tzo

oT
where T is the tangent vector of the characteristic. Now along the curve I'; which is the initial curve i.e. the unit circle,

we write the curve as a level set:
I:2?+42-1=0
and hence we have the normal to the curve, which is proportional to the gradient

N = (2z,2y)

But we know that the tangent vector is orthogonal to the normal vector hence we note that the vector:



T = (2:1/7 —2.’1))

will be the tangent vector. Hence at the point (xg,yo) we have the tangent vector:

To = (yo, —0)
and hence the condition on u at the boundary is:

Vu-T=0 = (p1(0),p2(0)) = (ue(z0,%0), uy(20,Y0)) - (Yo, —20) =0

= p1(0) = pz(O)%

We still require one more equation to solve for p; (0) and p3(0). We return to the PDE. We hence have that at (zo, yo):

p1(0)2 +p2(0)2 =1

and we have two conditions for the gradient at the boundary. Solving the equations for p;(0), p2(0) simultaneously,

W,
VT + s

p1(0) = p2<o>f/—j

p2(0) =

:q}o

Hence we know p1(s) = p1(s) = yo and pa(s) = p2(0) = xo. If we take the negative solution to the square root, we can
get a different solution.

Now the equations on z(s) are:

2=2,2000=1 = z=2s+1

Now we have p1,p2, z. We need to solve for the projected characteristics x,y. We have the ODE system:

= 2p1(s) = 220,2(0) =9 = z(s) = 2x98 + 20 = 2o(25+ 1)
g =2p2(s) = 2y0,y(0) = yo = y(s) = yo(2s + 1)

We now have x and y in terms of xg,yo and s. We need to invert the system. Now we know that the squares of zy and
Yo sum to unity hence we square the equations and add them:

2(s)® +y(s)® = (2 + ¥3)(2s +1)* = (25 + 1)

We have successfully eliminated g,y by considering the initial curve which constrained xy and yo. Solving for s, we
have:

N it

- 2

Now we know that z represents the value of u along the characteristic, and it had the value 2s + 1. Hence we have,
substituting the expression for s into the expression for z to obtain:



z2(8) =2s+1 = u(x,y) = Va2 +y?

Note that if we had taken the negative sign for the square root just now, we would have obtained the solution:

u(x,y) =2 —a? +y?

Note that the functions are not differentiable at (z,y) = (0,0). Hence the solution does not satisfy the PDE everywhere.

Summary: Take PDE, write in characteristic form, solve as many ODEs (the easy ones first), then solve for the auxiliary

variables xg, Yo, s, plug into z, and obtain the solution.
,Zn, = 0) = 0 (the last variable means that we have data along

Generally If we have an n-dimensional problem wu(z1, z2,. ..
that axis x,, = 0, just like knowing u(x,0) for the u(x,y) problem), then the boundary data can be written in the form:

where ¢, are known functions.
Conditions on the initial data We require that the characteristics are not tangential to the initial data. This is equivalent

to saying that:

Z- N(Z(0)) #0 <= VzF-N(Z(0)#0 to check
Hamilton-Jacobi Equations w; + H(Vu) = 0,u(z,0) = g(x). Consider the specific example u; + % =0,u(z,0) = 2. We

write it in characteristic variables:

p1 = ui(Z(s), t(s))
P2 = ug (Z(s),(s))

with the function:

p3
F(pi,p2) =p1 + 5= 0

Then we require the following ODEs to be solved:

t =1 the coefficient of u,
= pa(s)
i=p VpF = p1+p)
p1=0
p2 =0

with initial conditions:

#(0) = 0
x(0) =z
22

0

(u(z,0)) = 2z

=0

2
—p3(0
pz( ) — _235% from the PDE




We may immediately solve for ¢:

t(s)=s
and we can replace all instances of s by t. Now p; and py are constant along the characteristics, referring back to the
ODEs. Hence we have:
p1(t) = p1(0) = 222
pa(t) = p2(0) = 2x¢

Then we want to solve the ODEs:

& = pa(t) = 2x0,2(0) =z = x(t) = x0(2t + 1)

Now we examine z:

£=p1+p5 =225 + (220)* = 223, 2(0) = 2§ = 2(t) = 25(2t +1)

Hence the solution is (replacing xg using the expression for z and ¢t):

2 2

x
u(, ) = (2t +1)2 @+ =577

Alternative method for Hamilton-Jacobi Equations Recall the problem:

U2
ug + ?‘T = 0,u(z,0) = z*

Now we differentiate the equation once in x:

Uty + UgpUgy = Oa UI(I, O) =2z

and we define:

w(z,t) = ug(z,t)

which gives us the quasi-linear system (exchanging the order of second derivatives):

wy + ww, = 0,w(x,0) =2z

which is precisely Burger’s equation. Note that his method of differentiating to get a quasilinear equation only works
for Hamilton-Jacobi equations.

Now we solve the quasilinear equation:

t=1,t0)=0 = t(s) =s
& =z,2(0) = x9
2=0,2(0) = 2xg



The third equation gives:

z(s) = 2z

so the ODE for z is

& =2x0,2(0) =9 = x(s) = 2208 + xo

Inverting the equation to solve for zg,

T2s+1 241
Hence we have:

2x

z2(s) =2z = w(x,t) = T 1

But we earlier defined that:

Qxd_a?Q
%1t T %1

w=uy = u(x,t):/ + f(t), f(t)=0

10



QUICK REFERENCE SHEET
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Homogeneous vs Inhomogeneous If x,y appears in the
PDE at all.

Linear Examine part that depends on u. Can you write it
as L(cyu + cov) = 1 L(u) + o L(v)?

Semilinear Highest order term is linear.

Quasilinear Fix all lower order terms. Highest order term
is now linear.

Well-posed Unique solution exists which depends continu-
ously on initial data.

Semi-linear problem Parametrize initial curve by ¢. En-
sure problem is non characteristic (Jacobian is non-
vanishing at the initial curve). Solve ODEs to obtain
z(s,q) and y(s,q). Invert to find s(z,y) and q(z,y).
Put into u(s, q) to obtain u(zx,y).

Shock: Rankine-Hugoniot Condition ¢ = F4)=Flu)

: goniot Condition & v
the speed of the shock. For initial conditions, note
where the shock starts.

Entropy Condition For the conservation law u; + F(u), =
0, F'(w) > & > F'(uy).

Decay Rate If u solves a conservation law with flux F' that
is smooth and uniformly convex (F” > ¢ > 0) and
F(0) = 0, and the initial data ¢ is integrable and
bounded, then:

lu(z, )] <

SlQ

where C' > 0 is a constant.

Fully Non-linear Problem Given F(Vzu,u,Z) = 0 and
u(Z) = g(Z) on ¥ € I':

F(Vu,u(?),7) =0 < F(p(s), 2(s),#(s)) =0
F=VyF

11

2D Fully Non-linear problem Given F(ug,uy,,u,z,y) =
0 and u(z,y) = g(z,y), (z,y) € I"
Define:

(20,90) € T such that x(0) = zo,y(0) = yo
Z(O) = u(an l/o)

Define F(p1,p2,2,z,y) by making the replacements
Uy — D1, Uy — P2,u — 2). Let ' be written as a level
set h(z,y) = 0, then the normal is Vi = (hy, hy) so the
tangent is T = (—hy, h;). Then the directional deriva-
tive in the tangent is known because g(x,y) is defined
in that direction:

(pl(o),pQ(O)) : (_hyv hm) = Vg(anZ/O) : (_hyv hx)

and use I'(zg,yo) = 0 for the second relation to solve
for p1(0) and p2(0) in terms of z¢ and yo.

Then the ODE system is:

oF
r = - O =
ils) = 5, (0) =0
oF
!/ = - O =
y(s) O y(0) = yo
oF oF
L= p— il
D1 o D2 O
__or OF
D1 O P1 92
__or OF
D2 By b2 92

Leibniz Rule for Differentiating under Integral sign

d b(y) b(y)
o / f(x,y)dx =/ Oy f(z,y)dx
Yy a(y) a(y)

+£(b(y), )b’ (y) — flaly),y)a' (y)



Chapter 3
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Traveling waves Consider u(z,t) = v(z — at),a € R. Then a represents the speed and v represents the profile of the wave.
In n-dimensions,

u(Z,t) = v(b- T — at)
with speed %. Call b the wavefront. We expect that if we substitute this ansatz into the PDE, we will get an ODE.
Transport equation u; + cu, = 0. Substitute u(x,t) = v(x — at) = v(s) where s = z — at. Then we have the ODE:
up = —av'(s)

uy = v'(8)a

= (—a+c)' =0

hence we have two cases: ¢ = a and ¢ # a. Hence v = 0 is a solution, which gives us v(s) = v(0). Hence
u(z,t) = v(z — at).

Transport equation with diffusion Consider u;+cu, = eu,,. Apply the same technique by substituting the wave solution
to obtain an ODE:

/

Uy = —av
!

Uy =V
"

Ugy =V

(—a+cp =e”

If € # 0 and a = ¢, then we require v/ = 0 which gives us v(s) = ¢18 + ¢p. The travelling wave solution in this case is
u(z,t) = c1(x — at) + ¢o. Although this satisfies the equation, the solution is unbounded.

More generally, when a # ¢ and € # 0 then we require v” = “-*v’ which immediately has solutions: v(s) = coe T 4.
Note that depending on ¢ — a, the solution may be either bounded or unbounded. The solution in this case is:

c—

u(z,t) = cpe®=D =" ey

Burgers’ equation u; + F(u), = 0. In the inviscid case, F(u) = % We can consider the viscous version by considering

F.(u) = % — €u,. Then we have the PDE: u; 4+ uu, = euy,. But since the equation has a second derivative, we require
that the second derivative exists too, and hence cannot allow shock solutions. Substituting the travelling wave form
u(x,t) = v(z — at), we obtain the ODE:

12



e s 0L (L)
—av + v = eV’ = = — av

This allows us to integrate once in s:

d 1 1 1
il (2‘““”0> = 5 (0" =200+ co) = - (v = v1) (v — o)

where:

vi2=ax+va®—co

Now we make the assumption that a2 > ¢y > 0 so that we have real distinct vq, vo. Assume that v; < vo. Now we have
three cases:

dv
v=vi0orvg = — =0
ds
dv
M <Vv<v —= — <0
ds

dv
V> v, <V —> d—>0
S

Clearly, we can only obtain a travelling wave that is bounded above and below if v; < v < vy. Note that vy is a stable
point and v9 is an unstable point. Hence we expect v(s) — vy, s — oo and v(s) — v9,s = —00.

We now solve the autonomous differential equation explicitly,

/ v—vl)(v—vz) 21/‘Z

:>/dv ( ) ——&—c
V1 — Uy \VU— U ’U*UQ 2e
1

v — U1 s
In _

=

V1 —Vy Uy — U T 2%

where ¢ = 0 because we know the bounds at v — +oco. Define the parameter 8 = 25 > 0. Then we have the solution:

vy + e P,

U(S) - 1+ e—Bs
V1 + Vo

o(0) = 13
U1+67ﬁ(mfat)v2

= u(z,t) =v(r —at) = 14 e Bla—at)

observe that in the limit as € — 0, we will obtain a shock solution (since we obtain the Burgers’ equation without the
RHS term). Explicitly, as € — 0, 8 — oo and hence :

vg,85 < 0
v(s) = BE2 5 =0
v1,5 >0

This is virtually identical to the shock solution, with the exception that we have defined the value of a point at s = 0.

13



Exponential solution u(z,t) = e!(F*-wt),

Exponential solution in the transpose equation u;+u, = u,,. Note that since the exponential is complex, for a linear
operator, we will obtain two solutions, one for the real part and one for the imaginary.

Applying the exponential ansatz to the PDE:

—iwu + iku = —k*u = (—iw + ik +EHu=0

If (—iw + ik + k?) = 0 then the PDE is satisfied. We write:

w(k) = —ik® + k

and substitute this to obtain:

u(x, t) — eik(z—t)e—kzt

k

The former e*(*=%) is the wave part, and the latter e~ *t is the decay part. We can take the real and imaginary parts

to obtain two solutions:

(u) = e K coslk(z — t)]

S(u) = e sinfk(z — t)]

3

Application to Quantum Mechanics iu; + u,, = 0. Then we have the ODE:

i(—iw) — k*)u =0

with the dispersion relation w = k2 and hence solutions of the form:

u(x, t) — ei(kxszt)

3.2 Wednesday 15 Apr 2015

Second order linear problems Define the Laplacian in R” : Au =V - Vu = Z?Zl Uz ;5

Au =0, Laplace’s Equation, Elliptic
u; = Au, Heat Equation, Parabolic
uy = Au, Wave Equation, Hyperbolic

Au = f Poisson’s Equation

Derivation of Laplace’s Equation Consider u to be a temperature of a region W with F' as a heat flux. Consider steady
state. Consider the boundary 0. Then the net flux into the system is zero:

e

'“.111
=
!
R)

Il
o

Now we apply the Divergence Theorem:

14



/ F-Nda:/ V.FdV =0
oW w

Now this identity must hold for all small regions in W. This can only happen if V - F=0 everywhere. Now this means
that the flux can be written as the gradient of some function:

F=—Vu,c#0 = V-(—cVu)=0 = V>u=0

Harmonic Function If u € C?(Q) and satisfies Au = 0 in Q, then is u is harmonic in €.

Theorem: Harmonic functions are analytic If u is continuous and Au = 0 in ), then u is real analytic in 2. Real
analytic means that u € C°°(£2) and it has a convergent Taylor series at every point in .

Making more harmonic functions Translations, rotations, reflections (against lines), scalings of harmonic functions are
still harmonic.

Example 2 Given that u(x,y) is harmonic, we consider the second function v(z,y) = w(Z(z,y),y(z,y)) such that the
transformations Z,§ are a combination of simultaneous translations and rotations etc, then v(x,y) is also harmonic.

Example 3: Undetermined coefficients Suppose we want a harmonic function that is a second order polynomial. Then
write: u(w,y) = ax? + by? + L.O.T. so that the Laplacian is Au = 2a + 2b. For this function to be harmonic, we hence
require that b = —a and u(z,y) = a(z? — y?) + L.O.T..

Example 4: Higher Order Polynomial Consider the nth order polynomial (just nth order, can be generalised using
linearity later):

u(z,y) = apx™ + a1z 'y + ...+ apy”

n—2
Upe = n(n — Dagz™ %ar(n — 1)(n —2)ya™ 3 4+ ... +2-1-y" 2 = Z aj(n—j)(n—j—1)ya"i2
3=0
Uyy =2-1-2" %+ +a,_1(n—1)(n—2)zy" 3 +n(n - Da,y"" ZaJ“ (+2)([F + 1)an279yd

and hence for the Laplacian to vanish,

n—2
N aj(n—)(n—j— Dy a2+ aja(i +2)(j + Da 2Ty =0
7=0

n—2
= > aj(n—5)(n—j—1)+a(i +2)(+1) =0
j=0
N Ul ) [

- p a;
G+2G+1)
and we have a recursion relation. We require initial conditions ag, a; to determine all the other coefficients.

Well-posedness Consider the initial data problem: A, u; = 0,uy(z,0) = f(z), %{jo) g(x). We will like to check if

the problem is well-posed. Note that this equation is not well posed, because we can give f(z) = 0 = g(z) and the
solution should be zero everywhere. We can perturb this problem by considering the other problem: Aus = 0, ua(z,0) =
O 5712(1370) __ sinnx

’ dy ~  n
given by:

. Now we can pick n large to that the perturbation is small. The solution to the second problem is

1
us(z,y) = 2 sin nx sinh ny

15



Now consider the difference between the initial data of the two problems:

|ui(x,0) —uz(x,0)| =0
Ouyp(x,0)  OQua(x,0)| 1, .
9y 9y = n|s1n(n33)|

and the second equation can be made arbitrarily small by appropriate choice of n. However, the solution difference is
given by:

1. .
lur (@, y) — ua(z,y)| = ‘0 3 sin nx sinh ny

™

which has to hold at every point. Pick x = - and y # 0 so we have:

s T 1, . 1 . n
‘ul(%,y)—uQ(%,y)Fﬁlsmth:ﬁley—e Y

Given that y # 0, one of the exponential terms will go to zero. Then we have that asymptotically as n — oo, we have:

™ i _ 1 nlyl
‘ul (2n’y) Y2 (Qn’y)‘ o 2n2€

Note that this amount blows up as n increases. Hence the system is not well-posed. It is ill-posed.

Making a well-posed problem 1. Dirichlet boundary conditions v = g on 99, 2. Neumann Boundary Conditions,
Vu-N = % = g on 09 or 3. Robin B.C.: a(z,y)u+ % =g,a >0 on 99, 4. Mixed (combinations of the three above
at different boundary positions). 5. For unbounded domains, we may require that the solution decays u — 0, |Z| — co.

3.3 Recitation 15 Apr 2015

Method of characteristics for fully nonlinear PDEs If the PDE is F(Du,u,z) = 0 then the characteristic equations
are of the form:

Note that if the relation F was quasilinear or linear, then the p’ variable is not necessary and the first equation for ]5'
vanishes.

Example u,,u;, = u,r; > 0 with initial data v = 23 on I = {x; = 0} (i.e. u(0,22) = 23). Then we define the relation:

Then the method of characteristics gives:

P1=p1
D2 = P2
z = (p2,p1) - (p1,p2) = 2p1p2 = 22
1 = po
Lo =p1

16



Now we can solve for py, po, z:

hen we have that:

and we pick (z9,29) to lie on T, so that 29 = 0. T
2(0) = (a3)?
Note that we know the gradient of u along the line x; = 0, which is

Now we want to relate p;(0) and py(0)

Uy, (0, 22) = 224. Hence,
p2(0) = 2308

Also, at the initial point (0,z9), the PDE requires that:
p1(0)p2(0) = (a3)?

and hence we have the expression for p;(0):

Now we can solve for the characteristic coordinates:

@1 = pa = pa(0)e’ =225, 20 =0 = x,(s) = 225 — 229
0 0 0
q:ﬁes,ga(()):xg — .’1,'2(8): %63_’_%

&9 = p1 = p1(0)e’ 5

We now can eliminate x9:
x
0 1
Ty =
27 2e8 -2
0 2:132
Ty = —5
e’ +1

— X1 - 2.132
2e5 —2  es41
— xe’ +x1 = duwge® — 4ao

s X1 +4I2

— e~ =
4{E2—{,C1

and we can substitute this into the expression for z(s):

2(s) = 2(0)e* = (x)
(5) = 20 = (@)? (T
Now we need to replace z9. Note that:
0 219 2xo (g — 21) 8x3 — 2x1wo 1
To = = = = To — —
PTEm 1 T gyt dep + e - o 82 Cod

Hence the solution is:



3.4 Friday 17 Apr 2015

Laplace’s Equation with Dirichlet Conditions Let Au = 0 on Q and © = g on 9. We examine the uniqueness
condition by letting there be two solutions wuq, us to the problem. Consider the difference: v = u; — us. To demonstrate
uniqueness, we want to show that u = 0 on the closure of  which we denote Q = QU 0. Now u solves Laplace’s
equation in  because the PDE is linear, but the boundary data this time is u = 0 on 9€2. Now we multiply the PDE
by w:

uAu =0

and we can integrate over all 2:

/ uAudV =0
Q

Now we apply Green’s identity:

ou
uAudV:—/ Vu 2dV+/ u——do
/Q Q| | o0 8N

where N is the outward unit normal at the boundary 92. Now we know that u = 0 on the boundary. Hence we have:

—/ |Vul|?dV =0
Q

But the square is non-negative. Hence we require that:

|Vu| =0 on Q

which implies that  is constant on the domain. But we know that u is zero on the boundary. Hence u is zero everywhere
in the closure of the domain 2. But this means that u; = us on the domain, which implies that the solution must be
unique.

Laplace’s Equation with Neumann conditions Consider the PDE problem:

ou

AUZO, aW:

9

where the boundary data is defined on 9€). Note that if u is a solution, then u + ¢, where c is a constant is a solution,
because the boundary is only concerned with the derivative of v at the boundary. Hence to ensure uniqueness, we need
to impose an additional condition:
/ udV =m
Q

which is a condition on the mean of u on the domain. We call this the mean constraint. Note that this constraint
ensures that v + ¢ is no longer a solution if u is a solution, because u + ¢ will violate the mean constraint.

Poisson’s Equation with Neumann conditions Consider the problem:

ou

Au=1 oN

=9
Now f and g are not arbitrary. Note that:

18



ou
de:/AudV:/ —dJ:/ gdo
/Q Q an ON a0

where we use the divergence theorem (noting that Au = V - (Vu) and Vu - N = g—ﬁ). Hence the full Poisson equation
and its conditions are:

ou
Au=f, —= / dV:/ do
f N =9 Qf 0!

Note that if we consider the Laplace equation with Neumann conditions, then f = 0, and we have to satisfy:

0= / gdo
o0

Physical Example Let u be the temperature, Vu be the heat flow, f be the source term, g be the value of u at the
boundary. Then the rate of heat energy entering the domain is:

—/Qde

and the net flow along the boundary is:

/ gdo
o0

Since we have a steady state problem, we have the equality:

—/de+/ gdo =0
Q o0

which is identical to the compatibility condition on Poisson’s equation with Neumann boundary conditions.

Neumann Boundary Condition Uniqueness Let there be two solutions ui,us. Then define u = u; — ug. Then this
function solves:

Au=0
ou
on !

/udV:O
Q

We repeat the uniqueness proof from above, multiplying the PDE by u and integrating over the domain to obtain:

/uAudV:—/ |Vu|2dV—|—/ ua—udU:—/ |Vul>dV =0
Q Q oo On Q

where the normal derivative vanishes along the boundary based on the boundary conditions. Hence we have that:

|Vu| =0 = u = constant

and we know that fQ udV = 0 and hence the mean of u is zero. But since u is constant on the closure of the domain,
this means that u is zero everywhere in the domain.

19



Robin Boundary Condition and Uniqueness Now consider the problem:

Au=0on

alz,y)u + % =g on 0, a(z,y) >0

Now assume that there are two solutions w1, us and take their difference u = u; — us. Then the difference satisfies:

Au=0on

ou
—_— = Q
au—|—aN 0 on O

and we multiply the PDE by u, integrate over the whole domain, and apply Green’s theorem to obtain:

/uAudV:—/ |Vu|2dV+/ u%dazo
Q Q o0 On

Substituting the Robin BC,

/uAudV:—/ |Vu|2dV+/ u(—au)do =0
Q Q o0

But we know that a(z,y) > 0 on the domain, which means that we are integrating two terms that are strictly negative.

The equality to zero means that:
/ |Vul>dV = —/ au’do
Q a0

But this is a contradiction unless:
[Vu| =0 on Q
u =0 on 0N

and we have that u = 0 on € immediately. Hence we have uniqueness for this boundary condition.

Energy of system Define the energy of the system:

B(u) = /Q |Vu|>dV

2D forms of Laplace’s equation Consider the 2D problem in Cartesian and Polar coordinates

Ugy + Uyy =0

Urr T 200 = "or r2 062

r Or =0

n-D Polar coordinates Define:

1 0 0 1
Au = <r”_1u> + <A, qu=0

rn—1 9p or r2

where A represents an operator involving just angular derivatives. We will just concern ourselves with the radial part.
Make the assumption that the solution is radially symmetric. u = u(r).

20



Radially symmetric Laplace Equation Consider:

rn=19r or

Au = 1 a(rnl&L):O

on the domain r > 0. Where the partial derivatives are actually single variable derivatives. Hence we can eliminate the
rnl—,l part and obtain that:

Ju
r"_la— =cceC
r

In 2D, this has the form:

ou ¢

ar T

where we treat 2D separately because the integral in 2D will be logarithmic. Then the solution has the form:

u(r) = {01 In(r)+cy, n=2

C
rnl,g +ca,n 75 2

Extended domain to include origin The original domain of the problem is R™\{0}. We can extend the domain to R"
including the origin by introducing;:

Au(r) = co(r)

The delta function satisfies:

0(z)dz =1
R’ﬂ.

f(@)é(z — z0)dV = f(x0)

R’n
Consider an n-ball centered at zero with radius e. Call it B(0, €). Then we integrate the Laplacian in the ball and apply

the divergence theorem:

ou
AudV:/ —do
fyav =], o

Now the normal vector of a ball at the origin is just the radial unit vector. Hence the normal derivative is just the
radial derivative:

ou ou
AudV :/ ——do = / —do
/B o ON aB Or

But we know that the radial derivative is just:

ou c

or yn-l

by examining the form of the Laplacian in n-D polar coordinates. Then we have:
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/AudV:/ = _do
B oB T

But we know that the surface element do must scale as 7" ~!. Hence we may cancel r”~! to obtain that the RHS must
be a constant. Hence we have:

/ AudV = constant
B

and this is valid for all n-balls for all radii e. Hence the integral is a constant, which means that there must be a
delta function at the origin. This motivates us to define the new function (refer to Week 4 notes for the correct sign
convention):

Lilnr, n=2
F(r):{z’r ’

1 -
4mr? n=3

so that the integral of F(r) for a small n-ball at the origin is normalized and gives unity. Note that AF(r) = 6(r)
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Chapter 4

Week 4

4.1 Monday 20 Apr 2015

Radial Solutions to Laplace Equation Recall that:

—Ln(|r)), n=2
F<r)={12€ o

Wy =3

and F is the fundamental solution to Laplace’s equation (note the minus sign):

—AF(r)=46(r)

Now define:

F(p) = F(|pl), e R"

Now we want to solve the problem on the bounded connected domain €2:

Au=f, inQCR"
u=g¢g on Jf)

We proceed by an intuitive method. We know that at any point p'€ R"™, the negative Laplacian of the function F will
be the Dirac delta. Now we can shift the coordinate system by the constant vector py:

—AF(p—po) = 6(F — po)

Now apply Green’s second identity:

ow ou
/Q(qu — wAu)dV = /BQ (uaN - w@N) do

We take v — F(p'— po). Then:

RN ) OF(G—7o) - Ould)
[ warG-m - £-msuiar = [ (a@ G < p- G0 ) do

The trick is that we know the second derivative of F'. Hence we replace —AF = § and Au = f:
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R _ OFG o) ()
[ st i) - p- gsav = [ (up G - % ) do

The first term of the LHS is the integral of a delta function:

—uti) = [ (P- sy + [ (u@w - F(ﬁ—ma“@) do

89 ON ON
= u(fo) = —/Q [F(5 = o) f ()] dV + /dQ (F(ﬁ—ﬁo)ag]@ - U(@W) do

This result is known as the Representation Theorem. Once we know the Laplacian of the function (i.e. f), we just
need the values of the function at the boundary (both Neumann and Dirichlet).

2D /3D Representation Theorem

. 1 o 1 L .0 OF (In|p' — 7t
u(po) = %/INP*POU(@‘W* g/{m (hl |7 — Pol g](\l? U(ﬁ)(;i)vpol)) do

and similarly in 3D:

1 W) ! ( 1 dulp) 0 _1 )
= —— = -y dV + - — — - anr .= g d
0 =5 [ i (P

Unbounded domain boundary condition If 2 = R", the whole space, we implement the boundary condition that:

u—0,|Vu] -0 as|p] -

Then the terms on the boundary of the representation theorem vanish, and we can write:

gy = | Jea D= RISV, n=2

= ; -
~ 17 Jes @V =3

Note that the fundamental solution F' is the Green’s function if the domain is unbounded, but it is not the Green’s

function if the domain is finite.

Mean Value Property Consider Laplace’s equation with Dirichlet Boundary data on a bounded, connected domain €2
with smooth boundary 992. Now pick a point py € Q and draw and n-ball of radius € such that the ball is contained
in the domain. Call this ball B(py,€). Now the function must be harmonic on the ball as well, Au = 0. We apply the
representation theorem directly to the n-ball. Note that when the function is Harmonic, the first term in the theorem
drops out because f = 0, so we just need to integrate on the boundary. WLOG assume n = 3. Then:

. 1 1 ou(p) 0 1 )
u(po) = — e —— —u(p)=———— ) do
Po) = 4 S(Fo.€) (p—p0| ON ®) o |7’ — pol

Now since p € S(po, €), we know that

since it is a sphere. Also, the partial derivative:

0 1 1

37N|ﬁ—151)| e
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when evaluated at the boundary of the sphere. Hence we write:

L[ (lou®) o1
i) = 52 [ (i) o

Now the first term involves the normal derivative of the function integrated along the boundary. But the function is
harmonic, hence by the divergence theorem, the first integral involves the Laplacian and it vanishes. Hence we write:

1
IS ;
u(fo) = /S o

Note that 4me? is the surface area of the 3-sphere. Hence the value of the function at the point py is just the average
of the values along the boundary:

1
w(py) = ———— w(p)do
(7o) 1S (Po, €)] /S([)‘o,e) ®)

the above equation holds for any dimension.

Maximum principle Let  be a bounded domain in R™ and suppose that u is continuous in = Q U 99 and harmonic
in . Then u takes its maximum and minimum value on 9. If u is not constant, then w attains its maximum and
minimum only on 92.

Intuition behind Maximum Principle Proceed by contradiction. Assume that u is not constant and has a maximum
value M on the closure of the domain, and M does not occur on the boundary. Then there exists a point py € Q\9Q
such that u(py) = M. Then pick a ball centered at p’ with radius Ry such that it just touches the boundary. Then we
have, from the mean value property,

7 —;u o
1 = G, Ry

But we have that u(pg) = M > u(p). Since M was the average of the values along the boundary, and M is also the
maximum of the values along the boundary, the function must take M along the boundary as well. Since this argument
applies for any R € [0, Ry], we have that u(p) = M for p' € B(po, R). Now pick another position in the ball, make
the same argument and repeat until you cover the whole domain. Then the function must be constant. Contradiction.
Hence M cannot occur in the interior of the domain.

Consequences of the Maximum Principle for Laplace Equation

e If u >0 on 9 then u > 0 on .
o If u <0 on 0N then u <0 on Q.
o Uf u=con 02 then u = c on Q.

e Continuous dependence on initial data: |u(p)| is bounded above by maxagq |g| and bounded below by mingg |g|.
This can be extended to the Poisson problem.

Poisson Equation Bound Consider Au = f,u = g. Then the bound for the solution is:

<
[u(F)] < mas [g| + C max |

where C' is a constant depending on the size of the domain. The larger the domain, the larger C' is.

Liouville’s Theorem A non-constant harmonic function in an entire domain (any dimension) cannot be bounded from
above or below.

Corollary of Liouville’s theorem The only bounded harmonic functions on the entire domain are constant functions.
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4.2 22 Apr 2015 Wednesday

Review of Representation Theorem

i) == [ - msaiav+ [ (Fo-m 2 —up L) ao

Using Representation Theorem to solve Dirichlet and Neumann B.C. To use the Representation Theorem as a so-
lution, we require these pieces of infomation:

ou
Au=f, wuon 09, N on 0f)

It will be good if we could eliminate one of these pieces of information using the third.

First consider the Dirichlet B.C. Then we knew Au = f and v = g on 9. Also, the fundamental solution F' was
defined on r > 0 and 6 € [0,27]. Now we want to obtain the Green’s function G for the problem:

OGP, po) = 6(' = Po)

under the constraint that:

G(ﬁvﬁ()) = 07 Vﬁe o0

Substituting this Green’s function into the representation theorem (replacing F),

w(fo) = — /Q G5, o) [ (P)dV — /8 ) () o G, o) = /

L 0 .-
[ G v = [ oG o

because u(p) = g(p) on 9. Note that the Neumann condition is no longer relevant because it was multiplied into G,
which was chosen to vanish on the boundary. Also, if u is purely harmonic, then f = 0 and we just have:

i) = = [ o) 567 o)do

Hence once we have the Green’s function, we can construct the solution of the Equation with just two pieces of infor-
mation (the value of the source term and the value of the function along the boundary).

Constructing the Green’s function Consider writing the Green’s function as the sum of two functions:

G=F+H

where F' is the fundamental solution in R™. But since both G and F have the same Laplacian (delta function), H must
be purely harmonic:

g

H(p,py) =0 in Q
H(p,po) = —F (P~ po) on 9Q

because

—AG = §(F—Po) = —AF — AH = §(5 — o) — AH = AH =0
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and on the boundary 9€:

G=F+H=0—= H=-F

Recall we already had an expression for F' on R™:

Fw- L n=23

L =sI(F-pol), n=2
po)* 11
4m [p—pol’

Note that F is harmonic in Q as long as py € Q, because its Laplacian is the delta function, and away from gy, it has
value zero.

Construction of G in 2D Consider the problem © = {(z,y)|y > 0} C R?, which is the upper half plane. Now we want to
solve Laplace’s equation with Dirichlet boundary conditions:

Au(z,y) =0, y>0
U(LC,O) :g($)7 y=0

Then the Green’s function satisfies:

- 1 S Lo
G(p.po) = —5 I[P~ po| + H(p, po)
AH =0 in
- 1 L S
H(p,po) = —F = o_In|p—po|, p€o
Analogy to Electrostatics Consider the upper half space in any dimension. Consider a point py in the upper half space,
and place a charged particle there. Then we can use the method of images to find the potential in all space. The
potential emitted by the first particle is given by F(p,pp) and the potential emitted by the second particle will be

—F(p,pp) such that the net effect on the potential on the boundary separating the half-spaces, which is 92, will be
zero, just like how G(7, po) vanishes at the boundary.

Going back to the 2D Dirichlet problem We write the potential H as

— = 1 — — —k
H(p,po) = %ln |7 — h(Po)l, Py &2

where h(pp) = p§ is some function that maps py out of the domain so we know that this function is harmonic on
because the point h(pp) is not contained in 2. We implement the boundary condition:

11|H 7y 11|* pol, D€ N

Cllp— 5 = —Inlp—

o P — Po o P —Pol;, P
But this means that:

P =Dyl = |p'— pol, P'€ 0
Squaring and expanding the dot product, = |p|> — 25 7 + |F5|*> = [p1* — 20" Po + |Pol?
= [pol* — |po|* = 2" (o — )

But on the boundary, y = 0, hence we have that:
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7= (p,0)

Now we have:

[5ol? = |75]* = 2(p, 0) - (5o — B5)

Now the LHS does not depend on p, a variable, but the RHS does. To ensure that equality holds for all p, we hence
have that (taking p = 1 for instance just to remove the trivial zero equality):

P (Po —Po) = (p,0) - ((zo,%0) — (20,%5)) =0 P €IV = 29 =127 = Py = (0,¥p)

Then examining the LHS,

po* = p61* = a§ + 5 =23 + W5)* = w5 = *wo

Now if y§ = yo, the function will not be harmonic. y; cannot be contained inside the domain, since the Laplacian is a
delta function centred at y;. Hence we have:

and we can construct Green’s function:

G(p, o) = G((2,9), (20, 90)) = —% In\/(x —0)? + (y — y0)* + % In /(2 — 20)2 + (y + y0)?

Example 2 for 3D space Let Q = {(z,y,2)|z > 0} C R? and u(z,y,0) = g(z,y) for the boundary 992 = {(z,y,2)|z = 0}.
Then the Green’s function is the fundamental solution plus the harmonic part H:

1 1

G(p,po) = F(p,po) + H(p,po) = Em

Going through the same proof as above, we can obtain that the image charge will be at:

17(*) = (lfo,yo,—zo)

where we have defined py = (xo, Yo, z0). Hence:

Explicitly,

1 1 1 1
A —w0Z -yt (202 AT —w0)2+ (- o) + (2 + 20)2

G(p; po)

Since we have the Green’s function and the source term was zero, we can now construct the solution to the Dirichlet
problem:
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) = oo, goo0) == [ 9(o9) GG (@02). (oo 20))do

Now the normal vector in the 3D half space is just the negative z unit vector:

o 0 0

and we can calculate the normal derivative of the Green’s function:

26| 96| _(hrmme 1 zin)
07 |59 At |p—pol®  Am [P —ppl3 a9
Along the boundary, all the z = 0. Hence we have:
3G 1 —20 1 20 1 20

_— I + — —
ON o0 dr |(£E,y,0) - (370790,20)‘3 dr |(‘T7y70> - (manm _Z0)|3 27 ((Z‘ - xO)Q + (y - yO) +z )3/2

Substituting this expression into the Representation theorem form of the solution:

o v 20 = 22 / / g(x, g)dady
00, %) o Syeno (@ =202+ (y — p0)? + 2232

Using maximum principle to show uniqueness Consider the problem:

Ay = fonQ
u = g on Of)

Define u = uy — us, where u; and us are two solutions to the equation. Then u satisfies:

Au=0on
u = 0 on 99

Now by the Maximum Principle,

minu < u < maxu
B9 o0

— 0<u<0 = u=0

and the solution must be unique. QED.

4.3 Friday 24 Apr 2015

Separation of Variables Consider the problem: = [0, a]x [0, b]. We want to find the function that is harmonic uzz+uyy =
0 and satisfies Dirichlet boundary conditions:

u(z,0) = g1 ()
u(z,b) = ga2(z)
u(0,y) = g3(y)
u(a,y) = ga(y)



By linearity, we can write u as the sum of four functions:

U= Uy + Uz + us + uy
Auj:O,j:1,2,3,4

that satisfies the boundary conditions:

ui(x,0) = g1(z), 0 at other boundaries
uz(x,b) = ga(x), 0 at other boundaries
uz(0,y) = gs(x), 0 at other boundaries
ug(a,y) = g4(x), 0 at other boundaries

Effectively, each of the functions satisfies one of the boundary conditions and is zero on the other boundaries. Hence
the sum of these functions will satisfy the boundary condition at each of the boundaries.

Separation of Variables Assumption For AU =0 in Q = [0, a] x [0, ], write U(z,y) = X (2)Y (y). Then:

Upe = X"Y, Uy =XY" = X"Y + XY" =0
X// Y’/
Xy
= X" —puX =0, Y'+u¥Y=0

If p =0, then X ~ {1,z} and Y ~ {1,y} where this notation indicates that X and Y are linear combinations of a
constant and x or y.

If 4o # 0, then write u = —\2, where A\ € C. Then the solutions are:
X(z) ~ {sin(A\z), cos(A\x)}
Y(y) ~ {sinh(Ay), cosh(Ay)}

Note that we also can write u = A? which will give solutions with the trig and hyperbolic parts switched.

Then the original function U can be written as a linear combination as well:

Un~{Lazyay}, n=0
U ~ {cos(\z) cosh(\y), cos(Az) sinh(\y), sin(Az) cosh(\y), sin(Az) sinh(A\y)}, p = —\?
U ~ {cosh(A\z) cos(A\y), cosh(Az) sin(\y), sinh(Az) cos(\y), sinh(Az) sin(Ay)}, = A?

Now consider the problem:

Auy =0, wui(z,0) = g(x)

and zero along the other boundaries. Now the hyperbolic functions can have at most one zero. Since we require that
the function vanishes twice in the x-direction, we require that the solution be trigonometric (not hyperbolic) in x. Then
the function must be hyperbolic in y. Then we write the conditions and a guess for the solution in X:

X(0)=X(a)=0
X (x) = 1 cos(Ax) + co sin(Ax)

= ¢1 =0, cpcos(Aa)+ czsin(ha) =0 = r=""nez
a
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We disallow ¢y = 0 so that we do not have the trivial case. Then we have a family of solutions for X:

X, (x) =sin\pz, A\, = —

Now for the y direction, we can implement a boundary condition at y = b, where the function must vanish:

Y, (b) = 0 = c3 cosh(A,b) + cq sinh(A,b)

for the same eigenvalues as before. Rearranging,

c3 = —cq tanh(\,b)

Then we can simplify the hyperbolic expression for y and obtain (up to a constant)

Yy, (y) = sinh(A,(y — b))

Now we have a family of solutions for U:
Un(,y) = Xn(2)Ya(y) = Csin(Anz) sinh(An(y — b))
The general solution is a linear combination of these eigenfunctions:

oo
up(z,y) = Z Quy, sin % sinh %T(y —b)

n=1

To pick a,,, we need to satisfy the boundary condition on the boundary:

> nmx nm
0) = — 3 apsin T sinh S (0 — b) =
ui(x,0) = g1 (x) oy, Sin - sin a( ) = g1(x)

n=1

Defining &,, = —a,, sinh "T”b, we have the sine series:
(oo}
. . nmw
g1(x) = G, SIn ——
a
n=1
and hence:
2 [ nwx 2 -1 @ nw
Qn = — r)sin —dr = ap = ———— x)sin —dx
=2 [ m@sn . asinh”a’fb/ogl() d
by Fourier’s theorem. Then the solution is:
> -1 nwx nm e nwx
uy(x,y) = ————sin ——sinh —(y — b x)sin —dx
(zy) nz::lsinh”T”b a a(y )/0 () a

In general, if there are two zeros in one direction, we know that we have to use the trigonometric form. The other
component functions are:
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mry
Zﬂn sm s nh P Bn = e mb/ ga(x sm d:v

uz(z,y) = Znn sinh %(x —a)sin ?a Tin = bsul_lﬂrza/o 93(y) sin Tdy

n=1

00 b
Z ., nmr . nmy 2
v) — T S b S b o bsinh "7 /0 9a(v) Sm Y
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Chapter 5

Week 5

5.1 Monday 27 Apr 2015

Separation of Variables in Polar Coordinates Consider the problem in a bounded domain:

o) o
u(1,0) = g(#), on S(0,1) =0B(0,1)

2
Aula< 8u>+ 18u:(), on B(0,1) C R?

where we let 6 € [—m, 7] and r € [0,1) for B(0,1). Separating variables, u(r,8) = R(r)0(6) and

R(r) IRCIO)

PR'(r)+rR(r) _ ©"(d)

and hence each side must equal to a constant. Hence let the separation constant p € R, and:

which are ODEs. The angular equation is trivial:

~ {1,y pu=0
o) {{cos(\/ﬁﬁ),sin(\/ﬁﬁ), w#0

But now we have to impose a periodicity condition. If we increase 6 by 27, we need the function to return to the same
value:

0(0 + 21) = O(0)

and this is a condition for the function to be harmonic, since the harmonic function must be continuous. Then we have:

{1}, w=0
() ~ {{cos(n@), sin(nf),n € Z*, pu#0

so /it = n, and the functions are strictly trigonometric (/¢ cannot be imaginary).

The radial equation is Euler’s ODE;,
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R’ +rR —pR =0

which we can solve:

1,1 = =
R(r) ~ {;ni}; =0 <= n=0
{T ) T }7 ﬂ?é0<:>n21

Hence under the separation of variables assumption, we have solutions that look like:

1 oo
u(r,0) = ? +¢ 0% + " [ay cos(nf) + by, sin(nd)] + Z " [en, cos(nd) + d, sin(nb)]
n=1 n=1

where the first term represents the n = 0.

About zero in the domain Since the origin is in the domain B(0, 1), we cannot allow the Inr terms and r~" terms to
remain in the solution, since the function will not be continuous and hence will not be harmonic if they are in the

solution. Then the general form of the harmonic solution is:

ag
=5 Z [ay, cos(n@) + by, sin(nh)]

Imposing boundary data

ag
=5 Z an, cos(nf) + by, sin(nh)] = g(6)

and hence we can find the coefficients:

1 ™
ap = f/ g(0) cos(nf)df, n >0

by, = 7/ g(0)sin(nd)dd, n>1

—T

This solution holds as long as g is continuous on 8 € [—m, 7.

Donut-shaped domain/annulus If the origin is not in the domain (but the domain must still be bounded!), such as in
the annulus domain, we can keep all the terms in the general solution:

1 oo
u(r,0) = 2 04 co% + > r"[ay cos(nd) + by, sin(nh)] + Z =" [en, cos(nd) + d, sin(nb)]
n=1 n=1

General disk Consider = B(0, p), p > 0. Then the problem is:

Consider the related problem:
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v(1,0) = g(0)
and we already know the solution for v:
ap Inr > . = .
v(r,0) = 5 Ta— + > 1" [ay cos(nb) + by, sin(nd)] + Z r~" [epn, cos(nd) + d, sin(nh)]
n=1 n=1

Hence to obtain u from v, we just re-scale v in the r-direction:

u(r,0) = o(r/0.0) = % 4 2L 571" cosnf) + by sin(n8)] + 3 (/) e cos(nt) + dy sin(n)]
n=1 n=1

which can be shown to be the solution by applying the chain rule or by making the change of variables ' = r/p.

Superharmonic and Subharmonic Define:

Harmonic if — Au =20
u € C%(Q) is { Superharmonic if — Au > 0
Subharmonic if — Au <0

and if a function is super and subharmonic, then it is harmonic.

Maximum principle for super and subharmonic functions If w is subharmonic, then v < maxgq u. If u is superhar-
monic, then u > mingg u. Hence for harmonic functions, both conditions hold.

Poisson’s Equation Consider:

—Au]':fj, j:1,2
’U,j:g

so we are looking for two solutions ui,us with different source terms but subject to the same boundary conditions.
Take the difference of the solutions. Assume f; > fs on the domain. Then:

—Auy —uz) = fr — f2>0

and u; — ug is superharmonic.

Application: Error Bounds Suppose there is a force f that is very noisy. Then we can approximate it by defining a
smooth force that bounds the force from below and another smooth force that bounds the force from above. Then
solving the problem with each of the smooth forces, we know that the true solution is bounded between each of the
smooth approximations.

Relationship of Laplace’s Equation to Linear Algebra Let M be an n x n matrix. Given a point & € €2, the Hessian
is a matrix:

n

Hu(Z) = (U:Ci,-rj)i,j:l

hence the trace of the Hessian is the Laplacian. Hence we can rotate and distort the coordinate system and the trace
will be invariant. Also, the trace is the sum of the eigenvalues of the Hessian at a point.
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5.2 29 Apr 2015

Parity: Even or Odd Recall the Fourier Series:

):@

u(x 5

+ Z an, cos(nf) + by, sin(nd)
n=1

=+ / " u(@) sin(na)dz

L

by, = 1 /7T u(x) cos(nx)dx

)7

If u(z) is odd, then a,, = 0. If u(x) is even, then b, = 0.

Gibbs Phenomena When the original function is discontinuous, there will be an overshoot for the Fourier series. But when
N goes to infinity, the over/undershoot disappears.

Convergence of Fourier Series For a discontinuous function, the Fourier series converges to the average of the values
around the discontinuity.

Types of convergence: Pointwise u,, — u converges pointwise for each x € T if |u,(z) — u(z)] = 0 as n — oo.

Types of convergence: Uniform wu, — u converges uniformly for all € I if max,ey |un(z) — u(z)| — 0,n — oo, the
maximum error goes to zero.

Types of convergence: mean u,(x) — u(z) converges in the mean over I if [} |u,(z) — u(z)|dz — 0 as n — oc.

Strong to weak Uniform convergence implies pointwise convergence. Pointwise convergence implies mean convergence.

Examples u,(z) = %, x € R converges pointwise but not uniformly.

Examples w,(x) = 2™ converges pointwise to 0 if € [0,1) and to 1 if x = 1 as n — oo but does not converge uniformly.

Examples u,(z) = %2, x € [0,1] over the finite bounded domain converges uniformly to zero as n — co.

Fourier Convergence Theorem If u,u’ are sectionally continuous on [—m, 7] and is periodic u(—m) = u(nw), then u(z) can
be written as its Fourier series when it is continuous, and if u(x) is not continuous, then it converges to the average of
the values around the discontinuity.

5.3 29 Apr 2015 Recitation

Green’s Third Theorem
// V2Gudzy = // GV?udzx —|—/ (uVG — GVu) - ndS
D D oD

where G is a function of Z and Zy such that:

V2, G(&, %) = 6(Z — &)

so substituting this into the LHS of Green’s Third Theorem we obtain:

//D V2Gu(o)di = //D 8(F — Zo)u(o)dio = u(7)

and hence:

(@) = / /D GV2u(Z0)dio + /8 (u(i) VG~ GVuld)) - nds
://DGf(a?o)da?o—s—/aD(u(a‘:’o)VG—GVu(fo))-ndS

If we have Dirichlet boundary conditions, then we will like to pick G = 0 on the boundary. Then we just need to find
the gradient of the Green’s function.
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Method of Images Consider the Free Space Green’s function (using the positive A = V?):

1 > o
L. =In|Z—Zy|, n=2
G(Z, 7o) = {2ﬂ1 1 n=3

T Ir T3]

which satisfies:

V3G = §( — o)
on all of R?,R3.

Neumann Boundary Conditions Change the sign of the fundamental solution added to form the Green’s function (for
linear boundaries)

5.4 Friday 1 May 2015

Definition: Sectionally continuous u € S.C.%([a,b]) if u € C? in a finite number of subintervals (a,z1), ..., (z,_1,b) and
uw(zj +0),u(r; —0) exist forall j =1,...,n—1.

Fourier Theorem (previously) If both a function and its derivative u,u’ € S.C.%([—m, 7]) then:

(o)
?O z:: ap, cos(nz) + by, sin(nz))

holds pointwise for all  if u(z) is continuous and:

u(z +0) + u(x — 0)
2

= % + Z[an cos(nx) + by, sin(nx)]

n=1

for all z otherwise.

If u € S.C.%([—7,7]), we define the new function:

u(z) = @ +0) —; uz = 0) , Yz € |-m, ]

Now when u(z) is continuous at the point, then @(z) = u(x) clearly. If u(x) is discontinuous then @(x) is now defined
at the point of discontinuities and has value equal to the average of the adjacent values. Now consider @(z) to represent
all sectionally continuous but discontinuous functions in the future.

Updated Fourier Theorem If u,u’ € S.C.°, the series converges pointwise for all x € [—7, 7] (using the average % above).
If u € C%[—m, 7)), u(r) = u(—=) and v’ € S.C.%([—,7]) then the series converges uniformly.

Decay of Fourier Coefficients If u € C*)([—x, ), then |ay,|, |b,| decays at least as fast as —77. Intuitive understanding:

1 (7 1 /™1
lan| = ’ﬂ_/_ﬂu(m)cos(nx) = ;/_W ﬁf(x)dac < v f(z) =sinnz or cosnx
Rate of convergence Note that:
[ (z)] = )+ nFbug(x) Z (lan| + |bnl), f,g is trigonometric

Hence if |a, |, |b,| decay as n="~(%<) for some e > 0 (because the infinite sum of £ does not converge but n=(!* does)
then u € C*.
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Theorem: Continuity of Fourier representations :

e Local information to global information: If w € C®) then |a,|, |b,| ~ n=*.

e Global information to local information: If |ay,|, |b,| ~ n~*~(F) then u € C*).

Integration of Fourier Series Let V(z) = [ u(s)ds. We will like V() to be periodic. Hence we require V(—m) = V(m)
which implies that:

/OTr u(s)ds = /O_F u(s)ds — [ u(s)ds =0

—T

and hence u has mean zero. Then we write u(x) just in terms of the trigonometric functions (without the constant
term):

oo

u(zx) = Z[an cos(nz) + by, sin(nz)]

n=1
o0 oo
b b Ao
n . n n .
— ) — —cos(nx) + — = — + A, cos(nz) + By, sin(nz
$) = 3 S sin(nr) = 2 costng) + 22 = 5+ 3 Ay cos{ne) + Bsin(us)]
where the constant term arises from the integration of the cosine.

where we define:

n=1 -
_bn
A, =
n
Qp
B, ="
n

Then A,, and B,, decay to zero faster than b, and a,, and hence the infinite sum is convergent.
Attempt to Differentiate Fourier Series Proceeding term-by-term

o' (z) = Z —nay, sin(nz) + nb, cos(nx)

n=1

but now the coefficients go to zero slower than a,, and b,. Hence we need to impose more conditions.

Theorem: Differentiation of Fourier Series If v € C° and u/,u” € S.C.°, then:

u'(z) = Z —nay, sin(nx) + nby, cos(nx)
n=1
Parseval’s Theorem Consider:

[ rar= B4 > )
. u\xr .’If—2 :a

—Tr

This tells us if |u(x)|? is integrable (and hence finite) then the Fourier series is convergent by comparison.
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L2 function space Define:

tallmh = {| [ opas <o}

Note that S.C.%([—m,7]) C La([—, 7).

Example 1 Define:

0, z¢€][-m,0)
u(z) = {x_1/4, x € (0, 7]

which is discontinuous, blows up at zero, but has finite squared integral. The Fourier Series exists for this function.

Hilbert Space Define:

HP) = {u|u,...,u") e Ly}

the set of functions where the first P derivatives are Ly. For Laplace’s equation, we will get u € H(,

Motivation The Fourier series converts a function into a series of numbers (the coefficients). This is a relationship between
a continuous function and a discrete sequence.

Example: Fourier Series in PDEs Consider the problem:

Au=0, (z,y)€[-m7]x[-m 7]
u(z,—m) =g(x), g€ CO’

g(£m) =0
u(£m,y) =0
u(z,m) =0

Now we expand ¢ in its Fourier Series:

agp

5 + Z ay, cos(nx) + by, sin(nx)

n=1

g(x) =

Consider the ansatz: The solution can be written as a Fourier series where the coefficients are functions of y:

u(a,

) cos(nx) + by, (y) sin(nx)

Then substituting y = —m, we have:

ap
an(—7) = an
bp(—m) = by,



Hence we have the ansatz:

u(@,y) = 3 ba(y) sin(na)
n=1
and substituting into the PDE:
Z ) sin(nz) + b/ (y) sin(nx) = 0

Now the coefficients have to vanish:

—nby, (y) + b (y) =0

with the boundary conditions for each b,,:

This ODE can be solved immediately:

and hence we have the solution:

uey) =3 b S sinh(n(y )|

n=1

Z sin(nz) sinh(n(y — 7)), o= —,;/7r g(z) sin(nz)dz

msinh(2nm) J_,

which is the exact same equation as obtained from the separation of variables.
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QUICK REFERENCE SHEET II
SooN WEI DANIEL LiMm

Traveling waves Let u(z,t) = v(x — at). Substitute this
into the wave equation and integrate once to write v’
in terms of v (note arbitrary constant). This is now
an autonomous differential equation. Plot the phase
portrait to determine asymptotic behavior - if bounded
functions are required, you have a limited range of v val-
ues. Solve the ODE by partial fractions. Remove the
absolute value in logarithms by noting the sign of each
term based on the position of each term in the phase
portrait.

Method of Characteristics, Fully Nonlinear Given
F(Du(Z), u(T), ¥) = 0,

—

p

#(s) = —DzF(p,2,%) — D, F(p, 2, %)
i(s) = DyF(p,2,%) - 9

#(s) = DsF(p, 2, &)

Green’s Identities

ou
1st: /uAude—/ Vu 2clV—i—/ u——do
Q Q‘ | o ON
ow
1st: /qudV: u—da—/(Vu) - (Vw)dV
Q aq On Q

ow Ou
2nd: /Q(qu — wAu)dV = /8&2 (uaN - w(’?]\/) do
Polar Laplace’s equation
1 1 10 ( ou 1 9%u
Upy + i + 30 = 0 = o (T(?r) + 200 0
n-D Polar coordinates
Au = r"%% (r”_lgz> + T%An,lu =0

Fundamental Solution

— (), n=2
F(r) = {127; n=3
47 |r|? -
—AF(r)=46(r)
Mean-Value Property
() = 5= (P
ulPo) = 775 7 u\p)ac
‘S(pO,G) S(po,e€)

Maximum principle Let 2 be a bounded domain in R"
and suppose that u is continuous in Q = Q U 9Q and
harmonic in . Then u takes its maximum and mini-
mum value on 0f). If u is not constant, then u attains
its maximum and minimum only on 0f2.

minu < u < maxu
o0 o0
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Poisson Equation Bound Consider Au = f,u = g. Then
the bound for the solution is:

< C

[u(p)] < max |g| + C max|f|

where C is a constant depending on the size of the do-
main. The larger the domain, the larger C' is.

Liouville’s Theorem A non-constant harmonic function in
an entire domain (any dimension) cannot be bounded
from above or below.

Corollary of Liouville’s theorem The only bounded har-
monic functions on the entire domain are constant func-
tions.

Green’s Functions (Dirichlet Boundary)
— A5G,
G(ﬁa ﬁo)

i) = = [ o) 567 n)do

3P — po)

po) =
=0, Vpeoi

Method of Images: Constructing Green’s Functions
Write G = F'+ H, where F is the fundamental solution:

|

Pick H = —F on 09Q and with py ¢ Q by adding or
subtracting copies of the fundamental solution.

—5- In(|p—pol), n=2

11
— TS = n =
47 [p—pol’ 3

—

F(ﬁ—po

Spherical Coordinates

T = 1 cosfsin ¢
y = rsinfsin ¢

Z =17cos ¢

Hyperbolic Expansions

sinh(a + b) = sinh a cosh b & cosh a sinh b
cosh(a = b) = cosha cosh b £ sinh asinh b
cosh(2a) = sinh? a 4 cosh? a = 2sinh? a + 1 = 2cosh®a — 1

sinh(2a) = 2sinhacosha

Types of Harmoniticity

Harmonic if — Au =0
u € C%(Q) is { Superharmonic if — Au > 0

Subharmonic if — Au <0

Maximum principle for super and subharmonic functions
If w is subharmonic, then u© < maxgqu. If u is super-
harmonic, then v > mingou. Hence for harmonic
functions, both conditions hold.



Fourier Series

u(z) = % + Z ay, cos(nd) + by, sin(nd)
n=1

1/7r

a, = —

T J)_n
1 us

.
T —T

Pointwise convergence u, — u converges pointwise for
each x € I if |u,(z) — u(z)| — 0 as n — oo.

u(z) sin(nz)dz

u(zx) cos(nx)dx

Uniform convergence u,, — u converges uniformly for all
x € I if maxger |un(z) — u(x)] — 0,n — oo, the maxi-
mum error goes to zero.

Mean convergence u,(x) — u(z) converges in the mean
over I'if [} [uy(2) — u(x)|de — 0 as n — co.

Strong to weak Uniform convergence implies pointwise
convergence. Pointwise convergence implies mean con-
vergence.

Fourier Theorem If u,u’ € S.C.°, the series converges
pointwise for all € [—m, 7] (using the average u). If
u € O%[—m,7]),u(r) = u(—m) and v’ € S.C.O([—m, 7))
then the series converges uniformly.

Representation Theorem

Decay of Fourier Coefficients (and gap) If « € CF,
then the coefficients decay like n=%. If the coefficients
decay like n=*=17¢ for some € > 0, then u € C*.

Theorem: Differentiation of Fourier Series If ©v € C°
and v/, u"” € S.C.9, then:

o

u'(x) = Z —nay, sin(nzx) + nby, cos(nx)

n=1

Parseval’s Theorem
L7 o) ag Z‘” 2
E/,ﬂw( dm*? : (a5, +b7,)

Alternative to Separation of Variables Consider  the
ansatz: The solution can be written as a Fourier se-
ries where the coefficients are functions of y:

3

u(z,y) cos(nx) + by, (y) sin(nz)

f(0)7

Poisson’s Formula Given Au = 0,u(a,0) =

a2 — 2

r2 —2racos(f — 0') + a?

2m

u(r,0) = o’

[ 1]

—Au=f, on Q

u@ﬁ:iLW@—%ﬁ®MV+/

\p p0|

[ (r- )

1 L. 1 L . Ou
Z/m@ﬂ%mMV—/Q@W—M

1 ( 1
|P p0| ON

du(p)
N

ON

()
ON

—ulP) =5y

du(p) o 1 )
— u(p) == d
PN =7l ) ¥

uLLE P

Separation of Variables Rectangular space: Pick several new functions which satisfy exactly 1 boundary condition

each and goes to zero at the other boundaries.

U~ ALy zy},
U ~ {cos(Ax) cosh(Ay), cos(Ax) sinh(Ay), sin(Az) cosh(Ay), sin(Az) sinh(Ay) },
U ~ {cosh(Az) cos(Ay), cosh(Ax) sin(\y), sinh(A\x) cos(Ay), sinh(Az) sin(Ay) },

Impose the vanishing boundary conditions to find eigenvalues \,,.

p=20
p=-x
=X\

Final solution is a linear superposition of the eigen-

functions. Equate superposition to initial data and apply Fourier’s Theorem.

Separation of Variables in Polar Coordinates

r2R"(r) + rR'(r)

@I/ (0)

R(r)

N {1,6 p=0
() {{Cos(\/ﬁe),sin(\/ﬁﬁ),
{1},

Impose: O(6 + 27) = O(0) = O(0) ~ {{COS(HQ) sin(n#)

0(0)

p#0

n=0
VE=nELr u#0
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The radial equation is Euler’s ODE,

R’ +rR — pR =0
1,1 =n=0

R(ry ~  DITE VR
{rmr ="}, p=n=>1

Hence under the separation of variables assumption, we have solutions that look like:

1 o0 o0
u(r,0) = % + co% + > r"[ay cos(nd) + by, sin(nh)] + Z =" [epn, cos(nd) + d, sin(nh)]

n=1 n=1

If the origin is in the domain, kick the »~™ and lnr terms. If the domain is not the unit disk, replace r with r/p, where
p is the radius of the full disk.
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Chapter 6

Week 6

6.1 Wednesday 6 May 2015

Heat Equation A time-dependent form of Laplace’s equation:
u; = Au  homogeneous
u; = Au — f inhomogeneous
Steady State When u; = 0. Then we regain Laplace’s or Poisson’s equation:
0 = Au homogeneous
f =Au inhomogeneous

Energy Define:

E(u)z/ﬂ(iVuP+f-u> v

Note that FE(u) is a functional, since it takes a function u into the reals.

Minimizing a functional The minimization of a convex functional (such as the energy) is given at a function u if

iE(u + ev)

=0,V suitable v
de

e=0

What is suitable? For the Dirichlet problem, if u|gq is given, then a suitable function v is a continuous function with
v]ga = 0 so that we do not perturb the boundary condition. For the Neumann condition, g—}\‘, oq 18 given, so a suitable

v has 0.

ou)

aN o0

Intuition Recall that for single-variable functions, x is a critical point of f(z) if f’(z) = 0. In the terminology of minimiza-
tion,:

d
L fatey)| =0vyeRr
de =0

= flz+ey) yl._o=0 = fl(2)y=0,Yy = f'(x)=0

For multivariable functions, & is a critical point if every directional derivative is zero:

of

0117(x) =0,V e R"

44



We hence examine:

—0,Vy eR" = Vf(Z) §=0 = V(@) =0

0, .
&f(x—i-ey)

e=0
Now in function spaces Since the energy function is convex, the critical point will be the minimizer. Then we examine

the terms of the critical point condition:

1
(2|Vu +€eVol> + (u+e) - f) av
Q

E(u+ ev) :/
/ (;(|Vu|2 +2eVu - Vo4 E|Vol]?) 4 u- f +ev - f) av
Q

1 2
:/ (|vu|2>dv+e/vu.wdv+€/|W|2dv+/u.fdv+e/v~fdv
o \2 Q 2 Jo Q

Q

Now the derivative with respect to € makes sense, and we can write:

aE(u+ev):/(Vu~Vv+f'v)dV+e/ |Vo|2dV
Q Q

de
z/(Vu-Vv+f~v)dV
e=0 Q

0
= &E(u + ev)

Now we want this to equal zero for all suitable v. Rearranging,

/(Vu Vo4 f-o)dV = /((—Au)v + f - v)dV using Green’s identities
Q Q
:/(—Au+f)~vdV:0
Q
= —Au+f=0

because v can be varied provided it satisfies the suitable boundary conditions. Hence we see the relation between

Poisson’s equation and the energy:
The minimizer of the energy is the solution to Poisson’s equation on the domain

u=f onf{)

If « minimizes F(u) and u|gq = ¢ then
u=yg on Jf)

Heat Equation Problem
uy = Au — f(x)
u=g¢g on Jf
u(z,0) = ¢(x)

Now if u satisfies the heat equation, then:

We show this explicitly,
B(u)(t) = / (;WMF +ul,t) f<w>> de
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Taking the temporal derivative:

%E(u)(t) = /Q %%|VU(IE,t)‘2 + %u(w,t) - f(z)dx
d

— S B = /Q Vu(z,t) - Vuu(w, ) + f(z)u(e, t)dz

Now we know that on the boundary, there is no change of the function in time (because we have specified the boundary
condition). Then we have that at 0€2:

ut(x,t) =0 Vt >0,z € N

Hence, applying Green’s identity to the first term in the temporal derivative,

GEO = [ (Au@t)+ f@)ule s

Since u solves the heat equation, u; = Au — f. Then we substitute this into the equation:

GE@0 = [ (=Bute.t) + ) (Butant) = f@)de = = [ (Aulat) = fla)de <0

Hence we have shown that the energy of the solution decreases in time. It is strictly decreasing unless Au(z,t) = f(z)
i.e. we are at steady state. Since the energy is a strictly decreasing function of time and is bounded below by zero,
in the limit as ¢ — oo, the solution approaches the steady state. The solution to the heat equation is the energy
minimisation path from the initial condition to the steady state.

Homogeneous case Set f = 0. Then we have that:

E(u)(t) < E(¢)

The energy at any later time must be less than or equal to the energy of the initial data.

Maximum Principle (Max-Min Theorem) Consider 1 dimension. Let 7' > 0, and suppose u(x,t) is C° in R = {x €
[0,L],¢t € [0,T]}. Let u solve the heat equation with some boundary conditions in the interior of the domain:

Up = Uge, € (0,L),t€ (0,T)
u(z,0) = ¢(x), x=€]l0,L]
u(0,t) = g1(t), w(L,t) = g2(t) V>0

Then v attains its maximum and minimum at the initial time ¢ = 0 or sides x = 0, L. It cannot attain its maximum or
minimum in the interior or at the top where t = T..

Intuition behind Maximum Principle Proceed by contradiction. Let the maximum (minimum) be obtained at some
point (xg,to) in the rectangle 0 < xg < L,0 < tg < T. Then us(xo,to) = 0 or if tg = T then u(xg,T) > 0 as it increases
towards the higher time boundary. We examine the second derivative in space. Since it is a maximum point, we have
that w..(zo,t0) < 0. Now by the heat equation, u;(xo,tg) = tzz(zo,to). We need to remove the possibility that both
the LHS and RHS are zero to obtain a contradiction. Let M be the maximum value of w on R. Then u(zg,to) = M
where 0 < 29 < L,0 < tg < T. Since this is a maximum point, its value must be larger than the maximum along the
boundary:

max u=M—¢, €>0
t=0,2=0,L
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Now define a new function (perturbing by a parabola):

v(x,t) = u(z,t) + é(w — x0)?

Now v(zo,to) = M and at the boundary, vjsggp < M — €+ ;5 L> = M — 3¢ < M. Let the maximum of v(z,t) occur at
(z1,t1). Then we have that:

€ €
Ut_vzm:ut_(uxz+ﬁ):ut_uxx_ﬁ
Now since u satisfies the heat equation in the interior, we have that u; — uz, = 0. Hence vy — vy = —575 < 0.
Contradiction.
6.2 6 May 2015 Recitation
Separation of Variables: Example
Au=0 r>1

Vu- N=g r=1lu—0 r— o0

Proceed by separation of variables in polar coordinates:

u(r,0) = R(r)©(9)

and substituting into Laplace’s equation in polar coordinates:

R/(16) + ~R(1)6(6) + - R(r)6" () =0

R'(r)r* +rR'(r) _9"(0) _
R(r) ECION

which gives two ODEs:

0" +u® =0
R’ +rR —pR =0

The first equation can be solved immediately:

O ~ {{179}7 p=0
{sin(0\/p), cos(0y/i)}, p#0

But to ensure that the solution is continuous, we impose the condition:

O(0 + 21) = O(6)

which gives:

Hence:
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{l}v n=0
© {{sin(n@),cos(n@)}, n#0

Now the radial equation is an Euler equation. Substituting the ansatz R = r®, we obtain the characteristic equation:

rPafa—1)r* 2 +rar* !t —n*r* =0 = ala—1)+a—-n*=0 = pu==4n

Now if ¢ = 0, then we want to solve the ODE:

rxz2(r)+z(r)=0,2(r) = R'(r)
2'(r) 1 1

) = = Inz(r)=—-lnr+c¢ = z(r):7 = R(r)=ciInr+co

Hence if g = 0 then R(r) ~ {1,Inr}. Blah blah.

Poisson’s Equation on the Unit Disk Suppose we have a source term Au = f. Then we expand f in terms of the
Sturm-Liouville eigenfunctions (subject to the same conditions previously):

f=ao+ i[fn(r) cosnf + f,(r) sinnd]
n=1

Then we also write the solution in terms of an unknown superposition of eigenfunctions:

(oo}
u(r,0) = ao(r) + Z[an(r) cosnb + by, (1) sin nb]
n=1
Plug this into the PDE and then take inner products with 1, cos n, sin nf which will give a set of ODEs for ag(r), an(r), b, (1)

6.3 Friday 8 May 2015

Maximum principle Recall that for the problem:

Utfuacm:()

u(z,0) = o(z)
u(0,t) = g1(t),t >0
u(L,t) = g2(t),t > 0

the maximum value of the solution u(z,t) on the rectangle [0, L] x [0, 7] occurs along the boundary = 0, L or t = 0.
Then we defined the function:

€ 2
v:u—l—m(x—xo)

and the PDE equation for v has that:

ve(x1,t1) — Vgg(21,t1) <0

at its maximum at (z1,t1). But this contradicts the statement that:
v (21, t1) — Ve (21, 01) > 0

48



Well-posedness of the Dirichlet heat problem: Uniqueness Let u; and wuy solve the heat equation. Define v = u; —
uy. Then u solves:

Ut = Ugg
u(z,0) =0
u(0,t) =0
u(L,t) =0

Then the maximum and minimum on the boundary is 0, hence we have that u must be zero over the whole domain
Hence u; = us and the solution must be unique.

Well-posedness of the Dirichlet heat problem: Stability Let u;,j = 1,2 solve the heat equation with:

(uj)e = (4))aa
uj(z,0) = ¢;(z)
ui (0,t) = g (t)
ui(L,t) = gb(t)

two different initial data and two different boundary data. Then the difference u = u; — us solves:

Ut = Ugy
u(z,0) = ¢1(z) — P2()
u(0,t) = g1 (1) — g1 (1)
u(L,t) = g3(t) — g3(t)
Then by the maximum principle,

maxu <

prepax o ter(@) - $2(x),01(t) — g7 (1), g2 (1) — g3(1)}

Similarly, for the minimum,

inu > i — L) — g2(t), ga(t) — g2 (¢
minu> min o {01(@) = da(e). 0l (1) — 910, 93(0) — 30}
Hence we have the bound:

max |u| < max

e 1161(w) = 6a(a)l lal (1) ~ 910 193(0) — 3O}

This gives us the stability condition. The difference in the solution is given by the difference in the initial data. Hence
the Dirichlet problem is well-posed.

Well-posedness of the Neumann heat equation: Uniqueness Consider the Neumann problem in 1D:

U — Ugy = 0
u(z,0) = ¢(x)
u(0,t) = g1(t)
Uy (L, t) = gao(t)
in n dimensions,
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u = Au on Q

Ou
N = g(x,t), on 9N

u(z,0) = ¢(x), on

This problem is well-posed because of the t = 0 initial condition.

Mean constraint Consider the time derivative of the mean (assume everything is uniformly convergent so we an exchange

operators):
d/ (z,t)d / (z,t)dx /A (z,t)dx / Ou d / (z,t)d
— [ u(z,t)de = | wu(x, = u(z, = —do = g(z,t)do
dt Jo Q Q o0 ON o9

This gives us the evolution of the mean in time. Integrate both sides with respect to time and use the FTC:

/Qu(x,t)dx:/ﬂu(xﬁ)dm—i-/ot (/mg(x,s)da) ds:/ﬂqb(x)dx—i—/ot (/mg(a:,s)da> ds

Corollary of Max/Min Principle for Heat Equation If u attains a maximum or minimum in the interior of the domain,
then w is a constant.

Method of characteristics fails for Heat Equation

Solution of Heat Equation using Fourier Series This is a linear problem. Hence separation of variables and Fourier
series are both valid ways to solve the problem and will give the same answer.

Consider the problem:

Ut = Ugy

u(z,0) = ¢p(z)u(0,t) =0
u(L,t) =0

Note that the function vanishes at 2 = 0, L, hence we expect that the Fourier series terms will be odd (the series will
be even if the derivatives vanish at the boundaries). Take the Fourier series (letting the constant and cosine coefficients
go to zero) as:

. nT T
E b ( sm—

where we let the coefficients vary with time. Now b, (0) is determined by the initial data:

Z b ( sin — = ¢(x)

Now we plug the ansatz into the PDE:

wp(2,t) — gy (x,t) = Z sm——&—b ()(%)QSinTzo



This is an ODE for b,,, which immediately has solution:

Hence the solution is:

t) = an(O)(f 2 tsin%
n=1

We further define:

L
B, = b, (0) = %/0 ¢(z) sin %dm

so that we can write the series as:

(o]

nmwx

U(I, t) = Z 6%6 nl‘g ¢ Sin T
n=1

Theorem 1: Convergence of Series If ¢ € C° and ¢’ € S.C. then the series converges uniformly.

Theorem 2: Heat Equation Solutions are infinitely smooth regardless of initial data If ¢ € S.C. then the solu-
tion to the heat equation u € C* for all x € [0, L], ¢ > 0. All discontinuities in the initial data vanish immediately.

Proof of Theorem 2 Take k derivatives in space of the series solution:

k k

nmw
Z Bne” L2 k sin 7 which could be cosine too

OFu(x,t)
C Oz

and the Fourier coefficients of the k-th derivative also decrease exponentially hence the series converges.

Note that this arises because the original coefficients decrease exponentially, which is faster than any polynomial
decrease. Hence u € C°.

At steady state In the limit that ¢ — oo, note that all the exponential coefficients vanish, hence the solution is zero. This
is expected because the steady state problem becomes:

Example: Triangle wave initial data Consider:

which has Fourier series:

8 = (-1)7 . nmx

n=1



The solution is hence the same Fourier series with the coefficients containing exponentials:

8 = (—1)"T _n2e2, | nmx
u(z,t) = e L7 "sin —
(2.1) w2 — n? L
Backward time heat equation Given the problem:
Ut = Ugq, € S t<0
u(z,0) = ¢(x)

uw(0,t) =u(L,t) =0, —e<t<0
for some positive €. Note that we can introduce the change of variables to consider negative time. Then we have the
problem:
Ut = —Ugy

for the same boundary conditions. Suppose that we could solve this problem. Then we will be able to obtain the
solution for time equals —e, which we call ¥:

U(z) = u(z, —€)
Now we can consider the heat equation starting from ¢t = —e:
Vg = Vzz, —€<1<0
v(z, —€) = P(x)

v(0,t) =v(L,t) =0 —e<t<0

By uniqueness, v and u must have the same solution. But if ¢ € S.C., then the forward heat equation states that
v(z,t) € C®,Vt > —e. But this implies that u(z,0) € C* also. But we assumed that we could start with any S.C.
data for the u problem. Hence there exists no t(x) such that the value of v(x,0) = ¢(z) if ¢p(z) ¢ C*°. This problem
is not stable with respect to initial parameters, because the initial data must be C'*° to have a solution.
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Chapter 7

Week 7

7.1 Monday 12 May 2015

Dirichlet Heat Equation Solution Recall that the solution of:

Up = Ugz, VE>0,2€(0,L)
u(0,t) =0, wu(L,t)=0, Vt>0
U(Z‘,O) = ¢(x)a Vo € [O7L]at =0

is given by:

oo
_n2gp2 2 ., Nmx
u(z,t) = Zlﬁne n ot/ LT gin A

n=
2 L
Bn = Z/o ¢(x) sin ?dm
Neumann Heat Equation Solution For the Neumann boundary conditions,
Ut = Uz

uzr(0,8) =0 wu,(L,t)=0 VE>0
u(z,0) = ¢(z), Vxe[0,L],t=0

was given by the even series:
@ = nwx

0 2.2 2
u(x,t):?Jr g e T L o —=

L

n=1

2 [F nwT
Q= z/o o(x) cos Tdm

Heat Equation in N dimensions Given:

u=Au, t>0,€)
u(Z,t) =0, Fe€dt>0
u(@,0) = ¢(%), eQt=0

Procedure for Solution :

e Find the eigenfunction and eigenvalue solutions to the problem —Awv, (Z) = A\, v, (
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e Write the solution in the basis of eigenfunctions.

o0
u(z,t) = Z cne” mtu, (z)
n=1

e Substitute into PDE.

oo
0=1u — Upy = Z (fcnane*a"tvn(x) — cne*a"tAvn(x))
n=1

— Z (—cnane_o‘”tvn(x) + cne_a"t)\nvn(x))

n=1

= Z Cnvn(z)e” !t (—ay + Ap)
n=1

Hence we require that

Qp = An
Now substitute the ansatz into the initial data:
o0
O(E) =D cnvn(E)

n=1

oo

= | w(@)o@)dE =D v (T)vn(E)di = c
Q n=1

where we assume that the eigenfunctions have been chosen to be normalized. [, [v,(#)[*dZ = 1. Then the solution
is:

o0
u(@ t) =Y ene M, ()

n=1

Example Let u solve the 3D heat equation:

The eigenvalue problem is:

—Av, = A\op, T € B(0,1)

Proceed using spherical coordinates. Then we want to solve:

10 5 O0vy, B

or

Let v, (r) = f"T(T) Then we want:
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% (TQ( ;ﬁr) - fr;@)) A fa(r)

= fu(r) +7f(r) = fo(r) + Aar fu(r) =0
= f':{(r) + )\nfn(r) =0

= fn(r) = ey sinnar + cycosnwr, A, = n?n?

We reject the cosine solution so that the function is bounded in the domain, which includes the origin. Hence we write
the eigenfunctions as:

o) = S200)

and the general solution to the heat equation will be:

o0 .
_ .2 2, SINNTT
u(z,t) = E O ——
r
n=1

Substituting into the initial conditions,

> sinnmr
To = Cn
§ : r

n=1
1 sinn'rrrT 2 +1
SWMATET r<dr —1)"
:>Cn:f01.r2 i :2T0( )
Jy sin® nardr r
Hence the solution is:
2Ty _. 2 2. 8innmr
u(,r,, t) _ 220 (_1)n+1€ n?p2¢ St i
T nr

n=1

Solving Inhomogeneous Heat Equation Consider:

Remove the source. Then let u*(z) solve:

and define:

w(z,t) = u(z,t) — u*(x)
= wt_wacac:ut_uxx+u;x:_f($)+f(x):0

Hence w solves:

w(0,t) = w(z,wt) =0
w(z,0) = ¢(x) — u*(x)
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Time dependent forcing Consider

Ut = Ugy — f(l’,t)
u(0,t) = u(L,t) =0

u(z,0) = ¢(z)
Then make the ansatz:
> nmwx
t) = b, (t —
u(z,t) ; (t) sin T
and expand the force term in a series as well:
= nwx
t) = (1) sin ——
f(ﬂ:, ) ;f()SIH L
Substitute into the PDE to get the ODE system:
2,2

n-m

biz(t) = 7?bn(t) - fn(t)

Solve by integrating factor to get: b, (t) and substitute back into the ansatz to get the full solution.

t[ oo .
u(x,t) = /0 [Z (*en2ﬂ2(T7t)/L2fn(T) sin nzsr)] dr = /0 v(x,t;7)dT
n=1

Note that the v(x,t;7) functions also satisfy the heat equation, but for a different time:

Vg = VUgg, b > T
v(0,t;7) =v(L,t;7) =0, t>7

v(x,7,7) = fla,7), t=7

Think of v as impulses that carry the information from one timestep. We add up the impulses from time zero to time t.
This is known as Duhamel’s principle: If v(x,¢;7) solves the above heat equation, then the general solution solves the
full heat equation. We can translate inhomogeneous problems into integrals of the solutions to homogeneous problems.

u(x,t) = /Ot v(x, t;7)dr

7.2 Wednesday 13 May 2015

Quiz 3 material (Heat Equation) Chapter 9 Sections 1-4

Fundamental Solution of the Heat Equation over all space Let u solve:

Up = Ugpy, T ERE>0
u(z,0) =¢(z), z€eRt=0

with boundary conditions such that:
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|u(z,t)|, |ug(z,t)] = 0, as|z| = oo

Recall that the fundamental solution for Laplace equation had Laplacian equal to the delta function. We take a different
approach here using a scaling argument.

Consider ¢ > 0. Then the substitution:

results in the modified equation:

0

au(az',t') = uy (2, t)a?
82
@ = Uy’ ' (LI:/, t/)a2

0 9? F o
= (5~ ) 010

and the change of variables also solves the heat equation. If u(x,t) solves the heat equation, then u(az, a®t) also solves
the heat equation.

1

Pick the scaling factor a = ==. Then write:

S

t

u(z' 1) = u(az,a®t) = u (

)

-

This suggests that we should look for solutions of the form v:

() ()
/qu(x)dx

and let |ul, |u,| — 0 as |z| — co. Examine the rate of change of the mean of the solution:

Let the initial data be integrable.

< 0

iMean(u) = / ug(x,t)de = / Ugpdr =0

which equals to zero by considering the boundary conditions at infinity. Now we have that the mean is a constant for
all t > 0. Hence we want the solution v to have constant mean too:

1 <x>d tant in ti
—=0 —— L — constant 1m time
oo VE \WVE

o0
= / v(y)dy = constant in time
— 00

after making the change of variables to y. Hence we examine solutions of the form:

(3)
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Lemma If v € C° and | [ v(y)dy| < oo then we define v (y) = Lv(y/e) that limits to a delta function as e — 0.

Hence observe that

7 ()

limits to a delta function as ¢ — 0. Substitute this ansatz into the PDE:

9 —1/2 —1/2\| _ L _3/2 —1/2 1 —3/2 L . . —1/2
5 [t v(at )} = 2t v(at™?) 2t \/iv (xt™%)
82

- [t‘l/zv(:vt_l/?)} _ t_3/2v”(;vt_1/2)
T

- (G- () () () ()
= v'(y) + %(v(y) +y'(y) =0, y= 7
— () + 5 e(y)) =0

= v'(y) + %yv(y) =c

Pick ¢ = 0 because we just need to find one solution. Then we want to solve:

V' (y) + %yv(y) =0

= v(y) = Ae~ v’/

which is a Gaussian. Returning to explicit dependence on space and time:

1 x A 2
o) = Zem /4t
Vi \Vit) Vi
We will like to normalize this by picking A so that it will limit to the usual delta function under ¢t — 0:
1 1 —z? /4t

A=—— = F(z,t)=
Qﬁ (:E) 2\/7Tte

which is the 1D fundamental solution to the Heat Equation. The general solution can be written in terms of this
fundamental solution using the Green’s formulation:

1 —(x—s)2/4t
u(w,t) = { vmi Jre ¢(s)ds, t>0

o(x), t=0
where we specifically define the function at ¢ = 0 because the delta function is not well-defined at ¢ = 0.

Heat Equation Fundamental Solution in higher dimensions The fundamental solution in d dimensions is just the
product of the fundamental solution in 1D taken d times:

1 \¢ Lo
w(Z _ 67\175\ /4t 2
(@) (2 ?t) /R $(3)d3
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Maximum Principle Let the solution u € C° and be bounded for all (z,t) € R x RT. Let M = sup,cr ¢(z) and
m = inf,cr ¢(x) (note that we use the supremum and infimum because you do not need to actually attain the maximum
and minimum values). Then:

m < u(z,t) <M

Restricted Uniqueness Condition There is at most 1 continuous and bounded solution to the heat equation over (z,t) €
R x Rt.

Example: Unbounded initial data Consider ¢ = ¢**/4, Then the solution is:

u(z,t) = %612/4(1—6

which blows up in finite time.

Informal Growing with giants condition If u grows slower than e4%” then everything is OK. Note that this is essential

in considering the convergence of the integral in the Green’s formulation.

Positivity using the Maximum Principle The Heat Equation solution preserves the sign of the initial data. If ¢(x) >
0 = wu(x,t) > 01if ¢p(x) # 0,Vz € R, that is, if ¢ is not zero for some region of finite length. Note that the condition
is strict on the solution. This is important because it shows that we cannot use the method of characteristics to solve
this system since the solution immediately departs from zero where the initial data is zero. The information from the
non-zero part of the initial data needs to be transferred immediately to the entire domain.

Proof of the positivity condition Basically use the Green’s formulation to claim that the integral is positive if you are
integrating a function that has a positive component for some finite length.

Example: Gaussian Initial Data Consider ¢(z) = e~*"/°". The solution is:

g

Vo2 4+ 4t

after completing the Gaussian square. Observe that the height decays as time progresses and the width expands.

u(x,t) = e~ /(D) 5

Example: Delta Initial Data Let ¢(z) = §(z) Then the solution is clearly just the fundamental solution:

1
u(z,t) = = e/t

2/t

Note that even though the initial data was singular, the solution is still C'*°.

7.3 Wednesday Recitation 13 May 2015

Duhamel’s Principle Given:

Up = Uy + f(x,t) inQ
u(z,t=0)=0
u(z,t) =0, at 90

Then suppose we had a function v(z,t; 7) such that v solves the heat equation for all 7 with an initial condition at time
7 instead that equals the forcing parameter at time 7:

Vi = Vge in Q,VT
v(z,7;7) = f(x,7) attimet=r7
v=0 on JIN
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Then the claim is that the general solution can be written as an integral of v:

We observe that this occurs because:

¢
ut:/ v(x, t; 7)dT + v(2, t, )
0

= /t Vpe (2, t; T)dT + f(2,1)
0

_ (/Ot v(m,t;T)dT) Ay

and the zero boundary conditions are also satisfied.

Example Suppose u is smooth and satisfies u; — Au = 0 in R”. Then we want to show that u(z,t; \) = u(Az, A%t) is also a
solution for all A € R and that x - Vu + 2tu; is also a solution.

Proof for Part 1 Observe that:

o S
au(x, tA) = ANuy (AT, A1)
9 L2
a—xiu(x,t, A) = Aug, (A, \°t)

0? 5
S Zou(@ tA) = A
= i axfu(x,t, A) = A Au
= w (T, t; \) — Au(Z,t;A) =0

Proof for Part 2 Apply the chain rule to the proposed function:

9 : 9 22 = 12 2 - = 2 =2
au(x,t, A) = au()\:c, A%t) = Xi:ziuzi()\x, A%t) + 20w ( Az, A°t) = T - Vau( AT, M%) + 2Mu (AT, A1)

and taking A = 1 gives us the required identity. Now we need to show that the partial derivatives can commute so that
the proposed ansatz is a solution.

Duhamel’s Principle on a Circle Given the problem:
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7.4 Friday 15 May 2015

Classification of 2nd Order Linear PDE in 2D Consider:

L(u) = augg + 2bugy + cuyy + duy +euy + fu+9g=0, inQ
a,b,c,e,d,e,f,gECQ(Q), QCRQ

Define the principal part to be the 2nd order part of the PDE:

Lo(u) = augy + 2bugy + cuy,y, a2+ +2#0

where we have the additional condition so that all the coefficients do not vanish simultaneously and we do not have a
second order system. We can write this system in matrix notation using the Hessian:

Lo(u) = a b o [ Uzz Uzy \ _ [ @ b « H(u)
b ¢ Uyzr Uy b ¢
where the x operator refers to term-by-term multiplication and not matrix multiplication.

We examine the discriminant of the coefficient matrix:

—det(z i>:b2—ac

Consider a new coordinate space with transformations:

(=¢(@,y) n=n(z,y)
F(I’y) = (C(xvy)vn(xay)) € Cl

det(Jr) :det< f}z f}z ) £0

which is invertible since the Jacobian is nonvanishing due to the inverse function theorem:

Fﬁl(Cﬂ?) = (x(§7n)’y(C7n))

Let u solve L[u] = 0. Then we can define the transformation of the system into the new coordinate space:

w(¢,n) =u(z(¢(,n),y((,C)) <= u(z,y) =w(((z,y),{(2,y))

We want to determine the PDE that w solves. Taking the derivatives of u and transforming them into derivatives of w
in the new coordinate system,

Uy = wely + Wyl
Uy = WGy + Wy
tze = Wee(Co)? + 2WenCatle + Wyy(Me)? + WeCaa + Wytlaa
Uyy = wCC(Cy)Q + 2wenCyny + wnn(ny)z + we (Gyy) + wynyy
Uy = Uye = WecCaly + Wen(Cally + MaCy) + WayNatly + WeCay + WyNzy

Examining the principal part of L{w]:
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A B\ (G ¢ a b G oG\
(B C>_<nx nz>x<b6)x(m: nZ)

Hence the determinant is:

A B a b
det(B C):|J|2det<b c)

Note that since the Jacobian is non-vanishing and is squared, it does not affect the sign of the determinant. Then we
have three cases:

If det(Lg) > 0, call L hyperbolic (wave equation). If det(Lg) = 0, call L parabolic (heat equation). If det(Lg) < 0, call
L elliptic (Laplace’s Equation). First order equations (like conservation laws) are considered hyperbolic. We may also
apply these classifications to non-linear equations are linearizing it.

Example Let Lu = Au = uy; + uyy. Then the discriminant of L is —1 x 1 = —1 < 0. Hence this operator is elliptic.

Note that we may informally factor the operator as:

PP (0 o\(0 0
ox2  oy?  \ Oz Oy Oz Oy

which has imaginary operators and hence we cannot use the method of characteristics.

Example 2: Tricomi PDE Consider yus, + tyy. The determinant is:

_ y 0 _
det(o 1)— Y

hence the nature of the operator depends on the position on the plane. On the upper plane, it is elliptic. On the x-axis
it is parabolic, and in the lower plane it is hyperbolic.

Wave Equation Consider vz, — uyy = 0. Informally, note that we can factor the system into two real operators:

0? 0? (0 L 0 0 0
0z2  oy?2  \odx Oy or Oy
which is the product of the one-way wave equation moving in different directions.
Wave Equation Consider:
Uy = Au, V(f, t) ceR" xR
We need to assume that |u|, |uz| — 0 as |z| — oo.

Note that if 7 € R™ and |§]? = 1, then w(Z,t) = F(v- ¥ — t), F € C? satisfies the wave equation.

3D Wave Equation Consider the radially symmetric Laplacian:

_ 109 [ 50u
utt_r26r " or

‘We re-scale the solution :
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v(r,t) = ru(r,t) = v = Vpr

which satisfies the wave equation in 1D. Hence we know that:

v(r,t)=F(r—t)+ G(r+t)

for two C? functions F, G is a solution. Hence the solution for u is:

u(r, 1) = v(:,t) _ F(r—t)—:G(T—&-t)

Initial Value Problem Consider:

Upt = Uge, T ER,E>0
u(z,0) = ¢(x)
ut(1'70) = w(l')

We know that one general form of the solution will be:

u(z,t) = Flx —t) + G(x + t)

which can be shown to satisfy the wave equation. Hence we assume that the solution has the above form, and substitute
it into the boundary data:

Integrating the second term,

—F(z)+G(x) = /Ox Y(s)ds — F(0) + G(0)

This gives a linear system for F and G which we may invert:

F) =5 (00~ [ ot)is + FO) - 60))
6e) = 5 (o) + [ wisyas)

and hence we have the general solution to the wave equation in 1D:

x+t
) = 3 O — )+ o+ ) +5 [ uls)ds

N | —

Now we examine what happens if we try to move backward in time. Taking the limit as t — 07T:

¢(x —0) + ¢(x +0)

u(z,t) = 5

and hence we may have the weak condition that ¢ € S.CY.

Suppose we are given a particular point (x,%p) and we want to find the value of w there. Now (drawing in the
characteristic lines), only the region of the x-axis from xg — to to z¢ + to really matters. We call this the domain of
dependence [z — ¢,z + t].
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Theorem: Domain of Dependence Let (%, %)) € R" xR, and let 2 be a domain bounded by the cone |#—Z,|? < (t—t)?
and {t > 0}, {t < T} for some T > t;. Suppose u € C? and it solves the wave equation. Then:

/ (Vo +)| o< [ (FuP )],y do
B(:f}‘(),to*T) B(fo,t())

where the energy is:
E= /(|Vu|2 + u?)dx
Hence we may write it as:
E(T) < E(0)

This can be used to prove uniqueness, because a ball containing zero energy (for the difference between solutions)
initially will remain at zero energy for all time.
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Chapter 8

Week 8

8.1 Monday 18 May 2015

Wave Equation Part 2 Given the problem:

Ut = Au
u(z,0) = ¢(z)
ug(z,0) = Y(z)

where u has finite and compact support, that is:

lu(z, )|, |Vul(z, t)| = 0 as |z| = oo

up to the finite time 7. In other words, there is some B(0, R) such that u = 0 outside of B(0, R).
Definition: Energy

B = [ + |VuP)do
If u solves the wave equation, then the energy is conserved:

d
@E = 2/ (uguy + Vu - Vug)dx

= 2/ (uguy — uVu)dz  Green’s Identity

= O7 Ut = Vu

Forming an explicit solution for the wave equation Recall that in 1D, a wave equation solution was:

u(zx,t) =

T+t
@la—0+ola+0)+3 [ oo

N =

Note that we can write both terms in integral form:

x4+t x4+t
u(z,t) = % E I_—: qﬁ(s)ds} —|—% m——: Y(s)ds
a x4+t x+t
= 5 {t P/w_t d)(s)ds} + = - Y(s)ds



where we define:

In 3D, we consider the problem:

(up)er = Aup
up(x,0) =0
(up)i(,0) = p(x)

Claim 1 We claim that v =

85? € C? solves:

Vit = Av
v(x,0) = p(x)
ve(z,0) =0

Where we note that the conditions are flipped. Hence if we have the first solution, we can immediately find the second
by differentiating with respect to time.

We first verify that v solves the wave equation. This is true because we can commute the derivatives because it is C?,
hence we can take the time derivative outside. Now it is also easy to see that:

v(z,0) = %up(m,O) = p(x)

Hence we only have one condition to check:

2

oi(2,0) = 2

@“p(%o) = Auy(2,0) =0

because u,, satisfies the wave equation. Hence we have verified the properties of v.

Claim 2 We also claim that the C® solution of:

Ut = Au
u(z,0) = ¢(x)
ui(x,0) = ¢(x)

in 3D is given by:

U Ugp + Uy

T ot

where ug and u, are the solutions to the claim 1 wave equation with u(xz,0) = ¢ or 1 respectively. We verify this
claim: The solution clearly satisfies the wave equation because the individual components satisfy the wave equation.
The initial position is:

u(2,0) = Sy (2,0) +ug(2,0) = 6(2) + 0 = 6(x)
2

un(,0) = 3 (,0) 4 Loy, 0) = 04 4(x) = (a)

Hence it remains to solve the u, problem from Claim 1.
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Claim 3 Consider again the Claim 1 conditions:

(up)u = Ay
up(x,0) =0
(up)e(z,0) = p(z)

We now claim that if p € C*(R?), k > 2, then the solution of the Claim 1 problem is:

1
)= — d
wlet) =1 [ o PO

which is the average integral of p. Note that do; is the surface element of a sphere of radius ¢. Hence we may write it
as do; = t2do1, where do; is the surface element of the sphere of radius unity.

We also change variables §= Z +t - &, |@| = 1. This gives us the simplified boundary:

t

t) = —
u (&) 47 JaB(0,1)

p(Z+t-d)doy, «o€dB(0,1)

This looks like a mean multiplied by a time:

up(Z,t) =t- M(p,0B)

We explicitly find the mean in terms of the original parameters, integrating over the ball of increasing size:

1
M(p,0B(z,t)) = s - )p(g)dat
x,t

= up(z,t) =t - M(p,0B(x,t))

We verify that this solution satisfies the initial condition as ¢ — 0 from ¢ > 0. Since we required that u(z,0) = 0, we
just need to show that the mean is bounded so that ¢ times the mean goes to zero as ¢t — 0. Then:

1 1 1
lim M(p,0B(x,t)) = lim — T+ at)doy = — li T+ td)doy = — T)doy =
10+ (p.0B(z1)) e /13(0,1)p(x+a) T 9B(0,1) tg(%p(er e 4 BB(O,I)p(x) 7 =)
and clearly the mean is bounded (in fact it goes to a constant). Hence we satisfy:
lim t- M(p,0B) =0
[t M(p 0B)

Now we verify that the time derivative at zero time is equal to p(x). Differentiating the solution (and using the product
rule),

) 1 t
e~ p(Z + t&)doy + — Vp(& + &) - ddoy
ot Am Japo,1) 4T JaB(o,1)

Taking the limit as ¢ — 07, we note that the first term is the average of p(z) around an arbitrarily small ball, hence

it converges to p(z). the second term goes to zero because the integral of the gradient over an arbitrarily small ball is
bounded, and when multiplied by ¢, will go to zero. Hence we satisfy the second boundary condition:
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ou
lim 2 (z,¢) =
i, 5.0 =2(a)

We now check the third part of Claim 1: that the time derivative of the solution satisfies a related system with the
boundary conditions interchanged:

) 1 / . . t . , . up(z,t) 1 .
—up, = — p(Z+t-a)doy + — a-Vp(x—l—t-a)d(n:pi—i——/ a - Vp(8)do
ot " Ar Japon) 4T Jap(o,1) t 47t JoB (et !

where we transformed the second term back into the original parameters. Note that & is an outward unit normal
derivative. We hence apply the divergence theorem to write:

0 up(x,t) 1 / -
—Uup = — A d
ot T T (Z)dz
Taking the time derivative again:
0? -1 (up)i(x,t) 1 1 0
- - _ t )4 ) _ A —;d v A _,d
et = @)+ At /B(m) T /B(w,t) p(¥)de

The first three terms cancel by noting the definition of the time derivative of u,. Hence we have:

H? 1 0
O = —2 Ap(7)d
92"~ 4mt ot /B(x,t) p(@)dz

We can write the integral over the entire ball as the integral of the integral over infinitesimal shells:

2 1o [

-, = — — Ap(s)ds | d

8t2uP 47t Ot 0 (/{)B(w,T) p(g) s> !
1

=— Ap(5)ds
At JoB(at)

Now w,, satisfies the wave equation, so (up)y = Au,, and hence:

1

Aup(z,t) = ypn /E)B(I’t) Ap(5)ds

This is true. Why?

Hence the 3D wave equation has general solution:

0 1 1
u(r,t) = a1 (47715 /(’)B(z,t) ¢(5)d0t> + It /(’)B(:E,t) Y(s)doy

2D Wave equation Consider a general solution:

9 o +
U= =1u u
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Define a dummy coordinate to make this a 3D problem:

1

Uy = ——
PAnt Jop(er 20,0

p(s1, $2)do

and we project this onto the 2D plane, noting that there are two contributions from the upper and lower hemispheres:

1 p(s1,82)ds
wene =g [ A
T JB2((w1,22),t) V12 — |5 — 7

and instead of integrating on the boundary, we need to integrate on an entire domain.

General Wave Equation
Uy = () Ugy

Properties of PDE solutions :

e First order equations/ Conservation Laws: Can use Method of Characteristics. Has finite speeds. Has
uniqueness with the entropy condition. Has bounded and S.C° solutions. Doesn’t need maximum or comparison
principles; it just needs ODE theory along the characteristics. As t — oo, solutions are sometimes bounded,
sometimes they blow up - there is no guarantee of existence for all time (even if the initial data are positive and
bounded). Problem is only well-posed for a short time. For initial conditions with finite support, for PDEs like
Burger’s equation, solution decreases like % Initial data cannot be given along a characteristic curve, otherwise
the solution either doesn’t exist or doesn’t have uniqueness.

e Laplace’s Equation/Heat Equation: C* solutions. Has maximum principle. Can use energy methods to
solve. Solution decays to steady state as ¢ — oo. First order equations with an added viscosity term u,, behave
like heat equations and the solutions become smooth (not like first order equations). Can have shocks. Singularity
on the boundary/in the domain immediately smooths out.

e Wave Equation (similar to Conservation Laws/First Order): Can use Method of Characteristics (similar). Has
finite speeds. Has bounded, S.C.° solutions. Has comparison principle (weak form of maximum principle) in
dimensions n < 3. Can use energy methods to solve.

e General 2nd order PDE Can be solved using Method of Images (unbounded domains) and Green’s functions
(unbounded domains)/Fundamental solutions (unbounded domains)/Eigenfunction Series Solution (bounded do-
mains)/Separation of Variables (bounded domains)/Fourier Series (bounded domains). They give the same result.
As t — o0, solution is bounded. Discontinuities on the boundary are preserved.
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Chapter 9

Final Review

Wave Equation Energy Method Consider:

Define the energy:

Method of Characteristics Consider:

ut+(;u2) =0, zeR,t>0
1, z<-1

w0 =g =, S0
0, =z>1

We solve this using method of characteristics:

U +uuy, =0

and hence the characteristics solve:

#(s)=u x(s=0)=gq
t(s)=1 t(s=0)=0
u(s) =0
and the solutions are:
r=us+gq
t=s

Hence if we plot the characteristics, they are lines with slope equal to % where u is the value at the boundary.

The physically correct rarefaction solution is given by the linear solution v = %,0 < z < 2t since we want the value of
the solution to go from 0 to 2 as we cross the rarefaction region 0 < z < 2t.
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When the shock hits the rarefaction, the shock still persists, but its speed changes. Implement the RH condition for the
shock velocity:

(2)°

F(ul)_F(ur): %_%
U — Uy 1—=t

51:0'1:

Z since this is the solution in the rarefaction region. This gives an ODE, which we can solve to

Note that u,(z,t) = ¢
obtain s1, the position of the shock in the rarefaction region.
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