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Preface

These lecture notes are indented as a straightforward introduction to partial
differential equations which can serve as a textbook for undergraduate and
beginning graduate students.

For additional reading we recommend following books: W. 1. Smirnov [16],
I. G. Petrowski[12], W. A. Strauss [18], F. John [8], L. C. Evans [5] and
R. Courant and D. Hilbert [4]. Some material of these lecture notes was
taken from some of these books.



CONTENTS



Chapter 1

Introduction

Ordinary and partial differential equations occur in many applications. An
ordinary differential equation is a special case of a partial differential equation
but the behaviour of solutions is quite different in general. It is much more
complicated in the case of partial differential equations caused by the fact
that the functions for which we are looking at are functions of more than one
independent variable.

Equation

F(z,y(x),y (x),....y™) =0

is an ordinary differential equation of n-th order for the unknown function
y(x), where F' is given.

An important problem for ordinary differential equations is the initial
value problem

y(z) = [flz,y(@))
y(zo) = Yo,
where f is a given real function of two variables z, y and x(, yo are given

real numbers.

Picard-Lindel6f Theorem. Suppose
(i) f(z,y) is continuous in a rectangle

Q={(z,y) eR*: |z — 0| <a, ly—1yo| <b}.

7
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Xg X

Figure 1.1: Initial value problem

(i1) There is a constant K such that |f(xz,y)| < K for all (z,y) € Q.
(11) Lipschitz condition: There is a constant L such that

|f($,y2> - f<x7y1>| < L‘y2 - y1|

for all (x,y1), (z,y2).

Then, there exists a unique solution y € C*(xo—a, vo+a) of the above initial
value problem, where o = min(b/ K, a).

The linear ordinary differential equation
Y™ a1 (2)y™ Y+ ay (@)Y 4 ag(z)y = 0,

where a; are continuous functions, has exactly n linearly independent solu-
tions. In contrast to this property the partial differential u,, +u,, = 0 in R?
has infinitely many linearly independent solutions in the linear space C?(IR?).

For the ordinary differential equation of second order

y'(x) = [z y(x),y'(x))

there exist in general a family of solutions with two free parameters. Thus,
it is naturally to consider the associated initial value problem

y'(z) = flz,y(2),y'(2))
y(xo) = Yo, y/(xO):ylu



where 1y and y; are given, or to consider the boundary value problem

y//(x) = f(x,y(w),y’(:l:))
y(zo) = %o, y(x1) = y1-

XO X X
Figure 1.2: Boundary value problem

Initial and boundary value problems play also an important role in the
theory of partial differential equations. A partial differential equation for the
unknown function u(z,y) is for example

F(x,y, u, Uy, Uy, Uy, Ugy, Uyy) = 0,

where the function F' is given. This equation is of second order.

An equation is said to be of n-th order if the highest derivative which
occurs are of order n.

An equation is said to be linear if the unknown function and its derivatives
are linear in F'. For example,

a(z,y)u, + b(z,y)uy + c(x, y)u = f(z,y),

where the functions a, b, ¢ and f are given, is a linear equation of first order.
An equation is said to be quasilinear if the highest derivatives occur lin-
early in the equation. For example,

(l(._'l'}, ya U, Uy, uy)uacx + b([[’, ya U, Ug, uy)uxy + C(fL‘, y? U, Uy, uy)uyy = 0

is a quasilinear equation of second order.
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1.1 Examples

1. u, =0, where u = u(x,y). All functions u = w(z) are solutions.

2. u, = uy, where u = u(z,y). A change of coordinates transforms this
equation into an equation of the first example. Set ¢ = x4+ y, n =z — v,

then
ey =u (51557 = ot

Assume u € C!, then
1
vy = §(ux — Uy).

If u, = uy, then v, = 0 and vice versa, thus v = w(§) are solutions for
arbitrary C'-functions w(§). Consequently, we have a large class of solutions
of the original partial differential equation: uv = w(x + y) with an arbitrary
C!-function w.

3. A necessary and sufficient condition that for given C!'-functions M, N
the integral
Py
M(x,y)dx + N(z,y)dy
Po
is independent of the curve which connects the points Py with P; in a simply
connected domain 2 C R? is the partial differential equation (condition of
integrability)
M, = N,

in Q.

This is one equation for two functions. A large class of solutions are given
by M = ®,, N = ®,, where ®(z,y) is an arbitrary C*-function. It follows
from Gauss theorem that these are all C'-solutions of the above differential

equation.

4. Method of an integrating multiplier for an ordinary differential equation.
Consider the ordinary differential equation

M (z,y)dz + N(z,y)dy =0
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X

Figure 1.3: Independence of the path

for given C'-functions M, N. Then we seek a C'-function u(z,y) such that
pMdx+pNdy is a total differential, that is, that (uM), = (uN), is satisfied.
This is a linear partial differential equation of first order for u:

My, — Ny = p(Ny — M,).
5. Two C'-functions u(z,y) and v(z, y) are said to be functionally dependent

if
det ( Yo Ty ) =0,
Ve vy

UgpUy — UyVy = 0.

that is, if
This is a linear partial differential equation of first order for w if v is a given
C'-function. A large class of solutions is given by
u= H(v(z,y)),
where H is an arbitrary C*'-function.

6. Cauchy-Riemann equations. Set f(z) = u(x,y)+iv(x,y), where z = x+iy
and u, v are given C(Q)-functions. Here is Q a domain in R?. If the function
f(2) is differentiable with respect to the complex variable z then wu, v satisfy
the Cauchy-Riemann equations

Uy = Vy, Uy = —Vy.
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It is known from the theory of functions of one complex variable that the
real part u and the imaginary part v of a differentiable function f(z) are
solutions of the Laplace equation

Au=0, Av=0,
where Au = Uy, + Uy,

7. The Newton potential
1

a2+ y? + 22

is a solution of the Laplace equation in R?\ (0,0,0), that is, of

u =

Ugg + Uyy + Uz, = 0.

8. Heat equation. Let u(x,t) be the temperature of a point x € Q at time
t, where Q C R? is a domain. Then u(z,t) satisfies in 2 x [0,00) the heat
equation

u; = kAu,

where Au = Uy, 2y + Upywy + Uszyzy and k is a positive constant. The condition
u(z,0) = up(x), x€Q,

where ug(z) is given, is an initial condition associated to the above heat
equation. The condition

u(z,t) = h(z,t), ©z€dQ, t>0,

where h(z,t) is given is a boundary condition for the heat equation.

If h(xz,t) = g(z), that is, h is independent of ¢, then one expects that
the solution u(x,t) tends to a function v(x) independent of ¢ if t — oo.
Moreover, it turns out that v is the solution of the boundary value problem
for the Laplace equation

Au = 0 in
u = g(x) on S
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y
u(x,ty) u(x,t,)

Figure 1.4: Oscillating string

9. Wave equation. The wave equation
uy = A,

where v = u(z,t) and ¢ is a positive constant, describes, for example, oscilla-
tions of membranes or of three dimensional domains. In the one dimensioal
case
_ 2
Ut = C Ugy

describes oscillations of a string, for example.
Associated initial conditions are

uw(z,0) = ug(x), w(z,0) =u(x),

where ug, u; are given functions. That is, the initial position and the initial
velocity are prescribed.

If the string is finite one describes additionally boundary conditions, for
example

u(0,t) =0, u(l,t) =0 forallt>0.

1.2 Equations from variational problems

A large class of ordinary and partial differential equations arise from varia-
tional problems.

1.2.1 Ordinary differential equations
Set

Bv) = / Fav(@), o (@) de
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and for given u,, u, € R
V ={veC%a,b]: v(a) =u, v(b) =up},

where —oo0 < a < b < oo and f is sufficiently regular. One of the basic
problems in the calculus of variation is

(P) min,ey £(v).

a b X

Figure 1.5: Admissible variations

Euler equation. Let u € V' be a solution of (P), then

%fm,u(acx u(2)) = fulw, u(z), v (x))

in (a,b).

Proof. Exercise. Hints: For fixed ¢ € C?[a,b] with ¢(a) = ¢(b) = 0 and
real €, |e| < €, set g(€) = E(u+ ep). Since g(0) < g(e) it follows ¢'(0) = 0.
Integration by parts in the formula for ¢’(0) and the following basic lemma
in the calculus of variations imply Euler equation.

Basic lemma in the calculus of variations. Let h € C(a,b) and

/a ' h(e)d(x) dz =0
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for all ¢ € Cy(a,b). Then h(xz) =0 on (a,b).

Proof. Assume h(xy) > 0 for an z € (a,b), then there is a § > 0 such that
(xo — 6,20+ 9) C (a,b) and h(x) > h(xg)/2 on (xg — d, 20+ d). Set

(2 =z —x)2)? if z € (zg—b,m0+0)
P(x) = { ’ 0 if z¢€ (a?b) \ [$(()) — 6,20 + 0]
Thus ¢ € C}(a,b) and
b z0+9
/ hz)p(x) dr > M/ " ¢(z) dx > 0,
@ 2 r0—09

which is a contradiction to the assumption of the lemma.

1.2.2 Partial differential equations

The same procedure as above applied to the following multiple integral leads
to a second order quasilinear partial differential equation. Set

Ev) :/Q F(z,v,Vv) dz,

where Q@ C R" is a domain, z = (z1,...,2,), v = v(z) :  — R, and
Vo= (Vg,...,0z,). It is assumed that the function F is sufficiently regular
in its arguments. For a given function h, defined on 0€2, set

V={veC*Q): v=nhondQ}.
Euler equation. Let u € V' be a solution of (P), then

“~ 0
Fy

R, —F,=0
3@- i

=1

in €.

Proof. Exercise. Hint: Extend the above fundamental lemma of the calculus
of variations to the case of multiple integrals. The interval (xg — §, 2o+ J) in
the definition of ¢ must be replaced by a ball with center at xo and radius 9.
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Example: Dirichlet integral

In two dimensions the Dirichlet integral is given by

D(v) :/Q (v2+0)) dady

and the associated Euler equation is the Laplace equation Au = 0 in €.
Thus, there is natural relationship between the boundary value problem

Au=0 inQ, u=h on 0N

and the variational problem
min D(v).

veV

But these problems are not equivalent in general. It can happen that the
boundary value problem has a solution but the variational problem has no
solution, see for an example Courant and Hilbert [4], Vol. 1, p. 155, where h
is a continuous function and the associated solution u of the boundary value
problem has no finite Dichlet integral.

The problems are equivalent, provided the given boundary value function
h is in the class HY/2(952), see Lions and Magenes [10].

Example: Minimal surface equation

The non-parametric minimal surface problem in two dimensions is to find
a minimizer u = u(xy, z3) of the problem

min/ \/1+v2 +02 dr,
veV 0

where for given function h defined on the boundary of the domain €2
V={vel"Q): v=hondN}.

Suppose that the minimizer satisfies the regularity assumption u € C?(QQ),
then w is a solution of the minimal surface equation (Euler equation) in 2

0 Uy 0 Uy
. - i =0. 1.1
Oy <\/1+|Vu|2> 02 <\/1+|Vu|2> (L1
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Figure 1.6: Minimal surface

In fact, the additional assumption u € C?(Q) is superflous since it follows
from regularity considerations for quasilinear elliptic equations of second or-
der, see for example Gilbarg and Trudinger [7].

Let Q = R?. Each linear function is a solution of the minimal surface
equation (1.1). It was shown by Bernstein [2] that these functions are all
solutions of the minimal surface quation. This is true for higher dimensions
n <7, see Simons [14]. If n > 8, then there exists also other solutions which
define cones, see Bombieri, Giust and De Giorgi [3].

The linearized minimal surface equation over uw = 0 is the Laplace equa-
tion Au = 0. In R? linear functions are solutions but also many other func-
tions in contrast to the minimal surface equation. This striking difference is
caused by the strong nonlinearity of the minimal surface equation.

More general minimal surfaces are described by using parametric repre-
sentations. An example is shown in Figure 1.7'. See [13],pp. 62, for example,
for rotationally symmetric minimal surfaces.

! An experiment from Beutelspacher’s Mathematikum, Wissenschaftsjahr 2008, Leipzig
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Figure 1.7: Rotationally symmetric minimal surface

Neumann type boundary value poblems

Set V = C'(Q) and

E(v)z/Q F(z,v,Vv) dx—/ g(x,v) ds,

N

where F' and ¢ are given sufficiently regular functions and 2 C R" is a
bounded and sufficiently regular domain. Assume u is a minimizer of F(v)
in V| that is

ueV: E(u) < E() forallveV,

then

n

Q

=1

- [ e ds=o
o0
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for all ¢ € C*(Q). Assume additionally u € C?(Q), then u is a solution of
the Neumann type boundary value problem

“\ 0

=1

ZFuini —gu = 0 on 09,
i=1

where v = (v1,...,v,) is the exterior unit nornal at the boundary 0. This
follows after integration by parts from the basic lemma of the calculus of
variations.

Example: Laplace equation

Set

E(v) = %/Q |Vul? do — /BQ h(z)v ds,

then the associated boundary value problem is

Au = 0 in
8_u = h on 0f)
5 0 )

Example: Capillary equation

Let Q C R? and set
E(v):/ \/1+|Vu|2dx+g/ dex—cosv/ v ds.
QO 0 B

Here is k a positive constant (capillarity constant) and -+ is the (constant)
boundary contact angle, that is, the angle between the container wall and
the capillary surface defined by u = wu(z1,x2) at the boundary. Then, the
related boundary value problem is

div (Tu) = kKu in Q
v-Tu = cosy on 0f),
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where we use the abbreviation
YVu

V14| Vul?’

div (T'u) is equal to the left hand side of the minimal surface equation (1.1).

The above problem discribes the ascent of a liquid, water for example, in
a vertical cylinder with cross section 2. It is asumed that gravity is directed
downward in the direction of the negative z3-axis. Figure (1.8) shows that
liquid can rise along a vertical wedge which is consequence of the strong
nonlinearity of the underlying equations, see Finn [6]. This photo was taken

Figure 1.8: Ascent of liquid in a wedge

from [11].
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1.3 Exercises
1. Find nontrivial solutions u of

Ugl — Uy = 0 .

2. Prove: In the linear space C?(R?) there are infinitely many linearly
independent solutions of Au = 0 in R2.

Hint. Real and imaginary part of holomorph functions are solutions of
the Laplace equation.

3. Find all radially symmetric functions which satisfy the Laplace equa-
tion in R™\ {0} for n > 2. A function u is said to be radially symmetric
if u(x) = f(r), where r = (3.1 22)1/2,

(2 3

Hint. Show that a radially symmetric u satisfies Au = =" (7" ')’
by using Vu(z) = f'(r)%.

4. Prove the basic lemma in the calculus of variations: Let 2 C R™ be a
domain and f € C(Q) such that

/Q F@)h(z) dz =0

for all h € C2(2). Then f =0 in Q.

5. Prove the basic lemma in the calculus of variations: Let S = 02 be
sufficiently regular and f € C°(9€) such that

f(z)h(x) dS =0

o0N

for all h € C'(02). Then f =0 on 0.

6. Write the minimal surface equation (1.1) as a quasilinear equation of
second order.
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7.

10.

CHAPTER 1. INTRODUCTION

Prove that a sufficiently regular minimizer in C(Q) of

E(v):/Q F(z,v,Vv) daz—/ g(v,v) ds,

o0
is a solution of the boundary value problem

ZiFuI,—Fu = 0inQ
= Oz

ZFuIiVi —gu = 0 on 09,
i=1

where v = (v1,...,1,) is the exterior unit nornal at the boundary 0SQ.

. Prove that v - Tu = cos~y on 02, where v is the angle between the

container wall, which is here a cylinder, and the surface S defined by
u = u(xy,x2) at the boundary of S, v is the exterior normal at 0fQ.

Hint. The angle between two surfaces is by definition the angle between
the two associated normals at the intersection of the surfaces.

. Let u € C*(Q) be a solution of

divTu = Cin

\Y
yo——% = cosy on 0f),

V14 |Vul?

where C is a constant.

Prove that
109

19l

C

cos 7y .

Hint. Integrate the differential equation over ).

Assume that 2 = Bg(0) is a disc with radius R and the center at
the origin. Show that radially symmetric solutions u(x) = w(r), r =
Va2 + 23, of the capillary boundary value problem are solutions of

( rw’ !
_— = grw M0<r <R
\/1+w’2)
w/
= cosy ifr=R.

V14 w?
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11.

12.

Remark. It follows from a maximum principle of Concus and Finn [6]
that a solution of the capillary equation over a disc must be radially
symmetric.

Find all radially symmetric solutions of

( rw' '
_ = Cr in0<r<R
\/l—i—w’?)
w/
= cosvy ifr=R.

Vit w?

Hint. From an exercise above it follows that

2
C= Ecos*y.

Show that div Twu is twice the mean curvature of the surface defined
by z = u(xy, xs).
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Chapter 2

Equations of first order

For a given sufficiently regular function F' the general equation of first order
for the unknown function u(x) is

F(z,u,Vu)=0

in 2 € R™. The main tool for studying related problems is the theory of
ordinary differential equations. This is quite different for systems of partial
differential of first order.

The general linear partial differential equation of first order can be written

as
n

Z a;(x)uy, + c(x)u = f(x)

i=1

for given functions a;, ¢ and f. The general quasilinear partial differential
equation of first order is

n

Zai(a:, )y, + c(z,u) = 0.

i=1

2.1 Linear equations
Let us begin with the linear homogeneous equation
ar(z, y)uy + az(x, y)u, = 0. (2.1)

25
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Assume there is a C''-solution 2z = u(z, y). This function defines a surface S
which has at P = (z,y,u(z,y)) the normal

1
N = —————(—u,, —uy, 1)

V14 |Vul?

and the tangential plane

¢ — 2 =u(x,y)(§ — x) + uy(z,y)(n —y).

Set p = uy(x,y), ¢ = uy(z,y) and z = u(z,y). The tupel (z,y,2,p,q) is
called surface element and the tupel (x,y, z) support of the surface element.
The tangential plane is defined by the surface element. On the other hand,
differential equation (2.1)

ar(x,y)p + as(x,y)g =0

defines at each support (x, y, z) a bundle of planes if we consider all (p, ¢) sat-
isfying this equation. For fixed (x,y) this family of planes II(\) = II(\; z, y)
is defined by a one parameter family of ascents p(A) = p(A;z,y), ¢(\) =
q(X;x,y). The envelope of these planes is a line since

Cll(l', y)p<)‘) + CLQ(xv y)Q()‘> = 07

which implies that the normal N(X) on II(\) is perpendicular on (ay, as, 0).
Consider a curve x(7) = (z(7),y(7), 2(1)) on S, let Ty, be the tangential
plane at xo = (2(79),y(10), 2(79)) of S and consider the line on T,

L: (o) =%¢+ 0% (1), 0€R,

see Figure 2.1

We assume L coincides with the envelope, which is a line here, of the
family of planes II(A) at (z,y,z). Assume that Ty, = II(\g) and consider
two planes

M(Ao): z—2 = (z—120)p(Xo) + (¥ — y0)a(No)
DX +h): z—20 = (x—z0)p(Xo+h)+ (¥ —yo)g(Ao+ h).

At the intersection (o) we have

(z — 20)p(No) + (¥ — 10)q(No) = (x — m0)p(No + h) + (¥ — yo)g( Ao + h).
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X

Figure 2.1: Curve on a surface

Thus,
' (70)p' (Mo) + %' (70)d' (o) = 0.

From the differential equation

a1(z(70), y(70))p(A) + az(z(70), y(70))g(A) = 0
it follows
arp'(Xo) + azq'(Xo) = 0.
Consequently
x'(7)

ay (2(7,y(7))

(«'(7), 9/ (7)) = (a1 (2(7), y(7)), b(2(7), y(7)),

since 7p was an arbitrary parameter. Here we assume that z/(7) # 0 and

ay(x(7),y(7)) # 0.

Then we introduce a new parameter ¢ by the inverse of 7 = 7(t), where

B T :L‘/(S) .
r) = / o)y

It follows z'(t) = ay(z,y), y'(t) = az(z,y). We denote x(7(t)) again by x(t).
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Now, we consider the initial value problem

?(t) = ar(z,y), y'(t) = az(z,y), =(0)=xo, y(0) =wo.  (2.2)

From the theory of ordinary differential equations it follows (Theorem of
Picard-Lindelof) that there is a unique solution in a neighbouhood of ¢t = 0
provided the functions ai, as are in C'. From this definition of the curves
(x(t),y(t)) is follows that the field of directions (a1 (xo, yo), a2(xo, yo)) defines
the slope of these curves at (z(0),y(0)).

Definition. Differential equations in (2.2) are called characteristic equations
or characteristic system and solutions of the associated initial value problem
are called characteristic curves.

Definition. A function ¢(x,y) is said to be an integral of the characteristic
system if ¢(z(t),y(t)) = const. for each characteristic curve. The constant
depends on the characteristic curve considered.

Proposition 2.1. Assume ¢ € C' is an integral, then u = ¢(x,y) is a
solution of (2.1).

Proof. Consider for given (xg, yo) the above initial value problem (2.2). Since
o(z(t),y(t)) = const. it follows

¢zx/ + (byy/ =0

for |t| < to, to > 0 and sufficiently small. Thus

be (70, Yo)a1(xo, Yo) + dy(To, yo)az(xo, yo) = 0.

Remark. If ¢(z,y) is a solution of equation (2.1) then also H(¢(z,vy)),
where H(s) is a given C''-function.

Examples

1. Consider
a1y + asuy =0,
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where a1, as are constants. The system of characteristic equations is
' =ay, v = as.
Thus, the characteristic curves are parallel straight lines defined by
r=at+ A, y=ast+ B,
where A, B are arbitrary constants. From these equations it follow that

Az, y) == asxr — ary

is constant along each characteristic curve. Consequently, see Proposition
2.1, u = asx — ayy is a solution of the differential equation. From an exercise
it follows that

u= H(ayr — ayy), (2.3)

where H(s) is an arbitrary C'-function, is also a solution. Since u is constant
when ayr — a1y is constant, equation (2.3) defines cylinder surfaces which
are generated by parallel straight lines which are parallel to the (z,y)-plane,
see Figure 2.2.

z

/y

X

Figure 2.2: Cylinder surfaces



30 CHAPTER 2. EQUATIONS OF FIRST ORDER

2. Consider the differential equation
Ty + yu, = 0.
The characteristic equations are
/ /
r =,y =Y,
and the characteristic curves are given by
r = Ae', y = Be',

where A, B are arbitrary constants. Thus, an integral is y/z, « # 0, and for
a given C'-function the function u = H(x/y) is a solution of the differential
equation. If y/x = const., then u is constant. Suppose that H'(s) > 0,
for example, then u defines right helicoids (german: Wendelflachen), see
Figure 2.3

Figure 2.3: Right helicoid (Museo Ideale Leonardo da Vinci, Italy)

3. Consider the differential equation

YUy — xuy = 0.
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The associated characteristic system is

o=y, Y =-w

If follows
rr+yy =0,
or, equivalently,
d o, 9
- =0
(@ +y) =0,

which implies that 22 + y? = const. along each characteristic. Thus, rota-
tionally symmetric surfaces defined by u = H(z* + y?), where H' # 0, are
solutions of the differential equation.

4. The associated characteristic equations to
ayu, + bxu, =0,

where a, b are positive constants, are given by
¥ =ay, v = bx.

It follows bxx’ — ayy’ = 0, or equivalently,

d
%(bIQ —ay?) = 0.

Thus, solutions of the differential equation are u = H (bx*—ay?), which define
surfaces which have a hyperbola as the intersection with planes parallel to
the (z,y)-plane. Here is H(s) an arbitrary C'-function.
2.2 Quasilinear equations
Here we consider equation

ar(z,y, u)uy + az(z,y, w)u, = as(x,y, u). (2.4)

The inhomogeneous linear equation

al(«f, y)ux + a2($a y)uy = ag(x, y)
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is a special case of (2.4).

One arrives at characteristic equations 2’ = ay, y = as, 2/ = a3 from (2.4)
by the same arguments as in the case of homogeneous linear equations in two
variables. The additional equation 2z’ = a3 follows from

Z(r) = pNa'(r) + a(N)y'(7)
= pa + qaz

see also Section 2.3, where the general case of nonlinear equations in two
variables is considered.

2.2.1 A linearization method

We can transform the inhomogeneous equation (2.4) into a homogeneous
linear equation for an unknown function of three variables by the following
trick.

We are looking for a function ¢ (z, y, u) such that the solution u = u(z,y)
of (2.4) is defined implicitely by ¢ (z,y,u) = const. Assume there is such a
function ¢ und let u be a solution of (2.4), then

’17/)1, + ¢uu:c = 07 ¢y + wuuy =0.
Assume 1, # 0, then

g = Y2y = Y,
Yo Yu
Then, it follows from (2.4) the linear homogeneous equation
a (Ia Y, Z)’ll)x + CLQ(ZL’, Y, Z)d}y + CL?)(w7 Y, Z)wz - Oa (25)

where 2z := u.
We consider the associated system of characteristic equations

SL’/(t) = al(xa Y, Z)
y/(t) = 0,2(.17, Y, Z)
Z(t) = as(x,y,2).

One arrives at this system by the same arguments as in the two dimen-
sional case above.
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Proposition 2.2. (i) Assume w € C', w = w(x,y,2), is an integral, that
is, it is constant along each fized solution of (2.5), then b = w(x,y,z) is a
solution of (2.5).

(ii) The function z = u(x,y), implicitely defined through 1(x,u,z) = const.,
is a solution of (2.4), provided that v, # 0.

(iii) Let z = u(z,y) be a solution of (2.4) and let (x(t),y(t)) be a solution of

J,’/(t) = al(x,y,u(ac,y)), y/(t) = ag(x,y,u(x,y)),

then z(t) := u(x(t),y(t)) satisfies the third of the above characteristic equa-
tions.

Proof. Exercise.

2.2.2 Initial value problem of Cauchy

Consider again the quasilinear equation
(*) al(x7y7u)u$ —|—a2(x,y,u)uy - a3($7y7u>‘
Let
[': x=1x0(8), y=190(s), 2=20(5), $1 <5< 89, —00< 851 < 89 < +00,

be a regular curve in R? and denote by C the orthogonal projection of I' onto
the (x,y)-plane, that is,

C: x=uuo(s), y=1yols)-
Initial value problem of Cauchy: Find a C*-solution u = u(z,y) of (%)

such that w(zo(s),yo(s)) = zo(s), that is, we seek a surface S defined by
z = u(x,y) which contains the curve T

Definition. The curve I' is said to be noncharacteristic if

7 (5)az (wo(s), 1o()) — gy ()ar (z0(s), o)) # 0.

Remark. If z4(s), yo(s), zo(s) is a solution of the characteristic system,
then I' is not noncharacteristic, it is by definition a characteristic curve.
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X

Figure 2.4: Cauchy initial value problem

Theorem 2.1. Assume a,, as, as € C* in their arguments, the initial data
To, Yo, 20 € CY[s1,8s] and T is noncharacteristic.

Then there is a neighbourhood of C such that there exists exactly one
solution u of the Cauchy initial value problem.

Proof. (i) Existence. Consider the following initial value problem for the
system of characteristic equations to (*):

I/(t) = al(l‘7y7 Z)
yl(t = az(x,y, Z)
Z/(t = ag(x,y, Z)

with the initial conditions

z(s,0) = mo(s)
y(870) = yO(S)
2(5,0) = 2zo(s).
Let x = z(s,t), y = y(s,t), z = z(s,t) be the solution, s; < s < s9, [t| <7

for an n > 0. We will show that this set of strings sticked onto the curce
I', see Figure 2.4, defines a surface. To show this, we consider the inverse
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functions s = s(z,y), t = t(z,y) of x = x(s,t), y = y(s,t) and show that
z(s(x,y),t(x,y)) is a solution of the initial problem of Cauchy. The inverse
functions s and ¢ exist in a neighbourhood of ¢ = 0 since

d(z,y)
J(s, 1)

Ts Ty
Ys Ut

det

— 2 (s)az — yh(s)ar # 0
t=0

t=0

since the initial curve I' is noncharacteristic by assumption.
Set

u(z,y) = z(s(z,y), Uz, y)),

then u satisfies the initial condition since

w(z,y)|i=o = 2(s,0) = 2(s).

The following calculation shows that w is also a solution of the differential
equation (x).

a1ty + gty = a1(258; + 2ity) + as(2ssy + 2ity)
= zs(a18, + assy) + z(art, + asty)
= zs(saxe + Syur) + 2 (teze + ty )
as

since 0 = s; = 5,74 + s,y and 1 =t = t, 20 + .

(ii) Uniqueness. Suppose that v(x,y) is a second solution. Consider a point
(2, ') in a neighbourhood of the curve (z¢(s),y(s)), s1+e < s < sp—e€, >0
small. The inverse parameters, see above, are s’ = s(2/,y/), t' = t(2/, '), see
Figure 2.5.

Let

A x(t) =x(s,t), yit) :=y(st), 2(t) = 2(s,t)

be the solution of the above initial value problem for the characteristic dif-
ferential equations with the initial data

x(s',0) = xo(s), y(s',0) =yo(s), 2(s',0) = 2(s").

According to the above construction this curve is on the surface S defined
by u = u(z,y) and u(2’,y’) = z(s',t'). Set

P(t) = w(a(t),y(t) — (1),
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x.y")

*o($)¥ ()

Figure 2.5: Uniqueness proof

then

() = v’ vy — 2

= Tga1 +vyaz —az =10

since v is a solution of the differential equation by assumption. Since v
satisfies the initial condition one has

»(0) =v(x(s,0),y(s,0)) — 2(s',0) = 0.
Thus, ¢ (t) = 0, that is,
v(z(s',t),y(s' 1)) — z(s',t) = 0.

Set t = t/, then
v y") — 2(s',t") =0,

which shows that v(2/,y’) = u(2’, ') since z(s',t') = u(2’, y/). O

Remark. In general, there is no uniqueness if the initial curve I is a char-
acteristic curve, see Figure 2.6 and an exercise.

Examples

1. Consider the Cauchy initial value problem

Uy + Uy =0
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Su

X

Figure 2.6: Multiple solutions

with the initial data
zo(s) = 5, Yo(s) =1, z(s) is a given C'-function.

These initial data are noncharacteristic since y,a; —xya2 = —1. The solution
of the associated system of characteristic equations

with the initial conditions

I(S,O) = CUO(S)’ y(870) = yO(S)v Z(S,O) = ZO(S)
is given by
r=t+z0(s), y=t+yo(s), z=20(s),
that is,
r=t+s, y=1t+1, 2= 2(s).

It follows s =x —y+ 1, t =y — 1 and that u = zo(z — y + 1) is the solution
of the Cauchy initial value problem.
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2. A problem from kinetics in chemistry. Consider for x > 0, y > 0 the
problem
Uy + Uy = (k’oe_klx + kg) (1 — U)

with initial data
u(z,0) =0, x>0, and u(0,y) = uo(y), y > 0.

Here the constants k; are positive, these constants define the velocity of the
reactions in consideration, and the function wug(y) is given. The variable x
is the time and y is the hight of a tube, for example, in which the chemical
reaction takes place, and wu is the concentration of the chemical substance.

In contrast to our previous assumptions, the initial data are not in C*.
The projection C; U Cy of the initial curve onto the (x,y)-plane has a corner
at the origin, see Figure 2.7.

y
X=y

Q

I X
1

Figure 2.7: Domains to the chemical kinetics example

The associated system of characteristic equations is
() =1, y(t) =1, 2 (t) = (koe ™" + ko) (1 — 2).

It follows x = ¢t + c¢1, y = t + co with constants ¢;. Thus, the projection
of the characteristic curves on the (x,y)-plane are straight lines parallel to
y = x. We will solve the initial value problems in the domains €2; and €,
see Figure 2.7, separately.

(i) The initial value problem in €. The initial data are

zo(s) = s, yo(s) =0, 2(0) =0, s > 0.



2.2. QUASILINEAR EQUATIONS 39

It follows
r=ux(s,t)=t+s, y=y(s,t)="1.

Thus,
2(t) = (koe M) 4 ko) (1 — 2), 2(0) = 0.

The solution of this initial value problem is given by

k k
2(s,8) =1 —exp [ —e MG+ _ g Do)
ky k1

Consequently,

k
ui(z,y) = 1 —exp (k—?eklw — koy — koklekl(wy))

is the solution of the Cauchy initial value problem in §2;. If time = tends to

o0, we get the limit

lim (2, y) =1 — e "2V,

(ii) The initial value problem in 5. The initial data are here

zo(s) =0, yo(s) = s, 20(0) = ug(s), s >0.

It follows
r=ux(s,t)=t, y=y(s,t) =t+s.

Thus,
2 (t) = (koe ™" + ko) (1 — 2), 2(0) = 0.

The solution of this initial value problem is given by

k
2(s.8) = 1= (1~ ug(s)) exp <k_ ot z) |

Consequently,

k k
) = 1= (1= ly — 2 (Rt — - 1)

is the solution in €2,.
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If x =y, then

ko

k
u(z,y) = 1—exp <k—?e_k”‘ — kox — k_1>

k k
UQ(IIT,y) = 1- (1 — uo([))) exp (k_(l]ekmc — kow — k_(l)) '

If up(0) > 0, then u; < uy if z = y, that is, there is a jump of the concentra-
tion of the substrate along its burning front defined by x = y.

The case if a solution of the equation is known

Here we will see that we get immediately a solution of the Cauchy initial
value problem if a solution of the homogeneous linear equation

ar(z, y)u, + as(x,y)u, =0

is known.

Let
zo(8), Yo(s), 20(s), s1 < s < 59
be the initial data and let u = ¢(z,y) be a solution of the differential equa-
tion. We assume that

o (20(5), Yo(s))0(s) + dy(w0(s), yo(s))yo(s) # 0
is satisfied. Set g(s) = ¢(xo(s),yo(s)) and let s = h(g) be the inverse func-
tion.

The solution of the Cauchy initial problem is given by uo (h(¢(z,y))).

This follows since a composition of a solution is a solution again, see an
exercise, and since

uo (h(@(20(s), y0(5))) = uo(h(g)) = uo(s).

FExample: Consider equation
Uy + Uy =0
with initial data
xo(s) = s, yo(s) =1, up(s) is a given function.

A solution of the differential equation is ¢(z,y) = z—y. Thus, ¢((xo(s),vo(s)) =
s — 1 and ug(¢ + 1) = ug(x — y + 1) is the solution of the problem.
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2.3 Nonlinear equations in two variables

Here we consider equation

F(x,y,Z,p,q) :07 (26)

where z = u(z,y), p = u.(z,y), ¢ = uy(z,y) and F € C? is given such that
F2 4+ F7 #0.

In contrast to the quasilinear case, this general nonlinear equation is
more complicated. Together with (2.6) we will consider the following system
of ordinary equations which follow from considerations below as necessary
conditions, in particular from the assumption that there is a solution of
(2.6).

() = F, (2.7)
yt) = F (2.8)
Z(t) = pF,+qFy (2.9)
p(t) = —Fo—Fup (2.10)
¢t) = —-F,— Fuq. (2.11)

Definition. Equations (2.7)—(2.11) are said to be characteristic equations of
equation (2.6) and a solution

(x(t), y(1), 2(t), p(t), 4(¢))

of the characteristic equations is called characteristic strip or Monge curve.

We will see, as in the quasilinear case, that the strips defined by the
characteristic equations build the solution surface of the Cauchy initial value
problem.

Let z = u(x,y) be a solution of the general nonlinear differential equa-
tion (2.6).

Let (o, yo, 20) be fixed, then equation (2.6) defines a set of planes given by
(%0, Yo, 20, P, q), that is, planes given by z = v(z,y) which contain the point
(20, Yo, 20) and for which v, = p, v, = q at (xo, yo). In the case of quasilinear
equations these set of planes is a boundle of planes which all contain a fixed
straight line, see Section 2.1. In the general case of this section the situation
is more complicated.
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Figure 2.8: Gaspard Monge (Panthéon, Paris)

Consider example
P+ ¢ = flz,y,2), (2.12)

where f is a given positive function. Let £ be a plane defined by z = v(z, y)
and which contains (o, Yo, 20). Then the normal on the plane E directed

downward is )

\/TW(P,Q;—U,

where p = v.(%0,%0), ¢ = vy(z0,y0). It follows from (2.12) that the normal
N makes a constant angle with the z-axis, and the z-coordinate of N is
constant, see Figure 2.9.

Thus, the endpoints of the normals, fixed at (o, yo, 20), define a circle
parallel to the (x,y)-plane, that is, there is a cone which is the envelope of
all these planes.

We assume that the general equation (2.6) defines such a Monge cone at
each point in R?. Then we seek a surface S which touches at each point its
Monge cone, see Figure 2.10.

More precisely, we assume there exists, as in the above example, a one
parameter C!-family

p(\) =p(A 2,9, 2), q(N) = q(N2,y,2)
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z /N

M)

N()

X

Figure 2.9: Monge cone in an example

of solutions of (2.6). These (p()), ¢(\)) define a family II(\) of planes.

Let

x(1) = (x(7),y(7), 2(7))

be a curve on the surface S which touches at each point its Monge cone,
see Figure 2.11. That is, we assume that at each point of the surface S the
associated tangent plane coincides with a plane from the family IT(\) at this
point.

Consider the tangential plane T, of the surface S at xo = (z(79), y(70), 2(70))-
The straight line

(o) = x¢ + ox/(1), —00 < 0 < 00,

is an apothem (german: Mantellinie) of the cone by assumption and is con-
tained in the tangential plane Ty, as the tangent of a curve on the surface S.
It is

x'(10) =1'(0). (2.13)

The straight line 1(o) satisfies

I3(0) — 20 = (l1(0) — 20)p(Xo) + (I2(0) — y0)q(Mo),
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s
5 <

/y

X

Figure 2.10: Monge cones

since it is contained in the tangential plane Ty, defined by the slope (p, ).
It follows

l5(0) = p(Ro)l1(0) + q(Xo)l3(0).
Together with (2.13) we obtain
(1) = p(ho)'(7) + q(Ro)y'(7)- (2.14)

The above straight line 1 is the limit of the intesection line of two neighbouring
planes which envelopes the Monge cone:

z—20 = (r—20)p(No) + (¥ — Yo)a(Ao)
z—2p = (x—x0)p(Xo+h)+ (y—vo)g(Xo + h).

On the intersection one has
(2 — 20)p(\) + (¥ — ¥0)q(Ao) = (2 — 20)p(Ao + h) + (¥ — yo)q(Xo + D).
Let h — 0, it follows

(x —20)p (Mo) + (¥ — Y0)d'(No) = 0.
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z

X

Figure 2.11: Monge cones along a curve on the surface

Since x = l1(0), y = l3(0) in this limit position, we have

P'(Ro)li(0) +q' (Mo)la(a) = 0,

and it follows from (2.13) that

P (M) (1) + ¢ (Mo)y'(1) = 0.
From differential equation F'(zg,yo, 20, p(A), ¢(A)) = 0 we see that
/) + Fy () = 0.

Assume 2/(79) # 0 and F, # 0, then we obtain from (2.15), (2.16)

y'(no) kg
(1) Fp
and from (2.14) (2.16) that
' (70)

45

(2.15)

(2.16)
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It follows, since 7y was an arbitrary fixed parameter,
X(r) = (@'(7),y'(r), 7 (1))
F, F,
_ ! roNta Lq
- (v (pragt))

' (1
= #(Fpapqvap + qFy).

p

That is, the tangential vector x’(7) is proportional to (F}, I, pF,+qF},). Set

where F' = F(x(7),y(7), 2(1), p(A(T)), ¢(A(7))). Introducing the new param-
eter ¢ by the inverse of 7 = 7(t), where

we obtain the characteristic equations (2.7)-(2.9). Here we denote x(7(t))
by x(t) again. From the differential equation (2.6) and (2.7)—(2.9) we obtain
equations (2.10) and (2.11). Assume that the surface z = w(z,y) under
consideration belongs to the class C?, then

Fy+ F.p+ Fyp, + Fypy 0
Fy+ Fp+a'(t)p. +y'(t)py, = 0
F,+FEp+p(t) = 0

) (qac = py)

since p = p(x,y) = p(x(t),y(t)) on the curve x(¢). Thus equation (2.10) of the
characteristic system is shown. Differentiating the differential equation(2.6)
with respect to y, we get finally equation (2.11).

Remark. In the previous quasilinear case

F(I’,y, Z, D, Q) = a1($, Y, Z)p + a?(xaya Z)C] - &3(33’ Y, Z)

the first three characteristic equations are the same:

[E’(t) - al(x,y,z), y/(t) - a2(x7y7 Z)7 Z/(t) = a3(x,y,z).
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The point is that the right hand sides are independent on p or ¢. It follows
from Theorem 2.1 that there exists a solution of the Cauchy initial value
problem provided the initial data are noncharacteristic. That is, we do not
need the other remaining two characteristic equations.

The other two equations (2.10) and (2.11) are satisfied in this quasilin-
ear case automatically if there is a solution of the equation, see the above
derivation of these equations.

The geometric meaning of the first three characteristic differential equa-
tions (2.7)—(2.11) is the following one. Each point of the curve
A (2(t),y(t), 2(t)) corresponds a tangential plane with the normal direc-
tion (—p, —q, 1) such that

2'(t) = p(t)2'(t) + q(t)y'(t).

This equation is called strip condition. On the other hand, let z = u(x,y)
define a surface, then z(t) := u(x(t),y(t)) satisfies the strip condition, where
p = u, and ¢ = u,, that is, the "scales” defined by the normals fit together.

Proposition 2.3. F(x,y,z,p,q) is an integral, that is, it is constant along
each characteristic curve.

Proof.

d
—F(x(t),y(t),2(t),p(t),qt)) = Fua'+Fy + F.2' + Fp' + Fq

dt
— F,F,+ F,F,+pF.F, + qF.F,
—F,f, — F,F.p— F,F, — F,F.q

— 0.

Corollary. Assume F(xg, 4o, 20, Po, ¢o) = 0, then F' = 0 along characteristc
curves with the initial data (xo, yo, 20, Po, 9o )-

Proposition 2.4. Let 2 = u(z,y), u € C?, be a solution of the nonlinear
equation (2.6). Set

20 = u(x07y07> Po = uz(x(hy())a Go = uy<x07y0)‘
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Then the associated characteristic strip is in the surface S defined by z =
w(z,y). That is,

2(t) = u(z(t),y(1))
p(t) = ua(x(t),y(t))
q(t) = uy(x(t),y(1)),

where (z(t),y(t), z(t),p(t),q(t)) is the solution of the characteristic system
(2.7)-(2.11) with initial data (xq, Yo, 20, Po, Go)

Proof. Consider the initial value problem

() = Fyla,y,ulz,y),u(z,y), u,(z,y))
FQ(xv y?“(w7y)’ um(x,y),uy(:ﬂ,y))

<
~
~~
~~
~—

with the initial data z(0) = x¢, y(0) = yo. We will show that

(@(t), y(t), u(x(t), y (1)), ua(2(t), y(t)), uy (x(t), y(t)))

is a solution of the characteristic system. We recall that the solution exists
and is uniquely determined.

Set z(t) = u(x(t),y(t)), then (z(t),y(t),2(t)) C S, and

2 (t) = upx' (t) + uyy' (t) = up Fy + uy Fy.

2
@
-+
3
—~
~
~—
I
<
8
—~
8
—~
~+
N—
<
—~
~+
N—
N—
L
—~
~+~
N~—
I

uy(x(t),y(t)), then

P(t) = ugF,+ ugF,
qt) = Uyz By + uyy Fy.

Finally, from differential equation F(z,y,u(x,y), u,(z,y),uy(x,y)) = 0 it
follows

p(t) = —F.—Fup
—F, — F,q.

<
<
—
~
SN——
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2.3.1 Initial value problem of Cauchy
Let

z=20(s), y=1v0(s), z=2(s), p=p0(s), ¢ =qo(s), s1 <s<s2, (217)

be a given initial strip such that the strip condition

20(8) = po(s)z5(s) + qo(s)yn(s) (2.18)

is satisfied. Moreover, we assume that the initial strip satisfies the nonlinear
equation, that is,

F(xo(s),Y0(s), 20(5), po(s), qo(s)) = 0. (2.19)

Initial value problem of Cauchy: Find a C?*-solution z = u(z,y) of
F(z,y,2,p,q) = 0 such that the surface S defined by z = u(x,y) containes
the above initial strip.

Similar to the quasilinear case we will show that the set of strips defined by
the characteristic system which are sticked at the initial strip, see Figure 2.12,
fit together and define the surface for which we are looking at.

Definition. A strip (z(7),y(7), 2(7),p(7),q(T)), 1 < T < 72 is said to be
noncharacteristic if

Theorem 2.2. For a given noncharacteristic initial strip (2.17), xo, Yo, 20 €
C? and py, qo € C' which satisfies the strip condition (2.18) and the differen-
tial equation (2.19) exists exactly one solution z = u(x,y) of the Cauchy ini-
tial value problem in a neighbourhood of the initial curve (xo(s), yo(s), 20($)).
That is, z = u(x,y) is the solution of the differential equation (2.6) and

u(o(5), 4o(s)) = 20(8), ux(20(s),90(5)) = po(s), uy(wo(s),y0(s)) = qo(s)-

Proof. Consider the system (2.7)—(2.11) with the initial data

z(s,0) = w0(s), y(5,0) = yo(s), 2(5,0) = 2o(s), p(s,0) = po(s), q(s,0) = qo(s).
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S W

t=0

X

Figure 2.12: Construction of the solution

We will show that the surface defined by = = x(s,t), y(s,t) is the surface
defined by z = u(z,y), where u is the solution of the Cauchy initial value
problem. It turns out that u(z,y) = z(s(z,y),t(z,y)), where s = s(x,y),
t = t(x,y) is the inverse of z = x(s,t), y = y(s,t) in a neigbourhood of ¢ = 0.
This inverse exists since the initial strip is noncharacteristic by assumption:

Az, y)

det 2. 1) |t:0

= SL’QFq - yqu # 0.

Set
P(z,y) = p(s(z,y), t(z,y)), Qz,y) = a(s(z,y),t(z,y)).
From Proposition 2.3 and Proposition 2.4 it follows F'(z,y,u, P,Q) = 0. We

will show that P(x,y) = u,(z,y) and Q(x,y) = u,(z,y). To see this, we
consider the function

h(s,t) = 25 — prs — qYs-
One has
h(s,0) = z(s) — po(s)zo(s) — qo(s)yp(s) =0
since the initial strip satisfies the strip condition by assumption. In the fol-
lowing we will see that for fixed s the function h satisfies a linear homogeneous
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ordininary differential equation of first order. Consequently, h(s,t) =0 in a
neighbourhood of ¢ = 0. That is, the strip condition is also satisfied along
strips transversally to the characteristic strips, see Figure 2.18. That is, the
set of "scales” fit together and define a surface like the scales of a fish.
From the definition of h(s,t) and the characteristic equations it follows

hi(s,t) = Zg—DiTs — QYs — PTst — QYst
0
= g(zt — DTy — qYt) + Dot + Qs — GYs — D

= (pxs+qys)F. + Frxs + Fyzs + Fops + Fygs.

Since F(z(s,t),y(s,t),z(s,t),p(s,t),q(s,t)) = 0, it follows after differentia-
tion of this equation with respect to s the differential equation

ht - —th
Hence h(s,t) = 0, since h(s,0) = 0.
Thus, we have

Zs = DPTs+ qYs
2 = PT+qys
Zs = UpXs+ UyYs

2t = umyt+uyyt-

The first equation was shown above, the second is a characteristic equation
and the last two follow from z(s,t) = u(x(s,t),y(s,t)). This system implies

(P = uz)zs + (Q — uy)ys
(P — ug)w; + (Q — uy)y:

It follows P = u, and @) = u,.
The initial conditions

u(z(s,0),9(s,0)) = zo(s)
ux($(570)>y(370)) = pO(S)
U’y(I(S?O)?y(S?O)) - QO(S)
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are satisfied since

u(x(svt)’y<s7t)) = Z(S(I,y),t(l’,y)) = Z(S,t)
ug(2(s,t),y(s,1)) = p(s(z,y), t(x,y)) = p(s, )
uy(x(s, 1), y(s,t) = a(s(z,y),t(z,y)) = qls, ).

The uniqueness follows as in the proof of Theorem 2.1. O

Example. A differential equation which occurs in the geometrical optic is

ul +ul = n(x,y),

where the positive function n(z,y) is the index of refraction. The level sets
defined by u(z,y) = const. are called wave fronts. The characteristic curves
(z(t),y(t)) are the rays of light. If n is a constant, then the rays of light are
straight lines. In R? the equation is

ul o+ ul = n(z,y, z).

Thus we have to extend the previous theory from R? to R", n > 3.

2.4 Nonlinear equations in R”
Here we consider the nonlinear differential equation
F(z,z,p) =0, (2.20)

where
33:(.1'1,.,,,%1), ZZU(iL‘): QCcR"— R, p=Vu.

The following system of 2n + 1 ordinary differential equations is said to be
characteristic system.

r'(t) = V,F
Z(t) = p-V,F
p'(t) = —V.F—F.p.

Let
zo(s) = (o1, -, Ton), S=(S1,--+,5n-1)
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be a given regular (n-1)-dimensional C%-hypersurface in R", that is, we as-
sume

ankaxo(s) =n—1.
0s

Here is s € D a parameter from a (n — 1)-dimensionl parameter domain.
For example, © = z((s) defines in the three dimensional case a regular
surface in R3.
Assume

z0(s) 1 D= R, po(s) = (po1(s), - .., pon(s))
are given sufficiently regular functions.
The (2n + 1)-vector
(2o(s), 20(s), po(s))

is said to be wnitial strip manifold and the condition
62’0 ! 8in
s, = Zp0i<5) ds;

1=

l=1,...,n—1,is called strip condition.
The initial strip manifold is said to be noncharacteristic if

E E E

p1 p2 Pn
J0xo1 Oxo2 . 0ron
det 851 681 651 ;é 0
)
6]}01 89002 8550n
asn—l asn—l 8571—1

where the argument of F}, is the initial strip manifold.

Initial value problem of Cauchy. Seek a solution z = u(x) of differential
equation (2.20) such that the initial manifold is a subset of {(z,u(z), Vu(zx)) :
r € Q}.

As in the two dimensional case we have under additional regularity as-
sumptions

Theorem 2.3. Suppose the initial strip manifold is not characteristic and
satisfies differential equation (2.20), that is, F(xo(s), z0(s),po(s)) = 0. Then
there is a neighbourhood of the initial manifold (xo(s), zo(s)) such that there
exists a unique solution of the Cauchy initial value problem.
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Sketch of proof. Let

r=ux(s,t), z=z(s,t), p=p(s,t)

be the solution of the characteristic system and let

be the inverse of © = z(s,t) which exists in a neighbourhood of ¢ = 0. Then,
it turns out that

z=u(x) = z(s1(x1, ..., Tpn), -y Sp1(T1, oy xp), E(T1, ... Tp))

is the solution of the problem.

2.5 Hamilton-Jacobi theory
The nonlinear equation (2.20) of previous section in one more dimension is
F(z1,. . @ny Tas1, 2, P15 - -+ s Py Pnt1) = 0.

The content of the Hamilton!-Jacobi? theory is the theory of the special case

F=ppy1+H(xy, ..., Tn, Tpi1, P15+ Pn) = 0, (2.21)
that is, the equation is linear in p,,; and does not depend explicitely on z.
Remark. Formally, one can write equation (2.20)

F(zy, ... @, u, Uy, oy Uy, ) =0
as an equation of type (2.21). Set z,,11; = u and seek u implicitely from
O(x1, ... Ty, Tpy1) = const.,

where ¢ is a function which is defined by a differential equation.

'Hamilton, William Rowan, 18051865
2Jacobi, Carl Gustav, 1805-1851



2.5. HAMILTON-JACOBI THEORY 95

Assume ¢, , # 0, then

0 = F(o1,. ., Tny Uy Ugyy oy Ug,))
¢xl _ (bmn
¢xn+1 ’ ’ ¢zn+l

= 1G(T1, . Tt 1y D)

Suppose that Gy, 7 0, then

)

= F(x1,...,Tn, Tpy1, —

¢mn+1 - H($1, cee sy Ty T4, (biﬂu cee 7¢$n+1)'

The associated characteristic equations to (2.21) are

x%H(T) = Fp, =1
zi (1) = F,, = H,p, k=1,...,n
n+1 n
Z/<T> = Zplppl = Zlepl +pn+1
=1 =1
= D nHy, —H
=1
p;LJrl (T> - _Fﬂ?n+1 - szn—i—l
= _an+1
p;C(T) = _F:ck - szk

fr— —ka? k:].,...’n.
Set t := x,41, then we can write partial differential equation (2.21) as

u+ H(z,t,Vyu) =0 (2.22)
and 2n of the characteristic equations are

Z'(t) = V,H(z,t,p) (2.23)
P'(t) = —V.H(z,t,p) (2.24)

Here is
x=(21,...,2,), p=(P1,---,Pn)-
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Let x(t), p(t) be a solution of (2.23) and (2.24), then it follows p, ,(¢) and
2'(t) from the characteristic equations

p;z—&—l(t) = —H
Z(t) = p-V,H—H.

Definition. The function H (z,t, p) is called Hamilton function, equation (2.21)
Hamilton-Jacobi equation and the system (2.23), (2.24) canonical system to

H.

There is an interesting interplay between the Hamilton-Jacobi equation
and the canonical system. According to the previous theory we can construct
a solution of the Hamilton-Jacobi equation by using solutions of the canonical
system. On the other hand, one obtains from solutions of the Hamilton-
Jacobi equation also solutions of the canonical system of ordinary differential
equations.

Definition. A solution ¢(a;z,t) of the Hamilton-Jacobi equation, where
a = (ai,...,a,)is an n-tupel of real parameters, is called a complete integral
of the Hamilton-Jacobi equation if

det(¢z,q,)i1=1 7 0

Remark. If u is a solution of the Hamilton-Jacobi equation, then also u +
const.
Theorem 2.4 (Jacobi). Assume

u = ¢(a;z,t) +c, c=const., ¢ € C? in its arguments,
15 a complete integral. Then one obtaines by solving of

b; = ¢o,(a;x,t), bji=1,...,n, are given real constants,
with respect to x; = x;(a,b,t) and then by setting

Pr = ¢, (a;2(a, by t), t)

a 2n-parameter family of solutions of the canonical system.



2.5. HAMILTON-JACOBI THEORY o7

Proof. Let
xi(a,byt), I=1,...,n

be the solution of the above system. The solution exists since ¢ is a complete
integral by assumption. Set

pr(a,b;t) = ¢q, (a;z(a,byt),t), k=1,...,n.
We will show that x and p solves the canonical system. Differentiating ¢,, =

b; with respect to ¢ and the Hamilton-Jacobi equation ¢; + H(z,t,V,¢) =0
with respect to a;, we obtain forv=1,...,n

- ox
(btai + Z (bzka,' a—tk - O
k=1

¢tai + Z (bxkaalk = O
k=1

Since ¢ is a complete integral it follows for kK =1,...,n
&zck
o = e

Along a trajectory, that is, where a, b are fixed, it is % = x}(t). Thus
:E;C(t) = Hpk'

Now we differentiate p;(a,b;t) with respect to ¢t and ¢, + H(x,t,V,¢) = 0
with respect to x;, and obtain

k=1
0 = ¢fv¢t + Z ¢xzwk Hpk + Hﬂci
k=1

0 = (bmt + Z (bxzxkx;i‘(t) + Hxi
k=1

It follows finally pi(t) = —H,,. O
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Example: Kepler problem

The motion of a mass point in a central field takes place in a plane, say the
(x,y)-plane, see Figure 2.13, and satisfies the system of ordinary differential
equations of second order

a"(t) = Uz, y'(t) = Uy,
where
L2
Here we assume that k% is a positive constant and that the mass point is

attracted of the origin. In the case that it is pushed one has to replace U by
—U. See Landau and Lifschitz [9], Vol 1, for example, for the related physics.

Ulr,y) =

y

/ (x(1).y (1)

(U.Uy)

0

X

Figure 2.13: Motion in a central field

Set
p=1, q=y
and
H=Sp*+¢") - Ulz,y),
then
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The associated Hamilton-Jacobi equation is
/{72

1 2 2\

which is in polar coordines (r,0)
Br+ (62 + %) = (2.25)
PN el '
Now, we will seek a complete integral of (2.25) by making the ansatz

¢ = —a = const. ¢g = —3 = const. (2.26)

and obtain from (2.25) that

¢ = i/ \/ +i——dp+c(t0)

From ansatz (2.26) it follows

c(t,0) = —at — 6.
Therefore we have a two parameter family of solutions

¢ = ¢(O&,ﬁ;9,?‘,t>

of the Hamilton-Jacobi equation. This solution is a complete integral (exer-
cise). According to the theorem of Jacobi set

¢a: _t()a ¢5: -

s dp
SN (-
ooy f20+ 22 -5

The inverse function r = r(t), r(0) = ro, is the r-coordinate depending on

time ¢, and
60— 06 )
= 6/0 — MQ _

02

Then
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Substitution 7 = p~! yields

1 dr
1/ro \/204 + 2k2T — 3272

B21_q 1

= —arcsin | 21— | + arcsin | 22— |.
2 2
e e

6—6, = —0

Set
g1 _
0, = 6, + arcsin (LQ)
14 28
and
62 2 203
P=r5 €F L+ PR
then
|
0 — 6, = — arcsin (’” 5 ) .
€
It follows

p
r=r(0)=
(6) 1—e2sin(d — 6,)’
which is the polar equation of conic sections. It defines an ellipse if 0 < e < 1,
a parabola if ¢ = 1 and a hyperbola if € > 1, see Figure 2.14 for the case of
an ellipse, where the origin of the coordinate system is one of the focal points
of the ellipse.

For another applicaton of the Jacobi theorem see Courant and Hilbert [4],
Vol. 2, pp. 94, where geodedics on an ellipsoid are studied.
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P
1+ €2

Figure 2.14: The case of an ellipse

2.6 Exercises

1. Suppose u : R? — R is a solution of
a(z, y)u, + b(x, y)u, = 0.

Show that for arbitrary H € C' also H(u) is a solution.

2. Find a solution u # const. of
Uy + Uy =0
such that
graph(u) = {(2,9,2) €R®: 2= u(r,y), (z,y) € B2}

contains the straight line (0,0,1) + s(1,1,0), s € R.

3. Let ¢(z,y) be a solution of
ar(z,y)us + az(z, y)uy, = 0.

Prove that level curves S¢c = {(z,y) : ¢(x,y) = C = const.} are
characteristic curves, provided that V¢ # 0 and (ay,a2) # (0,0).
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10.

11.
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. Prove Proposition 2.2.

. Find two different solutions of the initial value problem

Uy + Uy = 1,

where the initial data are zo(s) = s, yo(s) = s, 20(s) = s.
Hint. (x0,%0) is a characteristic curve.
Solve the initial value problem

TUy + YUy = U
with initial data xzo(s) = s, yo(s) =1, zo(s), where 2, is given.
Solve the initial value problem

—TUy + YUy = T’

zo(s) = s, yo(s) =1, zo(s) = e *.
Solve the initial value problem

Uy + Uy = 1,

zo(s) = s, yo(s) = s, z0(s) =s/2if 0 < s < 1.

. Solve the initial value problem u2 4 u; = 1+ x with given initial data

zo(s) =0, yo(s) = s, up(s) =1, po(s) =1, qo(s) =0, —o0 < s < 0.
Find the solution ®(z,y) of
(x — y)uy + 2yu, = 3z,
such that the surface defined by z = ®(z,y) contains the curve
C: xo(s) =s, yo(s) =1, z0(s) =0, s€R.
Solve the following initial problem of chemical kinetics.
Uy + Uy = (k:oe*klx + kg) (1—u)? >0, y>0

with the initial data u(x,0) = 0, u(0,y) = uo(y), where ug, 0 < uy < 1,
is given.
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12.

13.

14.

15.

16.

17.

18.
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Solve

Uy, + Uy, = 0
u(r1,0) = g(z1)

in Q) = {(z1,79) € R?: 21 > 2o} and in Qy = {(z1,70) ER?: 21 <

T}, where
(1) = w 11 <0
g\ = U : a1 >0

with constants u; # u,.

Remark. Such a problem with discontinuous initial data is called Rie-
mann’s problem.

Determine the opening angle of the Monge cone, that is, the angle
between the axis and the apothem (german: Mantellinie) of the cone,
for equation
2 2 _
U’x + uy - f(x7y7u)7
where f > 0.

Prove: F(z,y,u,p,q) is an integral, that is, F'(x,y,u,p,q) is constant
along each characteristic curve (x(t),y(t), z(t), p(t), q(t)).

Solve the initial value problem
2 2 _
Uy + Uy, = 1,

where z¢(0) = acosf, yo(f) = asinb, z(0) =1, po(0) = cosb, qo(0) =
sinf if 0 < 60 < 27, a = const. > 0.

Show that the integral ¢(«, 3; 0,1, t), see the Kepler problem, is a com-
plete integral.

a) Show that S =az++V1—ay+p0,a BER 0<a<l, isa
complete integral of S, — (/1 — 52 = 0.
b) Find the envelope of this family of solutions.

Determine the length of the half axis of the ellipse

_ p
1 —e2sin(f — 6y)

r , 0<e< 1.
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19. Find the Hamilton function H(x,p) of the Hamilton-Jacobi-Bellman
differential equation if h = 0 and f = Ax + Ba, where A, B are
constant and real matrices, A : R™ +— R", B is an orthogonal real
n X n-Matrix and p € R™ is given. The set of admissible controls is
given by

U={aeR": Zafgl}.
i=1

Remark. The Hamilton-Jacobi-Bellman equation is formally the Hamilton-
Jacobi equation u; + H(x,Vu) = 0, where the Hamilton function is

defined by
H(map> = glelzrjl (f(.l',Ck) “p+ h(l’,Oé)) )

f(z,a) and h(z,a) are given. See for example, Evans[5], Chapter 10.



Chapter 3

Classification

Different types of problems in physics, for example, correspond different types
of partial differential equations. The methods how to solve these equations
differ from type to type.

The classification of differential equations follows from one single ques-
tion: Can we calculate formally the solution if sufficiently many initial data
are given? Consider the initial problem for an ordinary differential equation
y'(z) = f(z,y(x)), y(xo) = yo. Then one can determine formally the solu-
tion, provided the function f(z,y) is sufficiently regular. The solution of the
initial value problem is formally given by a power series. This formal solution
is a solution of the problem if f(z,y) is real analytic according to a theorem
of Cauchy. In the case of partial differential equations the related theorem is
the Theorem of Cauchy-Kowalevski. Even in the case of ordinary differential
equations the situation is more complicated if 3’ is implicitely defined, that
is, the differential equation is F(z,y(z),y'(z)) = 0 for a given function F'

3.1 Linear equations of second order
The general nonlinear partial differential equation of second order is
F(z,u, Du, D*u) = 0,
where 2 € R®, u: Q C R® — R, Du = Vu and D?u stands for all second
derivatives. The function F' is given and sufficiently regular with respect to

its 2n + 1 + n? arguments.

65
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In this section we consider the case

n

Z ik () Uy, + f(2,u, Vu) = 0. (3.1)

ik=1

The equation is linear if

n

=3 b, + clw)u + d(x).

i=1
Concerning the classification the main part

n

Z ik (x)uxzxk

ik=1

plays the essential role. Suppose u € C? then we can assume, without
restriction of generality, that a;; = as;, since

n

n
D (@), = Y (@)t

iakzl Z,kil

where
. 1
@i = 5 (@i + awi).

Consider a hypersurface S in R" defined implicitely by x(z) = 0, Vx # 0,
see Figure 3.1
Assume u and Vu are given on S.

Problem: Can we calculate all other derivatives of w on S by using differ-
ential equation (3.1) and the given data?

We will find an answer if we map S onto a hyperplane Sy by a mapping

A = xl(@1,...,2)
)\i = )\i(azl,...,xn),izl,...,n—l,

for functions A; such that
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X3

o

X1

Figure 3.1: Initial manifold S

in Q C R™ It is assumed that y and \; are sufficiently regular. Such a
mapping A = A\(z) exists, see an exercise.

The above transformation maps S onto a subset of the hyperplane defined
by A, = 0, see Figure 3.2

We will write the differential equation in these new coordinates. Here we
use Einstein’s convention, that is, we add terms with repeating indices. Since

where © = (x1,...,2,) and A = (A\y,..., \,), we get

O\

e = vy 2 2
Usz; Uxi 1 (3.2)
TiTk i 8xj 8l’k Ai 8x]8xk

Thus, differential equation (3.1) in the new coordinates is given by

O\ O\

—— ——10),), + terms known on Sy = 0.
8@ al‘k

aji ()
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o

Ay

Figure 3.2: Transformed flat manifold Sy

Since vy, (A1,..., A\n—1,0), k= 1,...,n are known, see (3.2), it follows that
Uaers L =1,...,n—1are known on Sy. That is, we know all second derivatives
Uy, on Sp with the only exception of vy, », -

We recall that, provided v is sufficiently regular,

U/\k/\z()‘b ceey )\n—ly 0)
is the limit of

U)xk()‘la .- '7Al + hu )‘l-‘rl? .- '7>\n—170) _ U)xk()‘b .- '7Al7)\l+1) .- '7>\n—170)
h

as h — 0.
Thus, the differential equation is now

O\, 0N,

————1), ), = terms known on ;.
8xj 8xk

ajk(z)

It follows that we can calculate vy, if

D (@)X Xa, # 0 (3:3)

1,j=1
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on §. This is a condition for the given equation and for the given surface S.

Definition. Differential equation

Z aij(x)X:mX:cj =0

ij=1

is called characteristic differential equation associated to the given differential
equation (3.1).

If x, Vx # 0, is a solution of the characteristic differential equation, then
the surface defined by x = 0 is called characteristic surface.

Remark. The condition (3.3) is satisfied for each y with Vx # 0 if the
quadratic matrix (a;;(z)) is positive or negative definite for each = € ,
which is aquivalent to the property that all eigenvalues are different from
zero and from the same sign. This follows since there is a A(z) > 0 such
that, in the case that (a;;) is poitive definite,

ai; ()¢ > M=) [¢)?

for all ¢ € R". Here and in the following we assume that the matrix (a;;) is
real and symmetric.

The characterization of differential equation (3.1) follows from the signs of
the eigenvalues of (a;;(z)).

Definition. Differential equation (3.1) is said to be of type (o, 8,7) at z € Q
if o eigenvalues of (a;;)(x) are positive, (3 eigenvalues are negative and ~y
eigenvalues are zero (o + 3+ v =n).

In particular, equation is called

elliptic if it is of type (n,0,0) or of type (0,n,0), that is all eigenvalues are
different from zero and have the same sign.

parabolicif it is of type (n—1,0, 1) or of type (0,n—1, 1), that is one eigenvalue
is zero and all the others are different from zero and have the same sign.
hyperbolic if it is of type (n — 1,1,0) or of type (1,n — 1,0), that is, all
eigenvalues are different from zero and one eigenvalue has another sign than
all the others.

Remarks:
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1. According to this definition there are other types aside from elliptic,
parabolic or hyperbolic equations.

2. The classification depends in general on z € ). An example is the Tricomi
equation, which appears in the theory of transsonic flows,

YUz + Uyy = 0.

This equation is elliptic if y > 0, parabolic if y = 0 and hyperbolic for y < 0.

Examples:

1. The Laplace equation in R? is Au = 0, where
AU = Uy + Uyy + U

This equation is elliptic. That is, for each mannifold S given by {(z,y, z) :
x(x,y, z) = 0}, where x is an arbitrary sufficiently regular function such that
Vx # 0, all derivatives of u are known on S, provided u and Vu are known

on S.

2. The wave equation wy = Uyy + Uy, + U, Where v = u(t,z,y, 2), is
hyperbolic. Such type describes oscillations of mechanical structures, for
example.

3. The heat equation w, = gy +yy +1u,,, where u = u(t, z,y, ), is parabolic.
It describes, for example, the propagation of heat in a domain.

4. Consider the case that the (real) coefficients a;; in equation (3.1) are
constant. We recall that the matrix A = (a;;) is symmetric, that is AT = A.
In this case, the transformation to principle axis leads to a normal form from
which the classification of the equation is obviously. Let U be the associated
orthogonal matrix, that is,

A0 0
UT AU — 0 A 0
0. .. 0 ........ /\n
Here is U = (21,...,2,), where z;, [ = 1,...,n, is an orthonormal system of

eigenvectors to the eigenvalues \;.
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Set y = UTz and v(y) = u(Uy), then

Z aijumj = Z )\Z"inyj. (34)
i=1

ij=1

3.1.1 Normal form in two variables
Consider differential equation
a(z, y)uze + 20(x, y)ugy + c(z, y)u,, + terms of lower order = 0 (3.5)
in Q C R2. The associated characteristic differential equation is
ax? + 2bx.xy, + cxj =0. (3.6)

We show that an appropriate coordinate transformation will simplify equa-
tion (3.5), sometimes in such a way that we can solve it explicitely.

Assume there is a solution z = ¢(x,y) of (3.6). Consider the level sets
{(z,y) : ¢(x,y) = const.} and assume that ¢, # 0 at a point (zo,yo) of the
level set. Consequently, there is a function y(z) defined in a neighbourhood
of zg such that ¢(x,y(z)) = const.. It follows

which implies, see the characteristic equation (3.6),
ay® —2by' +c = 0. (3.7)

That is, provided that a # 0, we can calculate p := ¢’ from the (known)
coefficients a, b and c:

f1s = 2 (bi M) . (3.8)

These solutions are real if and only of ac — b* < 0.
Equation (3.5) is hyperbolic if ac — b* < 0, parabolic if ac — * = 0 and
elliptic if ac — b? > 0. This follows from an easy discussion of the eigenvalues

of the matrix
a b
b ¢ )’

see an exercise.
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Normal form of a hyperbolic equation

Let ¢ and v are solutions of the characteristic equation (3.6) such that

o
yl_ul st
Py, = Y
yQ_I’[’Q wy?

where 1 and ps are given by (3.8). Thus ¢ and 1) are solutions of the linear
homogeneous equations of first order

Go + 1z, y)y = 0 (3.9)
Vo + p2(z, )0, = 0. (3.10)

Consider solutions ¢(x,y), ¥(x,y) such that V¢ # 0 and Vi) # 0, see an

exercise for the existence of such solutions.
Consider two families of level sets defined by ¢(z,y) = o and ¢(z,y) = £,
see Figure 3.3.

d(xy)=a,

d(xy)=as,

UJ(X’Y): B 1
BX,y)=B2

X

Figure 3.3: Level sets

These level sets are characteristic curves of the partial differential equa-
tions (3.9) and (3.10), respectively, see an exercise of the previous chapter.

Lemma. (i) Curves from different families can not touch each other.
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Proof. (i):
yé—yizﬂz—ﬂlz—gvbz—ac#&
(ii):
bo Yo

fio = ji =~ — —=.
2 1 (by wy

O

Proposition. The mapping & = ¢(x,y), n = ¥(x,y) transforms equa-
tion (3.5) into
Ve = lower order terms, (3.11)

where v(&,n) = u(x(§,1),y(&,n)).

Proof. The proof follows from a straightforward calculation.

Uy = Vg (bm + Un%
Uy = Vedy + vygihy
Upy = Veed> + 2069 Puts + Vb2 + lower order terms
Upy = VeePudy + Ven(Pathy + Oytbsy) + Vppibythy, + lower order terms

Uy = Vged + 200,y + vyyt)y + lower order terms.
It follows
AUy + 2bUgy + ClUyy = aVge + 2Bv¢y + YU, + Lot
where

a = agi+2b¢.0, + cpl
ﬁ = a%% + b(%% + %%) + C¢ywy
v o= apl 4 2000, + el

The coefficients o and v are zero since ¢ and ¢ are solutions of the charac-
teristic equation. Since

oy = B = (ac = 1) (datdy — By0)°,

it follows from the above lemma that the coefficient ( is different from zero.
O
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Example: Consider differential equation
Upy — Uyy = 0.
The associated characteristic differential equation is
Xa—x;=0.
Since 1 = —1 and pus = 1, the fuctions ¢ and v satisfy differential equations

¢x+¢y -
2/}:Jc_wy = 0.

Solutions with V¢ # 0 and Vi # 0 are
p=r—y, v=x+y.

Thus, the mapping
{=x—y, n=x+y

leads to the simple equation

U&?(f? 77) = 0.

Assume that v € C? is a solution, then ve = f;(€) for an arbitrary C! function
f1(§). It follows

3
o(En) = / f1() da + g(n),

where ¢ is an arbitrary C? function. That is, each C? solution of the differ-
ential equation can be written as

(%) v(&,m) = (&) +g(n),

where f, g € C?. On the other hand, for arbitrary C? functions the function
(%) is a solution of the differential equation vg, = 0. Consequently, each C?
solution of the original equation g, — u,, = 0 is given by

u(z,y) = f(r —y) +g(z +y),

where f, g € C2.
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3.2 Quasilinear equations of second order

Here we consider equation

Z aij(xv u, vu)uwlaxj + b(l‘7 u, vu) =0 (3.12)

3,7=1

in a domain 2 C R", where v : 2 +— R. We assume that a;; = a;;.
As in the previous section we derive the characteristic equation

n

Z aij (7, u, V) Xe; Xa; = 0.

ij=1

In contrast to linear equations, solutions of the characteristic equation de-
pends on the solution considered.

3.2.1 Quasilinear elliptic equations

There is a large class of quasilinear equations such that the associated char-
acteristic equation has no solution x, Vy # 0.
Set
U={(z,z,p): ©€Q, zeR, peR"}.

Definition. The quasilinear equation (3.12) is called elliptic if the matrix
(a;;(z, z,p)) is positive definite for each (z,z,p) € U.

Assume equation (3.12) is elliptic and let A(x, z, p) be the minimum and
A(z, z,p) the maximum of the eigenvalues of (a;;), then

0 < Mz, 2,p)[C1> < Y ay(w, 2,p)G¢; < A, 2,p)|C?
ij=1
for all ¢ € R™.

Definition. Equation (3.12) is uniformly elliptic if A/X is uniformly bounded
in U.
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An important class of elliptic equations which are not uniformly elliptic
(non-uniformly elliptic) is

Z ai (L> + lower order terms = 0. (3.13)
€
i=1

V14| Vul?

That is, the main part is the minimal surface operator (left hand side of the
minimal surface equation). The coefficients a;; are

~1/2 DiDj
aiy(@,z,p) = (1+ pl?) ™ (az-j s )

1+ [pP
0;; denotes the Kronecker delta symbol. It follows that
B 1 B 1
ST )

Thus, equation (3.13) is not uniformly elliptic.

The behaviour of solutions of uniformly elliptic equations is similar to
linear elliptic equations in contrast to the behaviour of solutions of non-
uniformly elliptic equations. Typical examples for non-uniformly elliptic
equations are the minimal surface equation and the capillary equation.

3.3 Systems of first order

Consider the quasilinear system

Z A (2, u)uy, + b(z,u) =0, (3.14)
k=1

where A* are m x m-matrices, sufficiently regular with respects to their
arguments, and
Uy Uz, by
u = y Uy, = ) b=
U, U,z bm
We ask the same question as above: Can we calculate all derivatives of u

in a neighbourhood of a given hypersurface S in R" defined by x(x) = 0,
Vx # 0, provided u(z) is given on S?
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For an answer we map S on a flat surface Sy by using the mapping
A = A(z) of Section 3.1 and write equation (3.14) in new coordinates. Set

v(A\) = u(xz(N)), then

n
Z A¥(2, 1) X, v, = terms known on Sp.
k=1

That is, we can solve this system with respect to v,,, provided that

det (Z Ak(a:,u)xxk> #0
k=1
onS.

Definition. Equation
det (Z Az, u)Xxk> =0
k=1

is called characteristic equation associated to equation (3.14) and a surface
S: &(x) = 0, defined by a solution &, Vy # 0, of this characteristic equation
is said to be characteristic surface.

Set
C(z,u, () = det <Z Ak(x,u)§k>
k=1
for ¢ € R™ and define

Definition. (i) The system (3.14) is hyperbolic at (x,u(z)), if there is a
regular linear mapping ¢ = @n, where n = (11, ...,M,_1, k), such that there
exists m real roots Ky = k(T w(T), M, ., Mp-1), k=1,...,m, of

D(z,u(x),m,...,Mh-1,k) =0
for all (n1,...,mu_1), where

D(z,u(x),m,. .., Qn_1,k) = C(x,u(x),x,Qn).
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(ii) System (3.14) is parabolic if there exists a regular linear mapping ¢ = Qn
such that D is independent of k, that is, D depends on less than n parameters.

(iii) System (3.14) is elliptic if C(z,u, ) = 0 only if ¢ = 0.

Remark. In the elliptic case all derivatives follow from the given data and
the given equation.

3.3.1 Examples

1. Beltrami equations

Wu, —bvy, —cv, = 0 (3.15)
Wu, + av, +bv, = 0, (3.16)

where W, a, b, c¢ are given functions depending of (z,y), W # 0 and the

matrix
a b
b c
is positive definite.

The Beltrami system is a generalization of Cauchy-Riemann equations.
The function f(z) = u(z,y) +iv(z,y), where z = x + iy, is called a quasicon-
form mapping, see for example [7], Chapter 12 for an application to partial
differential equations.

Set
(W =b 2 0 —c
A_<O a A= w b )

Then the system (3.15), (3.16) can be written as

A1<“z>+A2(“y):<o).
Vg Uy 0
Thus,

W —bG — co

O(xa Y, C) = W aly + G = W(CLCIQ +20C1C2 + C€22)7
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which is different from zero if ( # 0 according to the above assumptions.
That is, the Beltrami system is elliptic.

2. Maxwell equations

The Maxwell equations in the isotropic case are

crot, H =

crot, B =

where

E = (e1, ey, e3) electric field strength, e; = e;(z,t), x = (1, 72, T3),
H = (hy, ha, h3)T magnetic field strength, h; = h;(z,t),

¢ speed of light,

A specific conductivity,

¢ dielectricity constant,

(1 magnetic permeability.

Here ¢, A\, € and p are all positive constants.

Set po = Xty Pi = Xay, ¢ = 1,...3, then the characteristic differential equation
is

epo/c 0 0 0 D3 —P2
0 epo/c 0  —p3 0 p1
0 0  epo/c  p2 —D1 0 —0
0 —Ds3 P2 KPo / c 0 0 '
D3 0 —Dp1 0  ppo/c O
—-p2 D1 0 0 0 upo/c

The following manipulations lead the a simplification of this equation:

(i) multiply the first three columns with upg/c,

(ii) multiply the 5th column with —p3 and the the 6th column with ps and
add the sum to the 1st column,

(iii) multiply the 4th column with p; and the 6th column with —p; and add
the sum to the 2th column,

(iv) multiply the 4th column with —p, and the 5th column with p; and add
the sum to the 3th column,

(v) expand the resulting determinant with respect to the elements of the 6th,
bth and 4th row.
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Thus
q+pi pip2 pips
pip2 q+p3 paps | =0,
pips paps g+ Di
where »
¢i= 3P~ ¢’

with ¢* := p? + p3 + p3. The evaluation of the above equation leads to
(g + ¢g?) = 0, that is,

e
X; (C—QX? — IVJ,-X|2> =0.

It follows immediately that Maxwell equations are a hyperbolic system, see an
exercise. There are two solutions of this characteristic equation. The first one
are characteristic surfaces S(t), defind by x(z,t) = 0, which satisfy x; = 0.
These surfaces are called stationary waves. The second type of characteristic
surfaces are defined by solutions of

et
gxf = |V.x|*

Functions defined by x = f(n -z — Vt) are solutions of this equation. Here
is f(s) an arbitrary function with f’ # 0, n is unit vector and V = ¢/, /eq.
The associated characteristic surfaces S(t) are defined by

Xz, t) = f(n-x—Vt)=0,

here we assume that 0 is in he range of f : R+ R. Thus, S(¢) is defined
by n-x —Vt = ¢, where c is a fixed constant. It follows that the planes S(t)
with normal n move with speed V in direction of n, see Figure 3.4

V' is called speed of the plane wave S(t).

Remark. According to the previous discussions, singularities of a solution
of Maxwell equations are located at least on characteristic surfaces.

A special case of Maxwell equations are the telegraph equations, which
follow from Maxwell equations if div £ = 0 and div H = 0, that is ¥ and H
are fields free of source. In fact, it is sufficient to assume that this assumption
is satisfied at a fixed time ¢y only, see an exercise.
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X2

\ f S0
d(®)

\
le

Figure 3.4: d'(t) is the speed of plane waves

Since

rot, rot, A = grad, div, A—AA

for each C? vector field it follows from Maxwell equations the uncoupled
system

€ A
AE = _/;Ett + —gEt

c c

€ A
AIH = _/;Htt + —gHt

c &

3. Equations of gas dynamics

Consider the following two quasilinear equations of first order.
1 .
v+ (v-Vy) v+ -V,p=f (Euler equations).
p

Here is

v = (v1,v9,v3) the vector of speed, v; = v;(z,t), © = (21, 22, T3),
p pressure, p = (z,1),

p density, p = p(x,t),

f = (f1, f2, f3) density of the external force, f; = f;(x,t),
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(v-Vo)v = (v- Vv, v Vv, v Veus))T.
The second equation is
pr+v-Vep+pdivy, v=0 (conservation of mass).

Assume the gas is compressible and that there is a function (state equation)

p=7p(p),

where p(p) is given such that p’(p) > 0 if p > 0. Then the above system of
four equtions is

L,
vt+(’v'V)v+;p (PVp = f (3.19)
pet+pdivv+v-Vp = 0, (3.20)

where V =V, and div = div,, that is, these operators apply on the spatial
variables only.

The characteristic differential equation is here
d 1
d_>t< 0 O ;p/Xl'l
dx 1.7
0 dt do ;p sz
X 1,7
0 0 at ;PdXxg
PXor PXas PXas @

where

dx _
E = Xt + (VCEX) v.

Evaluating the determinant, we get the characteristic differential equation

(f%;) ((j—f) —p'<p>\vxx|2> -0 (3:21)

This equation implies consequences for the speed of the move of characteristic
surfaces as the following consideration shows.

Consider a family S(t) of surfaces in R? defined by x(z,t) = ¢, where
r € R? and c is a fixed constant. As usually, we assume that V,x # 0. One
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of the two normals on S(t) at a point of the surface S(t) is given by, see an
exercise,

n= VX
Vx|
Let Qo € S(ty) and let Q1 € S(t1) be a point on the line defined by Q) + sn,
where n is the normal (3.22 on S(ty) at Qo and ty < t1, t; — to small, see
Figure 3.5.

(3.22)

S(tq)

S(to)

Figure 3.5: Figure to the definition of the speed of a surface

Definition. The limit

P = lim
ti—to  t; — 1o

is called speed of the surface S(t).

Proposition. The speed of the surface S(t) is

Xt
P=— . 3.23
A (3.23)

Proof. The proof follows from x(Qo,to) = 0 and x(Qo + dn,ty + At) = 0,
where d = |Q1 — Qo| and At =t — 1. O

Set v, := v - n which is the component of the velocity vector in direction
n. From (3.22) it follows
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Definition. V := P — v, the difference of the speed of the surface and the
speed of liquid particles, is called relative speed.

Figure 3.6: Figure to the definition of relative speed

Using the above formulae for P and v, it follows

. Xt N v - va _ 1 d_X
|V1X’ |V:EX| |va| dt

V=P—-v,=
Then, it follows from the characteristic equation (3.21) that
v2|va’2 (V2‘V:rX|2 - p/(/))|va’2) =0.

An interesting conclusion is that there are two relative speeds: V = 0 or
VZ=yp'(p).

Definition. /p/(p) is called sound speed.

3.4 Systems of second order

Here we consider the system

Z AR (2, u, Vu)ty, ., + lower order terms = 0, (3.24)
kd=1
where A* are (mxm) matrices and u = (uy, ..., uy,)?T. We assume A* = A*

which is no restriction of generality provided u € C? is satisfied. As in
the previous sections, the classification follows from the question whether
or not we can calculate formally the solution from the differential equations
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if sufficiently many data are given on an initial manifold. Let the initial
manifold S be given by x(z) = 0 and assume that Vx # 0. The mapping
x = x(A), see previous sections, leads to

n
E AklxmklevM)\n = terms known on S,
k=1

where v(\) = u(z(N)).
The characteristic equation is here

ot (Z A’“X%Xxl) o
k=1

If there is a solution x with Vx # 0, then it is possible that second derivatives
are not continuous in a neighbourhood of S.

Definition. The system is called elliptic if

det (Z AlekCl) # 0

k=1

for all ( € R™, ¢ # 0.
3.4.1 Examples

1. Navier-Stokes equations

The Navier-Stokes system for a viscous incompressible liquid is

1
v+ (v-Vy)v = —;pr +yAv
divy, v = 0,

where p is the (constant and positive) density of liquid,
7 is the (constant and positive) viscosity of liquid,
v = v(z,t) velocity vector of liquid particles, z € R3 or in R?,
p = p(x,t) pressure.
The problem is to find solutions v, p of the above system.
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2. Linear elasticity

Consider the system
0%u
P or
Here is, in the case of an elastic body in R3,
u(z,t) = (uy(z,t), ug(z,t), us(x,t)) displacement vector,
f(z,t) density of external force,

p (constant) density,
A, p (positive) Lamé constants.

= ul,u+ (N + 1)V (divg u) + f. (3.25)

The characteristic equation is det C' = 0, where the elements of the matrix
C' are given by

Thus, the characteristic equation is

(N + 20| Vax 2 = px2) (1| Vax|? — px3)° = 0.

It follows that two different speeds of characteristic surfaces S(t) defined by
X(z,t) = const. are possible, namely

A+2
P1: + ,U’ and PQZ B
p p

We recall that P = —x;/|V.x|.

3.5 Theorem of Cauchy and Kovalevski

Consider the quasilinear system of first order (3.14) of Section 3.3. Assume
an initial manifols S is given by x(z) = 0, Vx # 0 and suppose that x is
not characteristic. Then, see Section 3.3, the system (3.14) can be written
as, where we denote A\ by z again, and the function v(\) by u(x),

3

-1

Uy, = a'(x, u)uy, + b(z,u) (3.26)

n

=1

w(ry, .o xy-1,0) = f(z1,...,20-1) (3.27)
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Here is u = (uy, ..., un)T, b= (b1,...,b,)T and a’ are (m x m) matrices. We
assume a', b and f are in C™ with respect to their arguments. From (3.26)
and (3.27) it follows that we can calculate formal all derivatives D®u in in a
neigbourhood of the plane {z : z,, = 0}, in particular in a neighbourhood of
0 € R™. Thus, we have a formally power series of u(x) in x = 0:

u(z) ~ Z éDo‘u(O)aja.

For notations and definitions used here and in the following see the appendix
to this section.

Than, as usually, two questions arise:
(i) Does the power series converge in a neighbourhood of 0 € R™?

(ii) Is a convergent power series a solution of the initial value problem (3.26),
(3.27)?

Remark. Quite different to this power series method is the method of
asymptotic expansions. Here one is interested in a good approximation of
an unknown solution of an equation by a finite sum Zi]\io ¢;(z) of functions
¢;. In general, the infinite sum Y .-, ¢;(x) does not converge, in contrast
to the power series method of this section, see[11] for asymtotic formulae in
capillarity.

Theorem. There is a neighbourhood of 0 € R™ such there is a real analytic
solution of the initial value problem (3.26), (3.27). This solution is unique
in the class of real analytic functions.

Proof. The proof is taken from F. John [8]. We introduce u — f as the new

solution for which we are looking at and we add a new coordinate u* to the
solution vector by setting u*(x) = z,,. Then

wy =1, uy =0, k=1,...,n—1, u*(xq,...,2,-1,0) = 0.
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Then the extended system (3.26), (3.27) is

Uiz, Uy, x; by
n—1 .
a0 : :
- Z 0 0 T b
Um,z, i=1 Um,x; m
* *
(g uy 1
and the associated initial condition is u(zq,...,2,-1,0) = 0. The new u is
= (ug,...,uy,)7, thenew a’ are a’(xy, ..., Tp_1,Uy, ..., Un,u*) and the new
. o *\T
bisb= (1, ., Tp1,Ul,. ., Upy,u*)".

Thus, we are led to an initial value problem of type

n—-1 N
Ui = Y @p(Duke, +05(2), j=1,....N (3.28)
i=1 k=1
uj(z) = 0 ifx, =0, (3.29)
where j =1,...,N and z = (21,...,Tp_1,U1,...,UN).

The point is here that a;'-k and b; are independent of x,,. This fact sim-
plifies the proof of the theorem.

From (3.28) and (3.29) we can calculate formally all D?wu;. Thus, we have
formal power series for u;:

ui(z) ~ Y e,

where
) = — D%, (0).

@ ol

We will show that these power series are (absolutely) convergent in a neigh-
bourhood of 0 € R", that is, they are real analytic functions, see the appendix
for the definition of real analytic functions. Inserting these fuctions on the
left and into the right hand side of (3.28) we obtain on the right and on
the left hand side real analytic functions. This follows since compositions
of real analytic functions are real analytic again, see Proposition A7 in the
appendix to this section. Since the resulting power series on the left and on
the rigt have the same coefficients caused by the calculation of the deriva-
tives D%u;(0) from (3.28). It follows that u;(x), j = 1,...,n, defined by
its formal power series are solutions of the initial value problem (3.28), (3.29).
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- (2 9
B 821"“782N+n—1

Lemma 1. Assume u € C'™ in a neighbourhood of 0 € R". Then

Set

Du;(0) = P, (d%a,(0),d"0;(0)) ,

where |G|, || < |a| and P, are polynomials in the indicated arguments with
nonnegative integers as coefficients which are independent of a* and of b.

Proof. 1t follows from equation (3.28) that
Dy D*u;(0) = Py (d’a’y,(0),d"b;(0), D2uy(0)). (3.30)
Here is 0/0z,, and 3, =, J satisfy the inequalities
1B, [y < e, [6] < el + 1,

and, which is essential in the proof, the last coordinates in the multiindices
a=(a,...,q), 6 = (01,...,0,) satisfy d, < a, since the right hand side
of (3.28) is independent of x,. Moreover, it follows from (3.28) that the
polynomials P, have integers as coefficients. The initial condition (3.29)
implies

D%u;(0) =0, (3.31)
where a = (ayq, ..., a,_1,0), that is, o, = 0. Then, the proof is by induction
with respect to «,. The induction starts with a,, = 0, then we replace

D%u;(0) in the right hand side of (3.30) by (3.31), that is by zero. Then it
follows from (3.30)

Du;(0) = Pa(d’aj;,(0),d"0;(0), D°us(0)),
where o = (g, ..., -1, 1). O

Definition. Let f = (f1,..., fn), F' = (F1,...,Fn), fi = fi(x), F; = F(x),
and f, F € C*. We say f is majorized by F if

for all a. We write f << F', if f is majorized by F.
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Definition. The initial value problem

n—1 N

Use, = Z Z AL (2) Uk, + Bj(2) (3.32)
=1 k=1
Uj(z) = 0ifz, =0, (3.33)

{ = 1), ..., N, A;k, B, real analytic, ist called majorizing problem to (3.28),
3.29) if
ab, << Al and b; << Bj.

Lemma 2. The formal power series

1 (03 (63
aD u;(0)z,

07

where D*u;(0) are defined in Lemma 1, is convergent in a neighbourhood of
0 € R™ if there exists a majorizing problem which has a real analytic solution
Uwmax=0, and

| D%u;(0)] < D*U;(0).

Proof. 1t follows from Lemma 1 and from the assumption of this lemma that

[D%u;(0)] < Pa (|d”a5,(0)],d7b;(0)])

<
< P (I A(O)]. 1B, (0)]) = D*U,(0).

The formal power series
1 (0% (0%
P u;(0)z*,

is convergent since

1 (0% (0% 1 [0 (0%
S0 1D (0)2°] < 30— DU 0)[a°,
The right hand side is convergent in a neighbourhood of x € R™ by assump-
tion. O

Lemma 3. There is a majorising problem which has a real analytic solution.
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Proof. Since aj;(2), bj(z) are real analytic in a neighbourhood of z = 0 it
follows from Proposition A5 in the appendix of this section that there are
positive constants M and r such that all these functions are majorized by

Mr
r—=21— ... ZN4n-1
Thus, a majorizing problem is
n—1 N
I Mr
g = § km
" 'r’—xl—...—xn,l—Ul—...— i1 b1 '

Uj(x) = 0 ifz, =0,

j=1,...,N.
The solution of this problem is

Ui(z1, ... o1, 0p) = V(1 + ...+ T, 2p), j=1,..., N,
where V (s,t), s =x1+...+x,_1, t = x, is the solution of the Cauchy initial
value problem

Mr
Vi = m(l‘i‘N(”—l)Vs)

V(s,0) = 0.

The solution is, see an exercise,

Vs, t) = Nin (r—s— V(r — )2 —2nMNrt>.

This function is real analytic in (s, ) at (0,0). It follows that U;(z) are also
real analytic functions. Thus the Cauchy-Kovalevski theorem is shown. O

Examples:
1. Ordinary differential equations

Consider the initial value problem

y'(x) = flz,y(2))
y(ﬂﬁo) = Yo,
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where zy € R and yg € R" are given. Assume f(x,y) is real analytic in a
neighbourhood of (¢, y9) € R x R™. Then it follows from the above theorem
that there exists an analytic solution y(z) of the initial value problem in a
neighbourhood of xy. This solution is unique in the class of analytic functions
according to the theorem of Cauchy-Kovalevski. From the Picard-Lindelof
theorem it follows that this analytic solution is even unique in the class of
C'-functions.

2. Partial differential equations of second order

Consider the boundary value problem for two variables

Uyy = f<x7y7uauxauyaumzauxy)
u(z,0) = o(x)
u,(2,0) = V().

We assume that ¢, 1 are analytic in a neighbourhood of x = 0 and that f
is real analytic in a neighbourhood of

(0,0,(0), ¢'(0), ¥:(0), ¢'(0)).

There exists a real analytic solution in a neigbourhood of 0 € R? of the above
initial value problem.

In particular, there is a real analytic solution in a neigbourhood of 0 € R?

of the initial value problem

u(x,0) =

u,(z,0) = 0.

The proof follows by writing the above problem as a system. Set p = u,,
q = Uy, T = Ugg, S = Ugy, t = Uy, then

t= f(z,y,u,p,q,r,5).
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Set U - (u7PJQ7T7 Svt)Tv b - (Q707t70707 fy + fUQ+ fqt)T and

00 0 0 0 O
00 1 0 0 O
00 0 0 0 O
A_OOOOIO
00 0 0 0 1
00 f 0 f

Then the rewritten differential equation is the system U, = AU, + b with the
initial condition

U(‘Tﬂ 0) = (¢($>, ¢/(x)7 2/}(1’1)7 Qﬁ”(l’), W(J/’)? fO(‘T» 3
where fo(z) = f(z,0,¢9(x), ¢ (z), ¥ (x), ¢" (x), ' (z)).

3.5.1 Appendix: Real analytic functions
Multi-index notation

The following multi-index notation simplifies many presentations of formulae.
Let x = (z1,...,z,) and

u: QCR"— R (or R™ for systems).

The n-tupel of nonnegative integers (including zero)

a=(ag,...,ap)
is called multi-indez. Set
lal = a1 +...+a,
ol = aglag! -y
¢ = xPxy? ... - x0 (for a monom)
0
D, = =
aib‘k

D = (Di,...,Dy)
Du = (Dyu,...,Dyu)=Vu=gradu

ol
D* = D'D3*-....-Do = .
b2 " 0x(*0xy? ... Oxon




94 CHAPTER 3. CLASSIFICATION

Define a partial order by
a > [ if and only if «; > 3; for all 4.
Sometimes we use the notations
0=(0,0...,0), 1=(1,1...,1),
where 0, 1 € R™.

Using this multi-index notion, we have

1.
o al
@+ = > i
G,
fty=a

where x y € R" and «, (3, 7 are multi-indices.

2. Taylor expansion for a polynomial f(x) of degree m:

fl)= 32 (D)

lal<m

here is DYf(0) = (D*f(x)) |z=o-

3. Let x = (21,...,x,) and m > 0 an integer, then

m!

|a|=m

al <ol < nllal.

5. Leibniz’s rule:
ol

D(fg)= Y, ENLRAL]
B,y

B+v=a
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|
Dz = (ai'ﬁ)'xa_ﬁ ifa>p

DP2® = (0 otherwise.

7. Directional derivative:

m

d—fa:—l—ty Z Do‘f:c—l—ty))y

where y, y € R" and t € R.

8. Taylor’s theorem: Let v € C™! in a neighbourhood U(y) of y, then, if
zeUy),

u(w) = 32 =5 (Du(y)) (&~ )" + B,

lo|<m
where

1 (6% (6%
Ry= Y — (Duly +d(z —y))a", 0<d <1,

1 1
—/ (1 —t)™d™ V(1) dt,
0

m)!

R, =

where ®(t) = u(y + t(z —y)). It follows from 7. that

Ry =(m+1) Z 5(/01 (1 —t)D%u(y + t(x —y)) dt) (z —y)“.

|a|=m+1

9. Using multi-index notation, the general linear partial differential equation
of order m can be written as

Z ao(x)D% = f(x) in Q C R".

laf<m
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Power series

Here we collect some definitions and results for power series in R".

Definition. Let ¢, € R (or € R™). The series

o0

IES N DI

m=0 \ |a|=m

is said to be convergent if

[e's)
D leal =2 | D leal
a m=0 |a)=m

is convergent.

Remark. According to the above definition, a convergent series is absolutely
convergent. Then, it follows that we can rearrange the order of summation.

Using above multi-index notation and keeping in mind that we can rearrange
convergent series, we have

10. Let x € R", then

s - 1)

_ - 1
(a1 —xy) - (=)
B 1

(-

provided |z;| < 1 is satisfied for each i. This follows since we have in the first
line the same terms on the left and on the right hand side.
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11. Assume x € R" and |z1| + |z2| + ... + |z,] < 1, then

Z |04|' _ Z Z |a|'

7=0 |a|=j

= Z($1+...+xn)j
=0

1
1—(z14+...+x,)

12. Let x € R", |2;] < 1 for all 4, and [ is a given multi-index. Then

o B _ pP 1
2 oD T

B!
(1 _ x)”ﬂ ’

13. Let x € R" and |z1| + ... + |z,| < 1. Then

> o s _ ps !

a>ﬁ( a—f)! l—z—...—x,
16!

(1 -2y — ... —x,) 8L

Z Cox® (3.34)

and assume this series is convergent for a z € R". Then, by definition,

= 3 Jeal|2?] < 00
(3

Consider the power series

and the series (3.34) is uniformly convergent for all x € Q(z), where
Q(z): |z < |z forall 4.

Thus, the power series (3.34) defines a continuous function defined on Q(z),
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— Q@)

z

Figure 3.7: Definition of D € Q(z)

according to a theorem of Weierstrafl.

The interior of Q(z) is not empty if and only if z; # 0 for all i, see
Figure 3.7. For z in a fixed compact subset D of Q(z) thereisa g, 0 < ¢ < 1,
such that

|z;| < q|z] for all i.
Set

flz) = Z Cot®.

Proposition Al. (i) In every compact subset D of Q(z) one has f € C*(D)
and the formal differentiate series, that is Y., DPc,x®, is uniformly conver-
gent on the closure of D and is equal to DPf.

(i)
|DP f(z)] < M|BIlr~ in D,

where

r=(1-g)min|zl.
(2

Proof. See F. John [8], p. 64. Or an exercise. Hint: Use formula 12. where
x is replaced by (q,...,q).
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Remark. From the proposition it follows

1
Cq = aDaf(O)

Definition. Assume f is defined on a domain 2 C R", then, f is said to be
real analytic in y € € if there are ¢, € R and if there is a neighbourhoud
N(y) of y such that

@)= cale —y)°

for all x € N(y), and the series converges (absolutely) for each x € N(y).

A function f is called real analytic in € if it is real analytic for each y € €.
We will write f € C¥(2) in the case that f is real analytic in the domain .
A vector valued function f(z) = (fi(z),..., fm) is called real analytic if each
coordinate is real analytic.

Proposition A2. (i) Let f € C¥(?). Then f € C>(Q).

ii) Assume f € C¥(Q2). Then for each y € 2 there exists a neighbourhood
N(y) and positive constants M, r such that

1 [0 «
flo)=> (DY) —y)
for all x € N(y), and the series converges (absolutely) for each x € N(y),
and

1D° f ()] < M|V,

The proof follows from Proposition Al.

An open set 2 € R™ is called connected if €2 is not a union of two non-empty
open sets with empty intersection. From the theory of one complex variable
we know that a continuation of an analytic function is uniquely determined.
The same is true for real analytic functions.

Proposition A3. Assume f € C¥(2) and Q is connected. Then f is
determined uniquely if for one z € 2 all D*f(z) are known.
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Proof. See F. John [8], p. 65. Suppose g, h € C¥(Q2) and D%g(z) = D*h(z)
for every a. Set f =g — h and

O = {ze€Q: D(x) =0 forall a},

Q = {z€Q: D (x) #0 for at least one a}.

The set €2y is open since D are continuous in {2. The set {2; is also open
since f(z) = 0 in a neighbourhood of y € €. This follows from

Fe) = 32 (D )~ )"

Since z € 4, that is Q; # 0, it follows Qy = (). O

It was shown in Proposition A2 that derivatives of a real analytic function
satisfy estimates. On the other hand it follows, see the next proposition, that
a function f € C° is real analytic if these estimates are satisfied.

Definition. Let y € 2 and M, r positive constants. Then f is said to be in
the class Cir(y) if f € C™ in a neighbourhood of y and if

D7 f(y)| < M|g|ir=V7
for all S.

Proposition A4. [ € C¥(Q) if and only if f € C®(Q) and for every
compact subset S C € there are positive constants M, r such that

f€Cu,(y) forallyesS.

Proof. See F. John [8], pp. 65-66. We will prove the local version of the
proposition, that is, we show it for each fixed y € ). The general version
follows from Heine-Borel theorem. Because of Proposition A3 it remains to
show that taylor series

S D) — )"

converges (absolutely) in a neighbourhood of y and that this series is equal

to f(x).
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Define a neighbourhood of y by
Ui(y) ={z €Q: |z —wm|+...+ |zn —ya| < d},

where d is a sufficiently small positive constant. Set ®(¢) = f(y + t(z — y)).
The one-dimensional Taylor theorem says

o®)(0) + 7,

where

= ﬁ /O (1— 1)1 (1) dt.

From formula 7. for directional derivatives it follows for x € Uy(y) that
1 &

S0 = X D+t = ) =)

la|=j
From the assumption and the multinomial formula 3. we get for 0 <t <1

1 dj |Oé|' —|af a
o] < Y ey

lal=j
= Mr(Jos—y|+.. |20 —ynl)’

()

Choose d > 0 such that d < r, then the Taylor series converges (absolutely)
in Uy(y) and it is equal to f(x) since the remainder satisfies, see the above
estimate,

] = ’ﬁ /01 (1— 1130 (1) dt' <M <§>j.
O

We remember that the notation f << F (f is majorized by F) was
defined in the previous section.

Proposition A5. (i) f = (fi,...,fm) € Cu,(0) if and only if f <<
(®,..., D), where
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(i) f € Crp,(0) and f(0) = 0 if and only if
f<<(®—-M,...,o— M),
where

M(xy+ ...+ )
P—2y—...—Tp

O(x) =

Proof.
D®(0) = M|a|lr~1ol,

O

Remark. The definition of f << F implies, trivially, that D*f << D*F.

The next proposition shows that compositions majorize if the involved func-
tions majorize. More precisely, we have

Proposition A6. Let f, F': R" — R™ and g, G maps a neighbourhood of
0 € R™ into RP. Assume all functions f(x), F(x), g(u), G(u) are in C*,
f(0)=F(0)=0, f << F and g << G. Then g(f(z)) << G(F(z)).

Proof. See F. John [8], p. 68. Set

For each coordinate hy of h we have, according to the chain rule,
Dhy,(0) = Pa(679:(0), D7 f;(0)),

where P, are polynomials with nonnegative integers as coefficients, P, are
independent on g or f and 0 := (9/0uy,...,0/0u,,). Thus,

< Pu(16%a(0)], D7 f;(0)])
S Pa(éﬁGl(O%DvF}(O))
D™ Hy(0).

| D*hy(0)]
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Using this result and Proposition A4 which characterizes real analytic func-
tions, it follows that compositions of real analytic functions are real analytic
functions again.

Proposition A7. Assume f(x) and g(u) are real analytic, then g(f(x)) is
real analytic at all x for which f(x) is in the domain of definition of g.

Proof. See F. John [8], p. 68. Assume that f maps a neighbourhood of
y € R" in R™ and g maps a neighbourhood of v = f(y) in R™. Then
f € Cuyly) and g € C,, ,(v) implies

W) := g(f () € Cppr/mmri0)(Y)-

Once one has shown this inclusion, the proposition follows from Proposition
A4. To show the inclusion, we set

hy+ ) :=g(fly+2) =g+ fly+2)— flx) = g"(f(v)),

where v = f(y) and

g (u): = g(v+u) ECM,(O)
fr@): = fly+z)— fly) € Cuyr(0).

In the above formulae v, y are considered as fixed parameters. From Propo-
sition A5 it follows

where
M
O(z) = L
r—r4L —Tog—...— Ty
Pp— X1 —Tg— ... Ty

From Proposition A6 we get

h(y +z) << (x(2),...,x(z)) = G(F),



104 CHAPTER 3. CLASSIFICATION

where
x() o
o= m(®(z) — M)
pp(r —axy — ... —xy,)

pr—(p+mM)(x1+ ...+ x,)

ppr
<<
pr —(p+mM)(z1+ ...+ x,)
ppr/(p +mM)

pr/(p+mM) — (x1+...2,)

See an exercise for the 7 <<”-inequality. O
q Yy
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3.6 Exercises

1.

Let x: R® — R in C!, Vx # 0. Show that for given zy; € R" there
is in a neighbourhood of zy a local diffeomorphism A = ®(z), P :
(1, ..., @n) — (A1, ..., An), such that A, = x(z).
Show that the differential equation

a(z, y) g, + 2b(x, y)ugy + c(z,y)u,, + lower order terms = 0

is elliptic if ac — b*> > 0, parabolic if ac — b*> = 0 and hyperbolic if
ac —b* < 0.

Show that in the hyperbolic case there exists a solution of ¢+ ¢, = 0,
see equation (3.9), such that V¢ # 0.

Hint. Consider an appropriate Cauchy initial value problem.

Show equation (3.4).

. Find the type of

Lu = 2ugy + 2uyy + 2uy,, =0
and transform this equation into an equation with vanishing mixed
derivatives by using the orthogonal mapping (transform to principal
axis) x = Uy, U orthogonal.
Determine the type of the following equation at (z,y) = (1,1/2).

Lu = 2y, + 2yugy, + 2xyu,, = 0.

Find all C?-solutions of
Ugg — gy + Uyy = 0.

Hint. Transform to principal axis and stretching of axis leads to the
wave equation.
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8.

10.

11.

12.

13.
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Oscillations of a beam are described by

1
Wy — —0p =
foadi
oy, —pwy = 0,

where o stresses, w deflection of the beam and E, p positive constants.
a) Determine the type of the system.

b) Transform the system into two uncoupled equations, that is, w, o
occur only in one equation, respectively.

¢) Find non-zero solutions.

. Find nontrivial solutions (Vy # 0) of the characteristic equation to

Uy — Uy = f(x,y,u, V),
where f is given.
Determine the type of

Upg — TlUyg + Uyy + Uy = 21,
where u = u(x,y).
Transform equation

Uge + (1 = y*)uzy = 0,

u = u(z,y) into its normal form.

Show that
1 1

(1+ |p2)** (14 [p[2)"/*

are the minimum and maximum of eigenvalues of the matrix (a;;),

where
-1/2 Dbip;j
ai; = (1+ [p|? Sij — .
1=+ 1h) ( 1+!p|2>

Show that Maxwell equations are a hyperbolic system.
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14.

15.

16.

17.

18.

19.

20.

21.
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Consider Maxwell equations and prove that div £ =0 and div H =0
for all ¢ if these equations are satisfied for a fixed time t.

Hint. div rot = 0.

Assume a characteristic surface S(¢) in R? is defined by x(z,v, z,t) =
const. such that x;, = 0 and x, # 0. Show that S(¢) has a nonparamet-
ric representation z = u(x, y,t) with u, = 0, that is S(¢) is independent
of t.

Prove formula (3.22) for the normal on a surface.

Prove formula (3.23) for the speed of the surface S(t).

Write the Navier-Stokes system as a system of type (3.24).

Show that the following system (linear elasticity, stationary case of (3.25)
in the two dimensional case) is elliptic

pAu~+ (A + p) grad(div u) + f =0,

where u = (uy,us). The vector f = (fi, f2) is given and A, p are
positive constants.

Determine the type of the following system in stationary gas dynamics
(isentrop flow) in R2.

puly + puty, + a’p, = 0

I
o

PUV; + PUVy + any
p(uy +vy) +upy +vp, = 0.

Here are (u,v) velocity vector, p density and a = +/p/(p) the sound
velocity.

Show formula 7. (directional derivative) of the lecture notes.

Hint. Induction with respect to m.
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22. Let y = y(x) be the solution of:
y(z) = flzy(@))
y(zo) = wo,

where f is real analytic in a neighbourhood of (zg, o) € R?. Find the
polynomial P of degree 2 such that

y(x) = P(z — x0) + O(|z — m|*)
as T — To.
23. Let u be the solution of

Au = 1
uw(z,0) = wuy(z,0)=0.

Find the polynomial P of degree 2 such that
u(w,y) = P(z,y) + O((* + ¢y*)*/?)
as (z,y) — (0,0).

24. Solve the Cauchy initial value problem

Mr
Vi = m(lﬂLN(”—l)Vs)

V(s,0) = 0.

Hint. Multiply the differential equation with (r —s — NV).

25. Write A%u = —u as a system of first order.

Hint. N*u = A(Au).

26. Write the minimal surface equation

0 Uy 0 Uy
A | S R (e h——
R (,/71+u%+u§)+3y (,/71+ug+u§>

as a system of first order.

Hint. vy = up/\/1+u2 +u, vy i=uy/\/1+us +ul.
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27.

28.

29.

Let f: R x R™ — R™ be real analytic in (z¢,yo). Show that a real
analytic solution in a neighbourhood of xy of the problem

y(r) = f(x,y)
y(ro) = Yo

exists and is equal to the C'[zg — €,z + €]-solution, € > 0 sufficiently
small.

Show (see the proof of Proposition A7)

pup(r —xy — ... —xy,) e wpr
pr —(p+mM)(x1+ ...+ x,) pr —(p+mM)(x1+ ...+ x,)

Hint. Leibniz’s rule.

Let u(xy,z2) be a solution of Laplace equation Au = 0 such that
u= f(0), % = ¢g(0) if r = 1. The given Cauchy initial data f, g are
real analytic and 27- periodic. Here r, 6 denote polar coordinates, that
is, x1 = rcosf, xo = rsinf. Show that u is a real analytic for all 6,
and |r — 1] sufficiently small.
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