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Chapter 1

Linear differential operators

1.1 Definitions and main examples

Let Q C R? be an open subset. Denote C*°(Q) the set of all infinitely differentiable complex valued
smooth functions on Q. The Euclidean coordinates on R? will be denoted z1, ...,z We will use
short notations for the derivatives

0
Op = —
k al'k
and we also introduce operators
Dy=—i0p, k=1,...,d. (1.1.1)

For a multiindex
pP=(p1,---,Pd)

denote

lp| =p1+ - +pa
p' =p1!...p4
xp:xﬁol...azgd

9P = O .. 9P DP=DU. . D
The derivatives, as well as the higher order operators DP define linear operators

ol f

DP : C™(Q < (Q DPf—= (-l 2 1

More generally, we will consider linear differential operators of the form

A= Z ap(x)DP

Ip|<m
ap(x) € C() (1.1.2)
A:C™(Q) — C(Q).
We will define the order of the linear differential operator by

ord A = max|p| such that ap(z) #0. (1.1.3)



Main examples are

1. Laplace operator

A=F+. . +92=—(D?+...D%) (1.1.4)
2. Heat operator
0
— —A 1.1.5
oy (1.1.5)
acting on functions on the (d + 1)-dimensional space with the coordinates (¢, x1,...,zq).
3. Wave operator
82
— — A, 1.1.6
9 (1.1.6)
4. Schrodinger operator
0
| — + A. 1.1.7
igt (1.1.7)
1.2 Principal symbol of a linear differential operator
Symbol of a linear differential operator (1.1.2) is a function
a(z,&) = > ap(x)e?, ze€QCRY, (eR% (1.2.1)
[p|<m
If the order of the operator is equal to m then the principal symbol is defined by
am(z,§) = Z ap(x)EP. (1.2.2)
Ip|=m
The symbols (1.2.1), (1.2.2) are polynomials in d variables &1, ..., {g with coefficients being smooth

functions on 2.
For the above examples we have the following symbols

1. For the Laplace operator A the symbol and principal symbol coincide
a=ay=—(g++&) =-¢
2. For the heat equation the full symbol is
a=it+ ¢

while the principal symbol is £2.

3. For the wave operator again the symbol and principal symbols coincide

a=ay=—7>+ €2

4. The symbol of the Schrédinger operator is
—(1+€%)

while the principal symbol is £2.



Exercise 1.1 Prove the following formula for the symbol of a linear differential operator
a(z,if) = e 1A (emf) . (1.2.3)
Here we use the notation

roE=mb 2
for the natural pairing R* x R4 — R.

Exercise 1.2 Given a linear differential operator A with constant coefficients denote a(§) its sym-
bol (it does not depend on x for linear differential operators with constant coefficients). Prove that

the exponential function
u(x) = et

18 a solution to the linear differential equation
Au=0
iff the vector € satisfies
a(€) = 0.

Exercise 1.3 Prove that for a pair of smooth functions u(x), S(x) and a linear differential operator
A of order m the expression of the form

e—iAS(@) 4 (u(a:)e“ S(z))

is a polynomial in A of degree m. Derive the following expression for the leading coefficient of this
polynomial

O A (ul@)e SO ) = i u(@)am(, Sa(@)A™ + O ). (1.2.4)

Here
0S oS

Sz: <8$1,,8xd>

is the gradient of the function S(x).

Exercise 1.4 Let A and B be two linear differential operators of orders k and I with the principal
symbols ay(x,&) and by(z,§) respectively. Prove that the superposition C' = Ao B is a linear
differential operator of order < k —+ 1. Prove that the principal symbol of C' is equal to

Ck+l($,§) = ak(x7§) bl($,€) (125)

in the case ord C' = ord A+ord B. In the case of strict inequality ord C' < ord A+ ord B prove that
the product (1.2.5) of principal symbols is identically equal to zero.

The formula for computing the full symbol of the product of two linear differential operators is
more complicated. We will give here the formula for the particular case of one spatial variable .

Exercise 1.5 Let a(x,€&) and b(x,&) be the symbols of two linear differential operators A and B
with one spatial variable. Prove that the symbol of the superposition A o B is equal to

_\k
axb=Y" ( ];!) OFa k. (1.2.6)
k>0



1.3 Change of independent variables

Let us now analyze the transformation rules of the principal symbol a(x, &) of an operator A under
smooth invertible changes of variables

yi = yi(x), i=1,...,n. (1.3.1)

Recall that the first derivatives transform according to the chain rule

0 oy 9
ox; — ox; Oy

(1.3.2)

The transformation law of higher order derivatives is more complicated. For example

Z Ok Oyl Z Py, 0
830 8$] Ox; Oz aykﬁy < O 0; ayk

etc. However it is clear that after the transformation one obtains again a linear differential operator
of the same order m. More precisely define the operator

- Ipl
A= Z(—i)'pap(y)(M
by the equation
Afly@) = (Afw)

The transformation law of the principal symbol is of particular simplicity as it follows from the
following

y=y(z)

Proposition 1.6 Let am(z,§) be the principal symbol of a linear differential operator A. Denote
am(y,&) the principal symbol of the same operator written in the coordinates y, i.e., the principal
symbol of the operator A. Then

d
Oy ~k
1 6952

m(y(2),€) = am(x,€) provided & = (1.3.3)

Proof: Applying the formula (1.2.4) one easily derives the equality

y =y(x)
s, = 98 oS s oS oS
ox1 Oy N Y4
Applying the chain rule
08 Oy, 0S
Ox; 0x; Oy



we arrive at the transformation rule (1.3.3) for the particular case

a8 ~ a8
S§=5- Sk=4—
Ox; Oy,
This proves the proposition since the gradients can take arbitrary values. |

1.4 Canonical form of linear differential operators of order < 2
with constant coefficients

Consider a first order linear differential operator

0
A=ai——++aq

— 1.4.1
8%1 8a:d ( )
with constant coefficients aq, ..., ag. One can find a linear transformation of the coordinates
d ~
&:chifk, i=1,....d (1.4.2)
k=1
that maps the vector a = (ai,...,aq) to the unit coordinate vector of the axis yq4. After such a
transformation the operator A becomes the partial derivative operator
0
A=—.
ya
Therefore the general solution of the first order linear differential equation
Ap=0
can be written in the form
O(Y1, -, Yd) = oY1, -+, Yd—1)- (1.4.3)
Here g is an arbitrary smooth function of (d — 1) variables.
Exercise 1.7 Prove that the general solution to the equation
Ap+bp=0 (1.4.4)
with A of the form (1.4.1) and a constant b reads
P(1s- - Ya) = Po(Y1s - Ya—1)e v
for an arbitrary C function po(y1,. .., Yq—1)-
Consider now a second order linear differential operator of the form
d 62 d 9
A= Qjj—F— bi— +c¢ 1.4.5
ijz—l K 8%’261'] + ; laxi + ( )



with constant coefficients. Without loss of generality one can assume the coefficient matrix a;; to

be symmetric. Denote
d

Q&) = —az(x,§) = Z a;i&i&; (1.4.6)

i,j=1
the quadratic form coinciding with the principal symbol, up to a common sign. Recall the following
theorem from linear algebra.

Theorem 1.8 There exists a linear invertible change of variables of the form (1.4.2) reducing the
quadratic form (1.4.6) to the form

(T ey (147)

The numbers p > 0, ¢ > 0, p+ q < d do not depend on the choice of the reducing transformation.

Note that, according to the Proposition 1.6 the transformation (1.4.2) corresponds to the linear
invertible change of independent variables x — y of the form

d

Yk :chﬂi, k=1,...,d (1.4.8)
i=1

Invertibility means that the coefficient matrix of the transformation does not degenerate:

We arrive at

Corollary 1.9 A second order linear differential operator with constant coefficients can be reduced
to the form

o2 s =Y
A= — ooy — = .. + bryr + ¢ 1.4.9
dyi Oys  Oypi1 Yy 1q ; ( )

by a linear transformation of the form (1.4.8). The numbers p and q do not depend on the choice
of the reducing transformation.

1.5 Elliptic and hyperbolic operators. Characteristics
Let ap,(z,&) be the principal symbol of a linear differential operator A.

Definition 1.10 It is said that the operator A : C*°(Q) — C*(Q) is elliptic if

am(z,&) #0 forany &#0, x€. (1.5.1)



For example the Laplace operator

0? 0?
Ae 2 1.0 2
Ox? o ox?
is elliptic on Q = R%. The Tricomi operator
0? 0?
A=— — 1.5.2
0x? e Oy? ( )

is elliptic on the right half plane > 0.

Definition 1.11 Given a point xo € 2, the hypersurface in the £-space defined by the equation

am(20,€) =0 (1.5.3)

is called characteristic cone of the operator A at xg. The vectors & satisfying (1.5.3) are called
characteristic vectors at the point x.

Observe that the hypersurface (1.5.3) is invariant with respect to rescalings
E—= X VAeR (1.5.4)
since the polynomial a,,(xo,§) is homogeneous of degree m:

am (2, NE) = N ap (2, §).

The characteristic cone of an elliptic operator is one point & = 0. For the example of wave
operator

0? 0? 0?
A=—-A, A=—+ - +— 1.5.5
ot? ’ Ox? Tt o ( )
the characteristic cone is given by the equation
g 2= (1.5.6)

Thus it coincides with the standard cone in the Euclidean (d + 1)-dimensional space. The charac-
teristic cone of the heat operator

B,
5~ A (1.5.7)

is the 7-line
§i=--=8=0. (1.5.8)

Definition 1.12 The hypersurface in R is called characteristic surface or simply characteristics
for the operator A if at every point x of the surface the normal vector £ is a characteristic vector:

am(x,&) = 0.
If the hypesurface is defined by a local equation
S(z) =0 (1.5.9)
then S(z) satisfies the equation
am (z,Sz(z)) =0 (1.5.10)

at every point of the hypersurface (1.5.9).



As it follows from the Proposition 1.6 the characteristics do not depend on the choice of a
system of coordinates.

Example. For a first order linear differential operator

0 0
A:al(m)a—ﬁ+---+ad(a})a—$d (1.5.11)

the function S(x) defining a characteristic hypersurface must satisfy the equation
AS(z) =0. (1.5.12)
It is therefore a first integral of the following system of ODEs

T1 = al(xh .. .,.’L'd)
(1.5.13)

&g = aq(x1,...,2q)

Indeed, the equation (1.5.12) says that the function S(x) is constant along the integral curves of
the system (1.5.13). It is known from the theory of ordinary differential equations that locally, near
a point ¥ such that (a1(z°),...,aq(2")) # 0 there exists a smooth invertible change of coordinates

($1,---7$d)*—>(y17---7yd)7 yk:yk‘(xlv"-axd)

such that, in the new coordinates the system reduces to the form

y1 =0

(1.5.14)
Yi—1 =0
yq =1

(the so-called rectification of a vector field). For the particular case of constant coefficients the
needed transformation is linear (see above). In these coordinates the general solution to the equation
(1.5.12) reads

S(yla"'ayd) :SO(yla”'ayd—l)' (1515)

Hyperbolic operators. Let us consider a linear differential operator A acting on smooth func-
tions on a domain 2 in the (d + 1)-dimensional space with Euclidean coordinates (t,z1,...,2q).
Denote a,(t, z, 7,§) the principal symbol of this operator. Here

TGR, 52(517'-'7§d)€Rd-

Recall that the principal symbol of an operator of order m is a polynomial of degree m in 7, &,

o ba

Definition 1.13 The linear differential operator A is called hyperbolic with respect to the time
variable t if for any fized £ # 0 and any (t,x) € Q the equation for T

am(t,z,7,§) =0 (1.5.16)
has m pairwise distinct real roots

T1(t, 2, 8), ..., T (t, x, §).

10



For brevity we will often say that a linear differential operator is hyperbolic if all its character-
istics are real and pairwise distinct. For elliptic operators the characteristics are purely imaginary.

The wave operator (1.5.5) gives a simple example of a hyperbolic operator. Indeed, the equation

=g+t

T=4/E 4+

for any £ # 0. The heat operator (1.5.7) is neither hyperbolic nor elliptic.

has two distinct roots

Finding the j-th characteristic of a hyperbolic operator requires knowledge of solutions to the
following Hamilton-Jacobi equation for the functions S = S(z,t)

oS aS

From the course of analytical mechanics it is known that the latter problem is reduced to integrating
the Hamilton equations

> — aH(trTap)
Ti = Op;

(1.5.18)
pi - _ 8Hg;f»1’)

with the time-dependent Hamiltonian H(t,x,p) = 7;(t,x,p). In the next section we will consider
the particular case d = 1 and apply it to the problem of canonical forms of the second order linear
differential operators in a two-dimensional space.

1.6 Reduction to a canonical form of second order linear differen-
tial operators in a two-dimensional space

Consider a linear differential operator
2 2 52

0 0
A= CL(ZL',y)i + 2b($7y)7 + C(:Z:a y)aiy27

Q c R2 1.6.1
922 020y (z,y) e QC (1.6.1)

The characteristics of these operator are curves
x=uxz(t), y=uy(t).

Here t is some parameter on the characteristic. Let (dz,dy) be the tangent vector to the curve.
Then the normal vector (—dy, dx) must satisfy the equation

a(z,y)dy? — 2b(x, y)dx dy + c(z,y)dz? = 0. (1.6.2)
Assuming a(z,y) # 0 one obtains a quadratic equation for the vector dy/dx

2
a(z,y) <Zi) — 2b(x,y)% + c(z,y) = 0. (1.6.3)

The operator (1.6.1) is hyperbolic iff the discriminant of this equation is positive:

b —ac>0. (1.6.4)

11



For elliptic operators the discriminant is strictly negative.

For a hyperbolic operator one has two families of characteristics to be found from the ODEs

@ b(l‘,y)—l—\/bQ(S{?,y) —CL(CC,y) C(ﬂj,y)

e a(z,7) (1.6.5)
@ _ b(%,y) B \/bQ(wv y) - a(xa y) C(CU,Z/)
de a(r,7) . (1.6.6)
Let
oz, y) =c1, P(x,y) =ca (1.6.7)

be the equations of the characteristics'. Here ¢; and ¢y are two integration constants. Such curves
pass through any point (z,y) € Q. Moreover they are not tangent at every point. Let us introduce
new local coordinates u, v by

u=¢(z,y), v=1)(z,y). (1.6.8)
Lemma 1.14 The change of coordinates

(#,y) = (u,v)

is locally invertible. Moreover the inverse functions

r=x(u,v), y=yluv)

are smooth.

Proof: We have to check non-vanishing of the Jacobian

e ((Guibr Suon ) —aer (G ) 2o (169

By definition the first derivatives of the functions ¢ and v correspond to two different roots of the
same quadratic equation

a(w, y)é?c + Qb(fc, y)¢x¢y + c(x, y)¢§ =0, a(w, y)i/ﬁ + 2b($; y)%% + C(JU, 9)1/132, =0.

The determinant (1.6.9) vanishes iff the gradients of ¢ and 1) are proportional:
(¢wa ¢y) ~ (@Z}xawy)

This contradicts the requirement to have the roots distinct. |

Let us rewrite the linear differential operator A in the new coordinates:
2 _ 82 82
A:a(u,v)w+2b(u,v)m+c(u,v)w+... (1.6.10)

where the dots stand for the terms with the low order derivatives.

!The function ¢(z,y), resp. ¥ (x,y), is a first integral for the ODE (1.6.5), resp. (1.6.6), that is, it takes constant
values along the integral curves of this differential equation.

12



Theorem 1.15 In the new coordinates the linear differential operator reads

Proof: In the new coordinates the characteristic have the form
u=c, V= C9

for arbitrary constants ¢; and ca. Therefore their tangent vectors (1,0) and (0, 1) must satisfy the
equation for characteristics

a(u, v)dv® — 2b(u, v)du dv + &(u, v)dv? = 0.
This implies a(u,v) = é(u,v) = 0. [ |

For the case of elliptic operator (1.6.1) the analogue of the differential equations (1.6.5), (1.6.6)
are complex conjugated equations

@_ b+ ivac— b2

e - , a=ua(x,y), b=bxy), c=c(z,y). (1.6.11)

Assuming analyticity of the functions a(x,y), b(z,y), ¢(x,y) one can prove existence of a complex
valued first integral

S(z,y) = ¢(z,y) +iv(z,y) (1.6.12)

aS,+ (b—ivac—1) 8, =0, (1.6.13)

Let us introduce new system of coordinates by

satisfying

u=d(z,y), v=1e(zy). (1.6.14)
Exercise 1.16 Prove that the transformation

(z,y) = (u,v)

is locally smoothly invertible. Prove that the operator A in the new coordinates takes the form

0? 0?

with some nonzero smooth function a(u,v). Like above the dots stand for the terms with lower
order derivatives.

13



Let us now consider the case of linear differential operators of the form (1.6.1) with identically
vanishing discriminant

v (x,y) — alz,y) c(z,y) = 0. (1.6.16)

Operators of this class are called parabolic. In this case we have only one characteristic to be found
from the equation
dy _ b(z,y)
dr  a(z,y)’

(1.6.17)

Let ¢(z,y) be a first integral of this equation

ade+bpy =0, ¢+ #0. (1.6.18)

Choose an arbitrary smooth function ¢ (z,y) such that

br Py
det<d}m d}y)#O.

In the coordinates
u=o¢(x,y), v=1v(,y)
the coefficient a(u,v) vanishes, since the line ¢(z,y) = const is a characteristic. But then the
coefficient b(u,v) must vanish either because of vanishing of the discriminant
b —aé=0.
Thus the canonical form of a parabolic operator is

82

A = ¢é(u,v) (1.6.19)

where the dots stand for the terms of lower order.

1.7 General solution of a second order hyperbolic equation with
constant coefficients in the two-dimensional space

Consider a hyperbolic operator

0? 0? 0?
A=a— +2b——— — 1.7.1
a8m2+ b8w8y+08y2 (1.7.1)

with constant coefficients a, b, ¢ satisfying the hyperbolicity condition
b —ac>0.

The equations for characteristics (1.6.5), (1.6.6) can be easily integrated. This gives two linear first
integrals

U=y —\NMT, V=YyY— AT
(1.7.2)
b+ Vb2 —ac

A2 =
a

14



In the new coordinates the hyperbolic equation A ¢ = 0 reduces to

82<p B
oudv

The general solution to this equation can be written in the form

o= fly—\iz) + gy — Aa)

where f and ¢ are two arbitrary smooth? functions of one variable.

For example consider the wave equation
_ 2
Pt = A4 Pga
where a is a positive constant. The general solution reads

o(x,t) = f(z —at) + g(z + at).

(1.7.3)

(1.7.4)

(1.7.5)

(1.7.6)

Observe that f(z — at) is a right-moving wave propagating with constant speed a. In a similar
way g(x + at) is a left-moving wave. Therefore the general solution to the wave equation (1.7.5) is

a superposition of two such waves.

1.8 Exercises to Section 1

Exercise 1.17 Reduce to the canonical form the following equations

Ugz + 2Ugy — 2Ug + 2Uyy + 6u,, =0

Ugy — Ugz + Ug + Uy — uy; = 0.

Exercise 1.18 Reduce to the canonical form the following equations

T Uy + 22 Y Uy — 3y2uyy — 2z Uy + 4y uy + 16zt =0
y2um + 22y Uy + 2x2uyy +yuy =0

Ugy — 2Ugy + Uyy + Uy + Uy =0

Exercise 1.19 Find general solution to the following equations

:c2um — y2uyy —2yuy =0

T Uy — 2T Y Ugy + Y Uyy + T Uy + Y uy = 0.

2Tt suffices to take the functions of the C? class.

15

(1.8.3)
(1.8.4)
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Chapter 2

Wave equation

2.1 Vibrating string

We consider small oscillations of an elastic string on the (z,u)-plane. Let the z-axis be the equi-
librium state of the string. Denote u(x,t) the displacement of the point = at a time ¢. It will be
assumed to be orthogonal to the x-axis. Thus the shape of the string at the time ¢ is given by
the graph of the function u(x,t). The velocity of the string at the point z is equal to us(z,t). We
will also assume that the only force to be taken into consideration is the tension directed along the
string. In particular the string will be assumed to be totally elastic.

Consider a small interval of the string from z to  + Ax. We will write the equation of motion
for this interval. Denote T' = T'(z) the tension of the string at the point z. The horizontal and
vertical components at the points z and = + Az are equal to

Thor(z) = Ticosa, Tyet(z) = Tisina
Thor(z + Ax) = Thcos B, Tyert(x + Azx) = Tosin g

where T1 = T'(x), Ty = T'(x + Ax) (see Fig. 1).

Fig. 1.

The angle o between the string and the z-axis at the point x is given by

1 . Ug
COSO¥ = —F— Sino —

V1+u2 V1itu2

16



The oscillations are assumed to be small. More precisely this means that the term u, is small. So
at the leading approximation we can neglect the square of it to arrive at

cosa~1, sina>u;(x)
cosf~1, sinf ~u,(x+ Ax)
So the horizontal and vertical components at the points  and x + Ax are equal to

Thor(m) ~ Tlv Tvert(x) ~ Tyuy, («T)
Thor(x + A$) ~ T27 Tvert(x + A.%') = TQUJZ(‘T: + A($)7

Since the string moves in the u-direction, the horizontal components at the points x and = + Ax

must coincide:
T, =T(x) =T(x+ Ax) = Ts.

Therefore T'(x) = T = const.

Let us now consider the vertical components. The resulting force acting on the piece of the
string is equal to

f=Tasinf —Tisina =T uy(z+ Ax) — Tug(z) ~ T uge(z) Az.

On another side the vertical component of the total momentum of the piece of the string is equal
to

+Ax
p= [ oyl t)ds(a) = pla)uet) Aa
€T
where p(x) is the linear mass density of the string and
d
ds(z) = SN
14+ u(x)
is the element of the length!. The second Newton law
pe=1f

in the limit Az — 0 yields
px)uy = T ugy.

In particular in the case of constant mass density one arrives at the equation

Ut = AUy (2.1.1)
where the constant a is defined by
o T
a® = —. (2.1.2)
p

1This means that the length s of the segment of the string between & = z; and & = x» is equal to

T2
s = / ds(z),

and the total mass m of the same segment is equal to

m = /:2 p(z) ds(x).

17



Exercise 2.1 Prove that the plane wave
u(z,t) = Ae'kztet) (2.1.3)

satisfies the wave equation (2.1.1) if and only if the real parameters w and k satisfy the following
dispersion relation
w=tak. (2.1.4)

The parameters w and k are called resp. the frequency® and wave number of the plane wave.
The arbitrary parameter A is called the amplitude of the wave. It is clear that the plane wave is

periodic in x with the period

2T
L=— 2.1.
. (2.1.5)

since the exponential function is periodic with the period 27 ¢. The plane wave is also periodic in
t with the period
27

T (2.1.6)

W

Due to linearity of the wave equation the real and imaginary parts of the solution (2.1.3) solve the
same equation (2.1.1). Assuming A to be real we thus obtain the real valued solutions

Reu = A cos(kz+wt), Imu=Asin(kz+wt). (2.1.7)

2.2 D’Alembert formula

Let us start with considering oscillations of an infinite string. That is, the spatial variable x varies
from —oo to co. The Cauchy problem for the equation (2.1.1) is formulated in the following way:
find a solution u(x,t) defined for ¢ > 0 such that at ¢ = 0 the initial conditions

u(z,0) = ¢p(x), u(z,0) =(x) (2.2.1)

hold true. The solution is given by the following D’Alembert formula:

Theorem 2.2 (D’Alembert formula) For arbitrary initial data ¢(z) € C*(R), ¥(z) € C1(R)
the solution to the Cauchy problem (2.1.1), (2.2.1) exists and is unique. Moreover it is given by the
formula

u(z,t) = P(s) ds. (2.2.2)

dz—at)+¢p(x+at) 1 [oto
2 +2a/x

—at

Proof: As we have proved in Section 1.7 the general solution to the equation (2.1.1) can be
represented in the form
u(z,t) = f(x —at) + g(x +at). (2.2.3)

2In physics literature the number —w is called frequency.

18



Let us choose the functions f and g in order to meet the initial conditions (2.2.1). We obtain the
following system:

f(@) +g(x) = ¢(x)
(2.2.4)

Integrating the second equation yields
1 €T
@)~ fa) = | wls)as+C
o

where C' is an integration constant. So

1 1

@) = 50(@) — 5 [ w(s)ds— 50

gla) = 50@) + 5o [ wl)ds+5C.

Thus

r—at

rtat
P(s)ds + %gb(:p +at)+ % /x P(s)ds.

0

This gives (2.2.2). It remains to check that, given a pair of functions ¢(x) € C?, ¥(x) € C! the
D’Alembert formula yields a solution to (2.1.1). Indeed, the function (2.2.2) is twice differentiable
in x and ¢. It remains to substitute this function into the wave equation and check that the equation
is satisfied. We leave it as an exercise for the reader. It is also straightforward to verify validity of
the initial data (2.2.1). [

u(x,t) = %gﬂ)(m —at) — 21a/

zo

Example. For the constant initial data
u(x,0) =ug, u(x,0)=1vp
the solution has the form
u(z,t) = up + vot.
This solution corresponds to the free motion of the string with the constant speed vy.

Moreover the solution to the wave equation is stable with respect to small variations of the
initial data. Namely,

Exercise 2.3 For any € > 0 and any T > 0 there exists § > 0 such that the solutions u(x,t) and
u(z,t) of the two Cauchy problems with initial conditions (2.2.1) and

W(x,0) = ¢(z), w@(x,0) =(z) (2.2.5)
satisfy
sup  |a(z,t) —u(z,t)| <e (2.2.6)
z€R, t€[0,T]

provided the initial conditions satisfy

sup |6(x) = ¢(x)] <6, supli(x) —(x)| < 6. (2.2.7)

z€R

Remark 2.4 The property formulated in the above exercise is usually referred to as well posedness
of the Cauchy problem (2.1.1), (2.2.1). We will return later to the discussion of this important

property.
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2.3 Some consequences of the D’Alembert formula

Let (zo,t0) be a point of the (z,t)-plane, tg > 0. As it follows from the D’Alembert formula the
value of the solution at the point (zg,%y) depends only on the values of ¢(z) at x = zo £ aty
and value of ¢ (z) on the interval [zg — atg,xo + atp]. The triangle with the vertices (zo,?p) and
(xo £ atp,0) is called the dependence domain of the segment [zg — ato,xo + atp]. The values of
the solution inside this triangle are completely determined by the values of the initial data on the
segment.

to, o

Tg — atg g -+ aty T

Fig. 2. The dependence domain of the segment [zg — aty, zo + ato].

Another important definition is the influence domain for a given segment [z, z2] consider the
domain defined by inequalities

r+at>x, Tz—at<xzy, t>0. (2.3.1)

Changing the initial data on the segment [z1,z2] will not change the solution u(z,t) outside the
influence domain.

Fig. 3. The influence domain of the segment [z1, x3].

Remark 2.5 It will be convenient to slightly extend the class of initial data admitting piecewise
smooth functions ¢(x), ¥ (x) (all singularities of the latter must be integrable). If x; are the singu-
larities of these functions, j = 1,2,..., then the solution u(x,t) given by the D’Alembert formula
will satisfy the wave equation outside the lines

r==xat+xz;, t=>20, j=12,...

The above formula says that the singularities of the solution propagate along the characteristics.

Example. Let us draw the profile of the string for the triangular initial data ¢(z) shown on
Fig. 4 and ¥ (x) = 0.
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t=—
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t=—
2a+€
n T
l
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u x
l
t=—-+e¢
a

Fig. 4. The solution of the Cauchy problem for wave equation on the real line with a triangular
initial profile at different instants of time.

2.4 Semi-infinite vibrating string
Let us begin with the following simple observation.

Lemma 2.6 Let u(x,t) be a solution to the wave equation. Then so are the functions
+u(tx, +t)

with arbitrary choices of all three signs.

Proof: This follows from linearity of the wave equation and from its invariance with respect to

the spatial reflection
T —x

and time inversion
t— —t.
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Let us consider oscillations of a string with a fixed point. Without loss of generality we can
assume that the fixed point is at x = 0. We arrive at the following Cauchy problem for (2.1.1) on
the half-line > 0:

u(z,0) = ¢(x), u(z,0) =¢(x), x=>0. (2.4.1)

The solution must also satisfy the boundary condition
u(0,t) =0, t>0. (2.4.2)
The problem (2.1.1), (2.4.1), (2.4.2) is often called mized problem since we have both initial condi-

tions and boundary conditions.

The solution to the mixed problem on the half-line can be reduced to the problem on the infinite
line by means of the following trick.

Lemma 2.7 Let the initial data ¢(x), ¢(z) for the Cauchy problem (2.1.1), (2.2.1) be odd functions
of x. Then the solution u(xz,t) is an odd function for all t.

Proof: Denote
(x,t) == —u(—z,t).

According to Lemma 2.6 the function u(x,t) satisfies the same equation. At ¢ = 0 we have

w(z,0) = —u(—z,0) = —p(—x) = ¢(x), u(z,0) = —w(—x,0) = —p(—x) = P(z)

since ¢ and v are odd functions. Therefore @(x,t) is a solution to the same Cauchy problem (2.1.1),
(2.2.1). Due to uniqueness @(x,t) = u(z,t), i.e. —u(—z,t) = u(z,t) for all x and t. [

We are now ready to present a recipe for solving the mixed problem for the wave equation on
the half-line. Let us extend the initial data onto entire real line as odd functions. We arrive at the
following Cauchy problem for the wave equation:

_f o), x>0 W), >0
u(z,0) = { Cb(—x), <0 ug(x,0) —{ _p(—z), T<0 (2.4.3)

According to Lemma 2.7 the solution u(z,t) to the Cauchy problem (2.1.1), (2.4.3) given by the
D’Alembert formula will be an odd function for all ¢t. Therefore

u(0,t) = —u(0,t) =0 for all t.

Example. Consider the evolution of a triangular initial profile on the half-line. The graph
of the initial function ¢(x) is non-zero on the interval [I,3[]; the initial velocity ¢ (x) = 0. The
evolution is shown on Fig. 5 for few instants of time. Observe the reflected profile (the dotted line)
on the negative half-line.

In a similar way one can treat the mixed problem on the half-line with a free boundary. In this
case the vertical component T u, of the tension at the left edge must vanish at all times. Thus the
boundary condition (2.4.2) has to be replaced with

ug(0,8) =0 forall t>0. (2.4.4)
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Fig. 5. The solution of the Cauchy problem for wave equation on the half-line with a triangular



2.5 Periodic problem for wave equation. Introduction to Fourier
series

Let us look for solutions to the wave equation (2.1.1) periodic in x with a given period L > 0. Thus
we are looking for a solution u(z,t) satisfying

u(z + L,t) = u(x,t) forany ¢>0. (2.5.1)
The initial data of the Cauchy problem
w(@,0) = ¢(z), u(z,0)=1)(x) (2.5.2)

must also be L-periodic functions.

Theorem 2.8 Given L-periodic initial data ¢(x) € C*(R), ¢(z) € CYH(R) the periodic Cauchy
problem (2.5.1), (2.5.2) for the wave equation (2.1.1) has a unique solution.

Proof: According to the results of Section 2.2 the solution u(z,t) to the Cauchy problem (2.1.1),
(2.5.2) on —oo < x < 0o exists and is unique and is given by the D’Alembert formula. Denote

(x,t) :=u(z + L,1).

Since the coefficients of the wave equation do not depend on x the function @(x,t) satisfies the
same equation. The initial data for this function have the form

ﬁ((L‘,O) - ¢($ + L) = ¢(x)7 at(wvt) - 1/1(37 + L) = ¢(95)

because of periodicity of the functions ¢(z) and ¢ (x). So the initial data of the solutions wu(z,t)
and (x,t) coincide. From the uniqueness of the solution we conclude that @(xz,t) = u(x,t) for all
x and t, i.e. the function u(z,t) is periodic in = with the same period L. |

kx

Exercise 2.9 Prove that the complex exponential function e** is L-periodic iff the wave number

k has the form

In the following two exercises we will consider the particular case L = 27. In this case the
complex exponential

2minx
e L

obtained in the previous exercise reduces to €.

Exercise 2.10 Prove that the solution of the periodic Cauchy problem with the Cauchy data
u(z,0) = ™, uy(x,0) =0 (2.5.4)

is given by the formula A
u(zx,t) = e cosnat. (2.5.5)
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Exercise 2.11 Prove that the solution of the periodic Cauchy problem with the Cauchy data
u(z,0) =0, u(z,0) =™ (2.5.6)

1s given by the formula
einx sinnat’ n ?é 0

u(z,t) = { na ton—0. (2.5.7)

Using the theory of Fourier series we can represent any solution to the periodic problem to the
wave equation as a superposition of the solutions (2.5.5), (2.5.7). Let us first recall some basics of
the theory of Fourier series.

Let f(x) be a 2m-periodic continuously differentiable complex valued function on R. The Fourier
series of this function is defined by the formula

D e (2.5.8)

1

2m
=5 ) fx)e ™ dx. (2.5.9)

Cn

The following theorem is a fundamental result of the theory of Fourier series.

Theorem 2.12 For any function f(x) satisfying the above conditions the Fourier series is uni-
formly convergent to the function f(x).

In particular we conclude that any Cl-smooth 27-periodic function f(z) can be represented as
a sum of uniformly convergent Fourier series

f(z) = Z cne™ e,

neL

1

2m
=o: ) f(x)e " dx. (2.5.10)

For completeness we remind the proof of this Theorem.

Let us introduce Hermitean inner product in the space of complex valued 2m-periodic continuous
functions:

1

2
(F9)=5. | f(a)g(z) da. (2.5.11)

Here the bar stands for complex conjugation. This inner product satisfies the following properties:

(9.f) = (f.9) (2.5.12)
M1+ wf2, 9) = A f1,9) + Al f2, 9)
forany A, peC (2.5.13)
(2201 + ) = Afr01) + il 92)
(f,f) >0 for any nonzero continuous function f(x). (2.5.14)

The real nonnegative number (f, f) will be used for defining the Ls-norm of the function:

I£1 =/ (f, F)- (2.5.15)
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Exercise 2.13 Prove that the Lo-norm satisfies the triangle inequality:

1+ gl < 171+ llgll- (2.5.16)

Observe that the complex exponentials ¢® form an orthonormal system with respect to the
inner product (2.5.11):

(eime i) _ 5 { S (2.5.17)

(check it!).

Let f(x) be a continuous function; denote ¢, its Fourier coefficients. The following formula
tn = (€™, f), nez (2.5.18)

gives a simple interpretation of the Fourier coefficients as the coefficients of decomposition of the
function f with respect to the orthonormal system made from exponentials. Moreover, the partial
sum of the Fourier series

N
Sn(x) = > cne™ (2.5.19)
n=—N

can be interpreted as the orthogonal projection of the vector f onto the (2N + 1)-dimensional linear

subspace A A _
VN = span (1, et eF2T ,eiZNm) (2.5.20)

consisting of all trigonometric polynomials

N
Py(z)= > pne™ (2.5.21)
n=—N
of degree N. Here pg, p+1, -..p+N are arbitrary complex numbers.

Lemma 2.14 The following inequality holds true:
N
> el < NI (2.5.22)
n=—N

The statement of this lemma is called Bessel inequality.

Proof: We have

< @)= 3 e (f(w)— S e f)— 3 )

n=—N
N ' ' N ’ '
= (f7 f) —_ Z [Cn (f; emz’) +é, (emcc’f)] + Z CrnCn (ezmx’emx) )
n=—N m,n=—N

Using (2.5.18) and orthonormality (2.5.17) we recast the right hand side of the last equation in the
form
N
(F )= > leal”
n=—N
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This proves Bessel inequality. |

Geometrically the Bessel inequality says that the square length of the orthogonal projection of
a vector onto the linear subspace Vi cannot be longer than the square length of the vector itself.

Corollary 2.15 For any continuous function f(x) the series of squares of absolute values of
Fourier coefficients converges:

D el < o0 (2.5.23)

neL

The following extremal property says that the N-th partial sum of the Fourier series gives the
best Ly-approximation of the function f(z) among all trigonometric polynomials of degree N.

Lemma 2.16 For any trigonometric polynomial Pn(x) of degree N the following inequality holds
true

1f(z) = Sn (@) < [If(z) — Pn(2)]- (2.5.24)

Here Sn(z) is the N-th partial sum (2.5.19) of the Fourier series of the function f. The equality
in (2.5.24) takes place iff the trigonometric polynomial Py (z) coincides with Sy(x), i.e.,

1

21
= — f@)e " *dx, n=0,£1,£2,...,£N,
2 0

Pn

Proof: From (2.5.18) we derive that
(f(z) = Sn(x), Pn(x)) =0 for any Pn(xz)€ Vn.
Hence

1f(x) = Py(@)[* = [(f = Sn) + (Sx — Pn|? =
=(f=Sn. f=5Sn)+(f =SSN, Qn) + (@n, [ — Sn) + (@n, QN)
=(f— SN, f=5SN)+(Qn,Qn) > (f = S, [ — Sn) = |If = Sn .
Here we denote
Qn = Sn(x) — Pn(z) € V.
Clearly the equality takes place iff @Qn =0, i.e. Py = Sy. |

Lemma 2.17 For any continuous 2mw-periodic function the following Parseval equality holds true:

D leal® =111 (2.5.25)

nez
The Parseval equality can be considered as an infinite-dimensional analogue of the Pythagoras

theorem: sum of the squares of orthogonal projections of a vector on the coordinate axes is equal
to the square length of the vector.
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Proof: According to Stone — Weierstrass theorem?® any continuous 27-periodic function can be
uniformly approximated by Fourier polynomials

N

Py(z)= ) pne™. (2.5.26)
n=—N

That means that for a given function f(z) and any € > 0 there exists a trigonometric polynomial
Py (z) of some degree N such that
SUPge(o,2q] | f (%) — Pn(2)] <e.

Then
1

—Pyvl?= —
I = Pul? = 5

21
/O |f(z) — Pn(2)Pdz < €.

Therefore, due to the extremal property (see Lemma 2.16 above), we obtain the following inequality
If = Snll* < €.

Repeating the computation used in the proof of Bessel inequality

N

If = SnIP=1IFIP = Y leal® < €

n=—N

we arrive at the proof of Lemma. [ |

3The Stone — Weierstrass theorem is a very general result about uniform approximation of continuous functions
on a compact K in a metric space. Let us recall this important theorem. Let A C C(K) be a subset of functions in
the space of continuous real- or complex-valued functions on a compact K. The following requirements must hold
true.
1. A must be a subalgebra in C(K), i.e. for f,g € A, o, 8 € R (or a, 8 € C) the linear combination and the
product belong to A:
af+pBgeA f-geA

2. The functions in A must separate points in K, i.e., Vz, y € K, x # y there exists f € A such that

f(x) # f(y).

3. The subalgebra is non-degenerate, i.e., Vx € K there exists f € A such that f(z) # 0.
The last condition has to be imposed in the complex situation.

4. The subalgebra A is said to be self-adjoint if for any function f € A the complex conjugate function f also belongs
to A.

Theorem 2.18 Given an algebra of functions A C C(K) that separates points, is non-degenerate and, for complez-
valued functions, is self-adjoint then A is an everywhere dense subset in C(K).

Recall that density means that for any continuous function F' € C(K) and an arbitrary € > 0 there exists f € A
such that
sup,c i |[F(x) — f(z)| <e.
In the particular case of algebra of polynomials one obtains the classical Weierstrass theorem about polynomial
approximations of continuous functions on a finite interval. For the needs of the theory of Fourier series one has to
apply the Stone — Weierstrass theorem to the subalgebra of Fourier polynomials in the space of continuous 27-periodic
functions. We leave as an exercise to verify applicability of the Stone — Weierstrass theorem in this case.
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The Parseval equality is also referred to as completeness of the trigonometric system of functions

1’ 6i1x eiQm

3 PRI

For the case of infinite-dimensional spaces equipped with a Hermitean (or Euclidean) inner product
the property of completeness is the right analogue of the notion of an orthonormal basis of the space.

Corollary 2.19 Two continuous 27-periodic functions f(x), g(x) with all equal Fourier coefficients
tdentically coincide.

Proof: Indeed, the difference h(z) = f(x) — g(z) is continuous function with zero Fourier coeffi-
cients. The Parseval equality implies ||h||? = 0. So h(z) = 0. |

We can now prove that uniform convergence of the Fourier series of a C!'-function. Denote ¢,
the Fourier coefficients of the derivative f/(x). Integrating by parts we derive the following formula:
1 [ 1

Cn =5 ; f(z)e " do =

) 1 2m ) i

—inx |27 / —inx /
- + do = ——c,.
57 f(x)e 0 5 in/o fi(x)e x nc"

This implies convergence of the series

> leal:

nel

lenl 1 1
|Cn|:7n§§ |CZ|2+E .

The series > |c},|? converges according to the Corollary 2.15; convergence of the series Y # is well

known. Using Weierstrass theorem we conclude that the Fourier series converges absolutely and

uniformly
Z |cne™| = Z len| < o0

ne”L nez

Indeed,

Denote g(x) the sum of this series. It is a continuos function. The Fourier coefficients of g coincide
with those of f:

(einx,g) = ¢
Hence f(x) = g(x). [

For the specific case of real valued function the Fourier coefficients satisfy the following property.

Lemma 2.20 The function f(x) is real valued iff its Fourier coefficients satisfy

Cp=c_p forall neZ. (2.5.27)

Proof: Reality of the function can be written in the form

Since




we have

1 27 )
Cn = o /) f(x)e™ dx = c_y,
[ |
Note that the coefficient )
1 s
o= o f(z)dx

is always real if f(x) is a real valued function.

Let us establish the correspondence of the complex form (2.5.10) of the Fourier series of a real
valued function with the real form.

Lemma 2.21 Let f(x) be a real valued 27-periodic smooth function. Denote ¢, its Fourier coeffi-
cients (2.5.9). Introduce coefficients

1 2

ap =Cp+c_py = — f(z)cosnzdr, n=0,1,2,... (2.5.28)
T Jo
1 2w

by =i(cn —Ccp) = — f(z)sinnzdx, n=12,... (2.5.29)
T Jo

Then the function f(x) is represented as a sum of uniformly convergent Fourier series of the form

ap .
flz) = 5 + Z (an, cosnz + by sinnx) . (2.5.30)

n>1
We leave the proof of this Lemma as an exercise for the reader.

Exercise 2.22 For any real valued continuous function f(z) prove the following version* of Bessel
inequality (2.5.22):

2 N 27
1
DY @+2y<— | fla)d (2.5.31)
2 n=1 T Jo
and Parseval equality (2.5.25)
“ i (2 1) = © /27r F*(x) da. (2.5.32)
2 = T Jo

The following statement can be used in working with functions with an arbitrary period.

Exercise 2.23 Given an arbitrary constant ¢ € R and a solution u(z,t) to the wave equation
(2.1.1) then
u(z,t) =u(cx,ct) (2.5.33)

also satisfies (2.1.1).

4Notice a change in the normalization of the L2 norm.
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Note that for ¢ # 0 the function @(x,t) is periodic in z with the period L = 2% if u(x,t) was

2m-periodic.

For non-smooth functions the problem of convergence of Fourier series is more delicate. Let us
consider an example giving some idea about the convergence of Fourier series for piecewise smooth
functions. Consider the function

1, >0
signx = 0, =0 . (2.5.34)
-1, z<0

This function will be considered on the interval [—m, 7] and then continued 27-periodically onto
entire real line. The Fourier coefficients of this function can be easily computed:

2(1—-(=1)"
o g 20-C10Y
T n
So the Fourier series of this functions reads
sin(2k — 1)z
— . 2.5.
}: TR (2.5.35)

k:>1

One can prove that this series converges to the sign function at every point of the interval (—, ).
Moreover this convergence is uniform on every closed subinterval non containing 0 or +7. However
the character of convergence near the discontinuity points x = 0 and z = 47 is more complicated
as one can see from the following graph of a partial sum of the series (2.5.35).
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Fig. 6. Graph of the partial sum S,(z) =237}, Sm(;kk 11) for n = 50.

In general for piecewise smooth functions f(z) with some number of discontinuity points one
can prove that the Fourier series converges to the mean value 1 (f(zg+0) + f(zo — 0)) at every
first kind discontinuity point xg. The non vanishing oscillatory behavior of partial sums near

discontinuity points is known as Gibbs phenomenon (see Exercise 2.51 below).
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Let us return to the wave equation. Using the theory of Fourier series we can represent any
periodic solution to the Cauchy problem (2.5.2) as a superposition of solutions of the form (2.5.5),
(2.5.7). Namely, let us expand the initial data in Fourier series:

$(x) =Y dne™,  Pla) =Y Pne™. (2.5.36)
nes nez
Then the solution to the periodic Cauchy problem reads

ing SID ant

, 1
u(z,t) = Z Pre™" cos ant + Yot + o Z e’ (2.5.37)
nez nezZ\0
Remark 2.24 The formula (2.5.37) says that the solutions
ul) (x,t) = e cos ant
(2.5.38)

t, n=>0
ul? (z,t) =

n

inx sin ant
e o n # 0

forn € Z form a basis in the space of 2w-periodic solutions to the wave equation. Observe that all
these solutions can be written in the so-called separated form

u(z,t) = X(x)T(t) (2.5.39)

for some smooth functions X (x) and T'(t). A rather general method of separation of variables for
solving boundary value problems for linear PDEs has this observation as a starting point. This
method will be explained later on.

2.6 Finite vibrating string. Standing waves

Let us proceed to considering a finite string of the length [. We begin with considering the oscilla-
tions of the string with fixed endpoints. So we have to solve the following mixed problem for the
wave equation (2.1.1)

u(z,0) = ¢(z), w(x,0)=¢(x), zel0,]] (2.6.1)

u(0,t) =0, wu(l,t)=0 forall ¢>0. (2.6.2)

The idea of solution is, again, in a suitable extension of the problem onto entire line.
Lemma 2.25 Let the initial data ¢p(x), ¥ (x) of the Cauchy problem (2.2.1) for the wave equation
on R be odd 2l-periodic functions. Then the solution u(xz,t) will also be an odd 2l-periodic function

for all t satisfying the boundary conditions (2.6.2).

Proof: As we already know from Lemma 2.7 the solution is an odd function for all t. So

u(0,t) =0 for all t> 0.
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Next, the solution will be 2-periodic for all ¢ according to Theorem 2.8 above. So
u(l — x,t) = —u(x — I,t) = —u(z + 1, t).
Substituting = 0 we get
u(l,t) = —u(l,t), ide. wu(l,t)=0.
[

The above Lemma gives an algorithm for solving the mixed problem (2.6.1), (2.6.2) for the wave
equation. Namely, we extend the initial data ¢(x), (z) from the interval [0, z] onto the real axis
as odd 2[-periodic functions. After this we apply D’Alembert formula to the extended initial data.
The resulting solution will satisfy the initial conditions (2.6.1) on the interval [0,[] as well as the
boundary conditions (2.6.2) at the end points of the interval.

We will apply now the technique of Fourier series to the mixed problem (2.6.1), (2.6.2).

Lemma 2.26 Let a 2m-periodic functions f(x) be represented as the sum of its Fourier series

. 1 /7 .
f(x):chemx, Cn = — (x)e " dx.

T on -
The function f(x) is even/odd iff the Fourier coefficients satisfy
c_np, = *c,

respectively.

Proof: For an even function one must have
§ :Cneznac — f((E) — f(—x) — § :cne—znx — § :C_nezn:c'
neZ nez nez

This proves ¢_,, = ¢,. A similar argument gives c¢_,, = —c¢, for the case of an odd function. [

Corollary 2.27 Any even/odd smooth 2m-periodic function can be expanded in Fourier series in
cosines/sines:

2 s
flz) = % + Zan cosnT, ap = / f(z)cosnxdx, f(r) iseven (2.6.3)
n>1 TJo
2 s
f(z) = an sinnz, b, = / f(x)sinnxdx, f(x) isodd. (2.6.4)
n>1 TJo
Proof: Let us consider the case of an odd function. In this case we have c_,, = —¢,, and, in

particular, ¢g = 0, so we rewrite the Fourier series in the following form

f(:L’) — cheinx+ Z Cneinx

n>1 n<—1

= g Cn (emm - e_mx) =2 E cn, Ssinnzx.

n>1 n>1
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Denote
bn = 2ic,, n>1.

For this coefficient we obtain

21 " —inT i " —inx i 0 —in
b, = — (x)e "™ dx = — f(z)e™"dx + — f(z)e " *dx.
2 J_, T Jo L -
In the second integral we change the integration variable z — —x and use that f(—xz) = —f(x) to
arrive at
i " —inx i 0 inT i " —inx inT 2 " :
by = — flx)e™"de + — [ f(x)e"™ dx = — f(z) [e — ™) de == f(x)sinnz dzx.
T Jo T Jx T Jo T Jo

Let us return to the solution to the wave equation on the interval [0,!] with fixed endpoints
boundary condition. Summarizing the previous considerations we arrive at the following

Theorem 2.28 Let ¢(x) € C2([0,1]), 1 (x) € CL([0,1]) be two arbitrary smooth functions. Then the
solutions to the mized problem (2.6.1), (2.6.2) for the wave equation is written in the form

. NI mant . mant
u(z,t) = Z sin —— (bn c08 —— + by, sin i > (2.6.5)
n>1
2 [t . 9 rl
by, = l/o o(x) Sin@ dr, by = an Jo Y(x) sin# dzx.

Particular solutions to the wave equation giving a basis in the space of all solutions satisfying
the boundary conditions (2.6.1) have the form

t t

ul) (z,t) = sin Zﬂ cos 7raln ;o ul?(z,t) = sin ? sin ﬂc;n ,
are called standing waves. Observe that these solutions have the separated form (2.5.39). The
shape of these waves essentially does not change in time, only the size does change. In particular

the location of the nodes

n=12... (2.6.6)

me=k—, k=01,..n (2.6.7)

of the n-th solution u.’ (z,t) or u'? (z,t) does not depend on time. The n-th standing waves (2.6.6)

has (n + 1) nodes on the string. The solution takes zero values at the nodes at all times.

2.7 Energy of vibrating string

Let us consider the vibrating string with fixed points x = 0 and x = [. It is clear that the kinetic
energy of the string at the moment ¢ is equal to

1 l
K:Q/pﬁ@wm. (2.7.1)
0
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Let us now compute the potential energy U of the string. By definition U is equal to the work done
by the elastic force moving the string from the equilibrium u = 0 to the actual position given by
the graph u(z). The motion can be described by the one-parameter family of curves

v(x;s) = su(x) (2.7.2)

where the parameter s changes from s = 0 (the equilibrium) to s = 1 (the position of the string).
As we already know the vertical component of the force acting on the interval of the string (2.7.2)
between x and x + Ax is equal to

F =T (vg(z+ Ax;s) — vz(x;8)) > s T uge(x) Az,
The work A to move the string from the position v(x; s) to v(z; s + As) is therefore equal to
A=—F [v(x;s+ As) —v(x;s)] ~ —sTu(x)Ax As

(the negative sign since the direction of the force is opposite to the direction of the displacement).
The total work of the elastic forces for moving the string of length [ from the equilibrium s = 0 to
the given configuration at s = 1 is obtained by integration:

U=- /01 ds /Ol T Uy (z)u(z) doe = —% /OlTum(az)u(:c) dx.

By definition this work is equal to the potential energy of the string. Integrating by parts and using
the boundary conditions
u(0) =u(l) =0

we finally arrive at the following expression for the potential energy:

l
U= ;/ T u?(x) d. (2.7.3)
0

Summarizing (2.7.1) and (2.7.3) gives the formula for the total energy E = E(t) of the vibrating
string at the moment ¢

L1 1
E:K+U:/ <2 puf(m,t)—l—2Tu§(x,t)> dx. (2.7.4)
0

Exercise 2.29 Prove that the same expression (2.7.3) holds true for the total work of elastic forces
moving the string from the equilibrium to the given position u(x) along an arbitrary path

v(z;s), v(x;0)=0, v(z;s)=u(x)

in the space of configurations.

It is understood that v(x;t) is a smooth function on [0,1] x [0, 1].

We will now prove that the total energy FE of vibrating string with fixed end points does not
depend on time.

Lemma 2.30 Let the function u(x,t) satisfy the wave equation. Then the following identity holds
true

0

1 2 1 2 _ g
5t (3ot + 5 Tiw0) = L (). (2.7
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Proof: A straightforward differentiation using uy; = a®ug, yields

0 (1 1
a <2 pu%(x,t) + 5 TU%(.’L‘,t)) = pazutumm + T Uty

Since

(see above) we rewrite the last equation in the form

=T (wgy + Ugtz) =T (wpuy),

|
Corollary 2.31 Denote Ej,y(t) the energy of a segment of vibrating string
b1 1
2 2
Bun(®) = [ (5ot 3T do (2.7.6)
a
The following formula describes the dependence of this energy on time:
d
%E[a,bl (t) = T upug|p—p — T Uty |g—q- (2.7.7)
Remark 2.32 In physics literature the quantity
Lo 9 L o
5 P Ui (x,t) + 5 T us(z,t) (2.7.8)

is called energy density. It is equal to the energy of a small piece of the string from x to x + dx at
the moment t. The total energy of a piece of a string is obtained by integration of this density in
x. Another important notion is the flux density

— T upug. (2.7.9)

The formula (2.7.7) says that the change of the energy of a given piece of the string for the time
dt is given by the total flux though the boundary of the piece.

Finally we arrive at the conservation law of the total energy of a vibrating string with fixed
end points.

Theorem 2.33 The total energy (2.7.4) of the vibrating string with fized end points does not depend

ont: d
—F =0.
dt
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Proof: The formula (2.7.7) for the particular case a = 0, b = [ gives

d
@E =T (ue(l, t)ug(l,t) — ue(0,t)ug(0,8)) =0
since
ut(O, t) = 8tu(0, t) = 0, Ut(l, t) = 8tu(l, t) =0
due to the boundary conditions u(0,t) = u(l,t) = 0. [

The conservation law of total energy makes it evident that the vibrating string is a conservative
system.

Exercise 2.34 Derive the formula for the total energy and prove the conservation law for a vibrat-
ing string of finite length with free boundary conditions u;(0,t) = u,(l,t) = 0.

Exercise 2.35 Prove that the energy of the vibrating string represented as sum (2.6.5) of standing
waves (2.6.6) is equal to the sum of energies of standing waves.

The conservation of total energy can be used for proving unigeness of solution for the wave
equation. Indeed, if u")(z,t) and u(® (x,t) are two solutions vanishing at = = 0 and x = [ with the
same initial data. The difference

u(z,t) = u?(z,t) — uV(, 1)

solves wave equation, satisfies the same boundary conditions and has zero initial data u(z,0) =
¢(z) =0, ug(x,0) = ¢(z) = 0. The conservation of energy for this solution gives

B(t) = /Ol <;put2(x,t) + ;Tug(x,t)> dz = B(0) = /Ol G p2(z) + ;wg(x)) do =0,

Hence ug(x,t) = wi(x,t) = 0 for all =, t. Using the boundary conditions one concludes that
u(x,t) =0,

2.8 Inhomogeneous wave equation: Duhamel principle
To give a heuristic motivation of the method we start by reminding that for solving linear first
order ODEs

u(t) + Lu(t) = g(t), (2.8.1)
with L a constant (in ¢) we can use variation of parameters which gives the particular solution

up(1)

up(t) = e_Lt/D e g(s)ds :/0 e Lt=9g(s)ds;  u,(0) = 0. (2.8.2)

Denoting the integrand of this latter equation by f(t;s) = eX(!=9)g(s) we note that it is also a
solution of the homogeneous ODE

O f(t;s) + Lf(t;s) =0,  f(t;s)|,_, = 9(s). (2.8.3)
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This shows that the particular solution (2.8.2) of the non-homogeneous equation (2.8.1) can be
written as a superposition (integral) of homogeneous solutions with g(s) is the initial value at t = s.

Similarly for second order ODEs:
i(t) + Lu(t) = g(t) . (2.8.4)

A particular solution given by the variation of parameters formula appears in the form

wy(t) = /0 M\/%_S))g(s)ds, wy(0) = 0, i1y(0) = 0. (2.8.5)

Once more we observe that the integral of the above formula f(¢; s)

_ sin(vL(t—s))

N g(s) is the solution

of the Cauchy problem
Oif(tss) + Lf(ts) =0 fltis)|_, =0, af(tss)],_, = 9(s). (2.8.6)

With appropriate interpretation, the same formulae would hold if u(t) is a function taking values
in an arbitrary vector space (even infinite dimensional, formally) as long as L is a linear operator
independent of t. Since 02 could be construed as such, this motivates the following theorem

Theorem 2.36 (Duhamel formula (principle)) Consider the inhomogeneous equation of the
string with external forcing g(z,t) € C°(R?):

ug(x, 1) — aPuge(x,t) = g(z,t), u(z,0) = 0= u(z,0). (2.8.7)
Then the solution is given by the formula

u(x,t):/o F(z,t;s)ds (2.8.8)

where F(z,t;s) is the solution of the homogeneous wave equation with initial conditions at t = s;

Fyy —a?Fpp =0 (2.8.9)
F(z,t;s)|,_,=0 (2.8.10)
Fy(x,t; S)|t=s = g(z,s) (2.8.11)

Proof. We verify that the formula gives the solution; first of all we observe that from the
conditions we deduce that (using the chain rule)

(Fi + Fy)|,_, =0, Vz. (2.8.12)

Now we can compute the derivatives of u as follows

t
ug = Oy (F(l‘;t,t) -l—/ Fy(z,t; S)ds) (2812)Ft (z,t;8)|,_, / Fy(x,t;s)
0
=g(z,t)+ a2/ Frp(x,t;8)de = g(x,t) + a®Ugy. (2.8.13)
0
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We need to verify the initial conditions: now, clearly u(x,0) = 0 because of the integral. Secondly
we have

0
ut(x,0) = F(x,t; S)‘t:s:o —I—/ Fy(z,t;8)ds = 0. (2.8.14)
0

This concludes the proof. |

If we need to solve the nonhomogeneous wave equation with different initial conditions, we
simply write the solution as the sum of the particular solution provided for by Duhamel’s principle
plus the solution of the homogeneous problem with the given initial conditions. See Problem 2.44.

Solution using D’Alembert’s formula Combining Duhamel’s principle (Thm. 2.36) with
D’Alembert’s formula (Thm. 2.2) we obtain

x—i—at s
2.8.1
w(, 1) 2@// o s (2.8.15)

Remark 2.37 The integral in (2.8.15) has the following nice interpretation: the value of u at (x,t)
in the spacetime plane, is the area integral of g(a’,t") over the whole characteristic cone at (x,t) up
tot =0. (Picture on board!)

2.9 The weak solutions of the wave equation

In some applications (and some exercises) it is convenient to extend the meaning of the wave
equation to a larger class. As one can plainly see, the D’Alembert equation (Thm. (2.2)) is rather
”agnostic” regarding the regularity class of the functions ¢,, as long as the integration makes
sense. However it is not immediately clear what meaning to attribute to the differential equation
itself if -say- ¢ is a piecewise continuous function.

For this reason we introduce the notion weak solutions, while we refer to the C? solutions as
classical solutions.

Definition 1 (Weak solutions of the wave equation) A function u(z,t) is called a weak so-
lution of the wave equation uy —a*ugze = 0 on (z,t) € R xR if, for every ¢ € CSO(R2) the following
holds:

/ / u(z, t) (pu(z, t) — a2<pm(x,t))dxdt =0 (2.9.1)
R JR
This is accompanied with the definition of weak solution subject to IC and also external forge
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Definition 2 A function u(z,t) is called a weak solution of the wave equation uy — a*uy, =
g(x,t) on (x,t) € R x [0,00) subject to the initial conditions (IC)

u(x,0) = d(x);  w(x,0) = ¢(x) (2.9.2)

if ° for every ¢ € C5°(R x [0,00)) the following holds

/Ooo /Ru(%t — a* gy, )dzdt +/R (sot(x,O)qb(x) — go(;v,O)ib(a:)) = /071@ gpdzdt (2.9.3)

The motivation of these definitions relies on the notion of “distribution” that the reader may
have already encountered. It is motivated by the following

Proposition 2.38 If u(x,t) is a classical solution of the forced DE + IC, then it is also a weak
solution in the sense of Def 2.

Proof. The proof consists of the following chain of identities. For an arbitrary ¢ € Cg° (R X
[0,00)) let R > 0 be sufficiently large so that suppy C [~ R, R] x [0, R]. The value R is understood
to be such that the support of ¢ does not intersect the left, right and top sides of the boundary of
the rectangle [—R, R] x [0, R] but, of course, it may intersect the segment (x,t) € (—R, R) x {0}
(picture on board!)

o) o) R
// // R(”“ —a um) = /dm/ dt ugp — a2/ dt/ dadt uy, (2.9.4)
R+XR R+>< R 0 0 —R

The inner integral in the second term can be integrated by parts twice without contribution from
the boundary x = —R, R; the inner integral in the first term, on the other hand should be handled

with some care:
/ dz / dt uppr =

9 R
/dx/ dtuyp = /dx/dt U p = /dx utp)
R 0 R Jo
—/dxwgo}tzo/daz wpy) /d:p/dtucptt—

= —/dmwga‘tzo—i-/dx(qbgot)’tzo—l—/dx/ dt up. (2.9.5)
R Jo
Recombining the terms yields

//]RerzﬁQ{(’D T /dm el t /dx(‘wt)‘t:o + /Rdiﬂ Ooét w(pr — a° ) (2.9.6)

This proves the statement. [
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2.10 Exercises to Section 2

Exercise 2.39 We know that a solution (weak or classical) of uy — uze = 0 is the sum of a left
and right traveling waves: u(z,t) = f(x —t) + g(x +t). Suppose now that f,g are only C}(R) so
that u is a weak(er) solution.

1. Show that for any t € R fized, the function u(z,t) is compactly supported with respect to x.

2. Show that the energy
1

E = /(uf + u?)dx (2.10.1)
2 J/r

is well defined (i.e. not infinite).
3. Show that the energy s still conserved. Show also that the energy is the sum of the energy

of the left and right traveling waves. Note that f,g are not assumed to be twice differentiable
and hence you cannot use this for showing the conservation of energy.

Exercise 2.40 Prove a similar statement as Prop. 2.38 for the first definition of weak solution,
Def. 1

Exercise 2.41 Give an appropriate definition of the notion of weak solution for the following
DE+IC+BC for the finite string x € [0, /)
(DE> Ut — Uge = G,

(IC) u(x,0) = ¢(x), u(x,0) = P(x),
(BC) u(z,0) =0 =u((,0) (2.10.2)

Exercise 2.42 Let f(x) be a piecewise continuous function on R. Show that u(x,t) = f(x —t) is
a weak solution of Uy — Uz = 0.

Exercise 2.43 For few instants of time t > 0 make a graph of the solution u(x,t) to the wave
equation with the initial data

B [ 1, z €z, x]
u(z,0) =0, w(z,0)= { 0 otherwise

, —oo<zx<O00.

Exercise 2.44 Solve the following DE + IC on the whole line x € R:

Ut — Upy = T — L (2.10.3)
u(z,0) = z* (2.10.4)
u(x,0) = sin(x) (2.10.5)

Exercise 2.45 For few instants of time t > 0 make a graph of the solution u(x,t) to the wave
equation on the half line x > 0 with the free boundary condition

U (0,8) =0

and with the initial data
,U’(x70) = (b(x)a Ut(l',O) =0, z>0

where the graph of the function ¢(z) is an isosceles triangle of height 1 and the base [l, 3l].
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Exercise 2.46 For few instants of time t > 0 make a graph of the solution u(x,t) to the wave
equation on the half line © > 0 with the fized point boundary condition

u(0,t) =0
and with the initial data

1, xe€|l,3l]

. 0.
0, otherwise ’ v

w(@,0) =0, wu(z,0) = {

Exercise 2.47 Prove that

o .

sinnxr w—x

E = for 0<xz < 2m.
n 2

n=1

Compute the sum of the Fourier series for all other values of x € R.

Exercise 2.48 Compute the sums of the following Fourier series:

oo
stn:L‘
Z 0<x<m;

n=1

n

Mg

sinnz, |r|<m.

n=1

Exercise 2.49 Prove that

TL

cosnz, |z|<m.

7_[_ oo
Ty G
Exercise 2.50 Compute the sums of the following Fourier series:

icos(Qn—l)x
12
~ (2n—-1)
oo
ZCOSTLI’
n?

n=1

Exercise 2.51 Denote

4 - sin(2k — 1)z
Snle) =20 r g
k=1
the n-th partial sum of the Fourier series (2.5.35). Prove that
1) for any x € (—m, )
lim S, (z) = signzx.

n—oo

2) Verify that the n-th partial sum has a mazimum at

T
Ty = —.
2n
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Hint: derive the following expression for the derivative

2 sin 2nx
S’ = — )
n(7) 7 sinx
3) Prove that
2T Sin% 2 [Tsinz
= n

for n — oo.

Thus for the trigonometric series (2.5.35)

limsup S, (xz) >1 for x> 0.

n—oo

In a similar way one can prove that
liminf Sy, (x) < =1 for z <O.
n—oo

Exercise 2.52 Consider the DE uy — uz, = 0 on the semi-infinite axis x € [0, 00) with Neumann
boundary conditions and the following IC:

u(@,0) = d(z);  w(x,0) = ¢'(x) (2.10.6)
where ¢ is the smooth compactly supported function

o(z) = { (== 1)30(2 2y g;:;[l[’léf | (2.10.7)

Give a sketch of ¢ and describe the evolution of the string in the following three intervals of time:
telo,1], tel1,2], t>2. (2.10.8)

Also answer the same question where the Neumann condition is replaced with a Dirichlet condition.
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Chapter 3

Laplace equation

3.1 Ill-posedness of the Cauchy problem for the Laplace equation

In the study of various classes of solutions to the Cauchy problem for the wave equation we were
able to establish

e cristence of the solution in a suitable class of functions;
e uniqueness of the solution;

e continuous dependence of the solution on the initial data (see Exercise 2.3 above) with respect
to a suitable topology.

One may ask whether these properties remain valid for all evolutionary PDEs satisfying condi-
tions of the Cauchy — Kovalevskaya theorem?

Let us consider a counterexample found by J.Hadamard (1922). Changing the sign in the wave
equation one arrives at an equation of elliptic type
Uty + a*ugy = 0. (3.1.1)
(The equation (3.1.1) is usually called Laplace equation.) Does the change of the type of equation
affect seriously the properties of solutions?

To be more specific we will deal with the periodic Cauchy problem

u(z,0) = ¢(x), u(z,0) =¢(x) (3.1.2)

with two 27-periodic smooth initial functions ¢(z), ¥ (x). For simplicity let us choose a = 1. We
will see that the solution to this Cauchy problem does not depend continuously on the initial data.
To do this let us consider the following sequence of initial data: for any integer & > 0 denote uy(x,t)
solution to the Cauchy problem

sink x

u(z,0) =0, w(z,0)= e (3.1.3)

The 27m-periodic solution can be expanded in Fourier series

+ Z [an(t) cos nx + by (t) sin nx]

n=1

ag(t)
2

ug(z,t) =
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with some coefficients a,,(t), b, (t). Substituting the series into equation
Ut + Ugy =0

we obtain an infinite system of ODEs

. 2

Gn = n“ap
5n = nan,
n =0,1,2,.... The initial data for this infinite system of ODEs follow from the Cauchy problem

(3.1.2):

an(0) =0, an=0 Vn,
- : [ 1/k, n=k
() =0. b ={ 5 1R

The solution has the form

an(t)=0 Vn, b,(t)=0 Vn#k

1
bi(t) = ye) sinh kt.

So the solution to the Cauchy problem (3.1.2) reads

1
ug(z,t) = ?sin kx sinh kt. (3.1.4)

Using this explicit solution we can prove the following

Theorem 3.1 For any positive €, M, to there exists an integer K such that for any k > K the
initial data (3.1.3) satisfy

Sap }(Iwc(w’())\ + [Opur(z,0)]) <€ (3.1.5)
z€(0,2m

but the solution ug(z,t) at the moment t =ty > 0 satisfies

sup ](IUk(x,to)l + |0pur(x, t0)]) > M. (3.1.6)
z€|0,2m

Proof: Choosing an integer K; satisfying

1
Ky > -
€

we will have the inequality (3.1.5) for any k& > Kj. In order to obtain a lower estimate of the form
(3.1.6) let us first observe that
kt

1 1
I:{ggﬂ (|lug(z,t)] + [Opug(z,t)]) = e sinh kt + z cosh kt > 2—2
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where we have used an obvious inequality

1 1
- > — for k>1.
k= k2
The function
ea:
V=
is monotone increasing for x > 2 and
et
lim — = +o0.
Tr—+00 I
Hence for any ty > 0 there exists zg such that
e* M
) > T for x> ZQ.
x t5
Let K5 be a positive integer satisfying
T
Ky > —
to
Then for any k > Ko
ek to 9 ek to 9 xo
— to > to > M
k2 (kto)? 2

Choosing
K= maX(Kl,Kg)

we complete the proof of the Theorem.

The statement of the Theorem is usually referred to as ill-posedness of the Cauchy problem

(3.1.1), (3.1.2).

A natural question arises: what kind of initial or boundary conditions can be chosen in order
to uniquely specify solutions to Laplace equation without violating the continuous dependence of

the solutions on the boundary /initial conditions?

3.2 Dirichlet and Neumann problems for Laplace equation on the

plane

The Laplace operator in the d-dimensional Euclidean space is defined by

9?2 0?
Ae 2 1oy 2
3m% Tt 63@3

The symbol (coinciding with the principal symbol) of this operator is equal to
— (8 +--+€) <0 forall &#0.

So Laplace operator is an example of an elliptic operator.
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In this section we will formulate the two main boundary value problems (b.v.p.’s) for the Laplace
equation
Au=0, u=u(z), zcQcCR (3.2.2)
The solutions to the Laplace equation are called harmonic functions in the domain ).

We will assume that the boundary 92 of the domain 2 is a smooth hypersurface. Moreover
we assume that the domain Q does not go to infinity, i.e., Q belongs to some ball in R%. Denote
n = n(x) the unit external normal vector at every point x € 92 of the boundary.

Problem 1 (Dirichlet problem). Given a function f(z) defined at the points of the boundary
find a function u = u(x) satisfying the Laplace equation on the internal part of the domain Q and
the boundary condition

u(z)|zean = f(x) (3.2.3)

on the boundary of the domain.

Problem 2 (Neumann problem). Given a function g(z) defined at the points of the boundary
find a function u = u(x) satisfying the Laplace equation on the internal part of the domain Q and
the boundary condition

<8u(az)

o >x€89 = g(z) (3.2.4)

on the boundary of the domain.

Example 1. For d = 1 the Laplace operator is just the second derivative
d2
dz?’

The Dirichlet b.v.p. in the domain Q = (a, b)
u'(2) =0, ula)=fa, ulb)=f

has an obvious unique solution

fb_fa
b—a

u(z) =
The Neumann b.v.p. in the same domain

u(z) =0, —u'(a)=gs U (b)=g

(:E_a)_'_fa-

has solution only if
9o+ g» = 0. (3.2.5)
Example 2. In two dimensions the Laplace operator reads.
0? 0?

Exercise 3.2 Prove that in the polar coordinates

T = T COS¢
y= rsing } (3.2.7)
the Laplace operator takes the form

0?2 10 1 9
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In the particular case
Q= {(z,y)|2* +y° < p’} (3.2.9)

(a circle of radius p) the Dirichlet b.v.p. is formulated as follows: find a solution to the Laplace
equation

2 2
Ay = g;;—i—gyz =0, uw=u(zy), for z>+y*><p? (3.2.10)
satisfying the boundary condition
ulr=p = f(9). (3.2.11)

Here we represent the boundary condition defined on the boundary of the circle as a function
depending only on the polar angle ¢. Similarly, the Neumann problem consists of finding a solution
to the Laplace equation satisfying

<p gu) e (3:2.12)

for a given function g(¢). The factor p in the left side is only a convenient normalization of the
boundary data.

Let us return to the general d-dimensional case. The following identity will be useful in the
study of harmonic functions.

Theorem 3.3 (Green’s formula) . For arbitrary smooth functions u, v on the closed and
bounded domain Q with a piecewise smooth boundary O the following identity holds true

ov

/Vu-VvdV—l—/uAvdV:/ u—dS. (3.2.13)
Q Q o On

where Ov/On denotes the directional derivative of v along the outer normal vector n

Here
d

ou Ov
Vu-Vov = ; a2, o,

is the inner product of the gradients of the functions,
dV = dl‘l...d$d

is the Euclidean volume element, n the external normal and dS is the area element on the hyper-
surface 0S).

This identity is a consequence of another identity known as the Divergence Theorem:
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Theorem 3.4 (Divergence theorem) Let Q C R? be a bounded domain (open and connected
set) with piecewise smooth boundary 0Q. Let F : Q — R? be a vector field of class C*(Q) and
C°(Q). Then

/divﬁ dV = [ F.ndS (3.2.14)
Q o0

Example 1. For d =1 and = (a,b) the Green’s formula reads

b b
/ uxvxdx—i—/ uvmda::uvm\z
a a

since the oriented boundary of the interval consists of two points d]a,b] = b — a. This is an easy
consequence of integration by parts.

Example 2. For d = 2 and a rectangle 2 = (a,b) X (¢, d) the Green’s formula becomes

b d
/Q(Ux% + uyvy) dx dy —i—/gu(vm + vyy) dx dy = / (u Uy)f dx —I—/ (uvz)z dy

(the sum of integrals over four pieces of the boundary 9 stands in the right hand side of the
formula).

Let us return to the general discussion of Laplace equation. The following corollary follows
immediately from the Green’s formula.

Corollary 3.5 For a function u harmonic in a bounded domain Q0 with a piecewise smooth bound-
ary the following identity holds true

/ (Vu)? = / L o2 ds. (3.2.15)
Q o0 2

Proof: This is obtained from (3.2.13) by choosing u = v. [

Using this identity we can easily derive uniqueness of solution to the Dirichlet problem.

Theorem 3.6 1) ]_Let u1, ue be two functions harmonic in the bounded domain  and smooth in
the closed domain € coinciding on the boundary 02. Then uy = us.

2) Under the same assumptions about the functions ui, ug, if the normal derivatives on the
boundary coincide

Our _ Juy
on  On

then the functions differ by a constant.
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Proof: Applying to the difference u = ug — u; the identity (3.2.15) one obtains

/Q (Vu)?dV =0

since the right hand side vanishes. Hence Vu = 0, and thus the function w is equal to a constant.
The value of this constant on the boundary is zero. Therefore © = 0. The second statement has a
similar proof. |

The following counterexample shows that the uniqueness does not hold true for infinite domains.
Let Q be the upper half plane:
Q= {(x,y) €ER?*|y >0.}.

The linear function u(z,y) = y is harmonic in  and vanishes on the boundary. Clearly u # 0 on

Q.

Our goal is to solve the Dirichlet and Neumann boundary value problems. The first result in
this direction is the following

Theorem 3.7 (Solution of the Laplace equation on a disk: Dirichlet problem) For an
arbitrary Ct-smooth 2m-periodic function f(¢) the solution to the Dirichlet b.v.p. (3.2.10), (3.2.11)
exists and is unique. Moreover it is given by the following formula

1 21 ,02 _ 7”2
u(r, ¢) = 27T/O P v o s ST (3.2.16)

The expression (3.2.16) for the solution to the Dirichlet b.v.p. in the circle is called Poisson
formula.

Proof: We will first use the method of separation of variables in order to construct particular
solutions to the Laplace equation. At the second step we will represent solutions to the Dirichlet
b.v.p. as a linear combination of the particular solutions.

The method of separation of variables starts from looking for solutions to the Laplace equation
in the form

u = R(r)®(¢). (3.2.17)

Here 7, ¢ are the polar coordinates on the plane (see Exercise 3.2 above). Using the form (3.2.8)
we reduce the Laplace equation Au = 0 to

1 1
R/(r)0(6) + +B(r)2() + 5 R)2"(6) = 0.
After division by T%R(r)@(d)) we can rewrite the last equation in the form

=R 2()

R'(r) + 1R(r) _ 2"(9)
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The left hand side of this equation depends on 7 while the right hand side depends on ¢. The
equality is possible only if both sides are equal to some constant A. In this way we arrive at two
ODEs for the functions R = R(r) and & = ®(¢)

1 A
R'+-R - =R=0 (3.2.18)
r r2

d" + A\ = 0. (3.2.19)

We have now to determine the admissible values of the parameter \. To this end let us begin from
the second equation (3.2.19). Its solutions have the form

AeV=29 f Be VA% A<
P(¢) = A+ B¢, A=0 .
AcosvVAp+Bsinvig, A>0

Since the pairs of polar coordinates (r,¢) and (r,¢ + 2m) correspond to the same point on the
Euclidean plane the solution ®(¢) must be a 27-periodic function. Hence we must discard the
negative values of \. Moreover A must have the form

A=n% n=0,1,2,.... (3.2.20)

This gives
®(¢p) = A cosng + B sinng. (3.2.21)

The first ODE (3.2.18) for A = n? becomes
1 2
R'+-R -2 R=0.
r r
This is a particular case of Euler equation. One can look for solutions in the form
R(r) =r*.
The exponent k£ has to be determined from the characteristic equation
E(k—1)+k—-n*=0

obtained by the direct substitution of R = r* into the equation. The roots of the characteristic
equation are k = +n. For n > 0 this gives the general solution of the equation (3.2.18) in the form

b
— n .
R=ar"+ -
with two integration constants a and b. For n = 0 the general solution is

R=a+blogr.

As the solution must be smooth at » = 0 one must always choose b = 0 for all n. In this way we
arrive at the following family of particular solutions to the Laplace equation

up = 1" (a,cosng + by sinng), n=0,1,2,... (3.2.22)
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We want now to represent any solution to the Dirichlet b.v.p. in the circle of radius p as a linear
combination of these solutions:

u= % + Zr" (A, cosng + By, sinng)
n>1
(3.2.23)

u’r=p = f(¢).

The boundary data function f(¢) must be a 2m-periodic function. Assuming this function to be
C'-smooth let us expand it in Fourier series

F(8) =5+ (ancosng + by sinng)

n>1
1 2 1 2m
ap = — f(@)cosnopdp, b, =— f(@)sinng de. (3.2.24)
T Jo T Jo
Comparison of (3.2.23) with (3.2.24) yields
n bn
An = 2 9 Bn — T
7 pTL
or, equivalently
u= % + Z <r) (an cosng + by, sinng) . (3.2.25)
P
n>1

Recall that this formula holds true on the circle of radius p, i.e., for

r < p.
The last formula can be rewritten as follows:

u_l/ozTr ;+Z(;)n(cosn¢cosnw+sinn¢sinnw) f() dip

Q n>1
1 27 1 r n
= 2+nz>l(p> cosnlé — )| F(0)dy.

To compute the sum in the square bracket we represent it as a geometric series converging for
r < p:
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In a similar way one can treat the Neumann boundary problem. However in this case one has to
impose an additional constraint for the boundary value of the normal derivative (cf. (3.2.5) above
in dimension 1).

Lemma 3.8 Let v be a smooth function on the closed domain Q harmonic inside the domain.

Then the integral of the normal derivative of v over the boundary OS2 vanishes:

ov
—dS =0. 3.2.26
aq On ( )

Proof: Applying the Green formula to the pair of functions © = 1 and v one obtains

/AvdV:/ @ds.
Q a0 On

The left hand side of the equation vanishes since Av = 0 in €. |

Corollary 3.9 The Neumann problem (3.2.4) can have a solution only if the boundary function g
satisfies

/ gdS = 0. (3.2.27)
o0

We will now prove, for the particular case of a circle domain in the dimension d = 2 that this
necessary condition of solvability is also a sufficient one.

Theorem 3.10 (Solution of the Laplace equation on a disk: Neumann problem.) For
an arbitrary C'-smooth 2m-periodic function g(¢) satisfying

2
/0 o(¢) do = 0 (3.2.28)

the Neumann b.v.p. (3.2.10), (3.2.12) has a solution unique up to an additive constant. This
solution can be represented by the following integral formula

1 2 p2
u(r, ¢) = 27r/0 log 7257 cos(d — @) £ 17 g(¥) dy. (3.2.29)

Proof: Repeating the above arguments one arrives at the following expression for the solution

u=u(r,o):

=3

+ Z r" (A, cosng + By, sinng)

n>1

(3.2.30)



Let us consider the Fourier series of the function g(¢)

9(¢) = % + Z (an cosng + by, sinng) .

n>1
Due to the constraint (3.2.28) the constant term vanishes:
ag = 0.
Comparing this series with the boundary condition (3.2.30) we find that

u(r,¢) = % + Z % (;)" (an cosne + by, sinng)

n>1

m s

27 1 21
o= [ cosmig)dn, b= [ s gv)dv.
0 0

Here Ap is an arbitrary constant. Combining the two last equations we arrive at the following
expression:

uro) =~ [ vl <;) cos (6 — ¥)g () d. (3.231)

g n>1
It remains to compute the sum of the trigonometric series in the last formula.
Lemma 3.11 Let R and 0 be two real numbers, R < 1. Then

1
1—2Rcosf + R?’

— 1 1
Z —R"cosnf = - log (3.2.32)
=n 2

Proof: The series under consideration can be represented as the real part of a complex series

1 1.

g —R"cosn&zReg ZR" e,
n n

n=1 n=1

The latter can be written as follows:
*Rn ino — *Rn inf dR
> ~R'e /0 > e
n=1 n=1

We can easily compute the sum of the geometric series with the denominator Re?. Integrating we

obtain
S 1 - R ei9 J "
SR — [ S gp— 1 (1 — Rel )
Z nR e /0 1~ Rei? R og Re

n=1

Hence

o0

1 1 1 1 1 1
Y —Rcosnd = = |1 . Sl =1 .
Lopt T [Ogl—Rew " Ogl—Re—’e} 2 ® T 2Rcosf + R?

Applying the formula of the Lemma to the series (3.2.31) we complete the proof of the Theorem.
|
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3.3 Properties of harmonic functions: mean value theorem, the
maximum principle

In this section we will establish, for the specific case of dimension d = 2, the two fundamental
properties of harmonic functions.

Let Q € R? be a domain. Recall that a point zg € Q is called internal if there exists a ball
of some radius R > 0 with the centre at xg entirely belonging to €2. For an internal point zg € €2

denote
Sz, R) = {x € R?| |z — xo| = R}

a sphere of radius R > 0 with the center at xg.

Remark 3.12 The area ag_1 of the unit sphere in R can be computed with the following “trick”:
we start from the d—dimensional Gaussian integral

/ e lelPqy = 7%, (3.3.1)
Rd

Rewriting it in “spherical” coordinates it reads

> d—1_—r2 1 d
r e " dr dS=aq1-I'( = (3.3.2)
0 Sd—1 2 2

Comparing the two formulas we obtain

(3.3.3)

The radius is chosen small enough to guarantee that the sphere belongs to the domain 2. Denote
aq_1 the area of the unit sphere in R?. For any continuous function f(z) on the sphere the mean
value is defined by the formula

_ 1
= x)dS. 3.3.4
e /S ) (3.3.4)

In the particular case of a constant function the mean value coincides with the value of the function.

For example, in dimension d = 1 the “sphere” consists of two points zo £+ R. The formula (3.3.3)
for the area of the zero-dimensional sphere gives

1/2

3
r(3)
So the mean value of a function is just the arithmetic mean value of the two numbers f(xo = R):
f(zo+ R) + f(xo — R)

5 .

In the next case d = 2 the sphere is just a circle of radius R with the centre at xy. The area (i.e.,
the length) element is dS = Rd¢. The restriction of f to the circle is a 27-periodic function f(¢).
So the mean value on this circle is given by

B 1 2
F=gm |t

apg = = 2.

F=
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Theorem 3.13 Let u = u(x) be a function harmonic in a domain 2. Then the mean value of u
over a small sphere centered at a point xg € ) is equal to the value of the function at this point:

1
u(zg) = ———— u(x)dS. 3.3.5
(@0) = — s . ) (3.3.5)
Moreover we also have
1
u(zo) = / wdv (3.3.6)
Va(R) J B (o)

where Vg(R) = ad,l%d is the volume of the ball of radius R.

Proof. We start with d = 2. Denote f(¢) the restriction of the harmonic function u onto the
small circle |z — zg| = R. By definition the function u(z) satisfies the Dirichlet b.v.p. inside the
circle:

Au(z) =0, |r—xo| <R
u(x)||zf:vo\:R = f(¢)

As we already know from the proof of Theorem 3.7 the solution to this b.v.p. can be represented
by the Fourier series

u(r, ¢) = 20 4 Z (1)n (an, cosng + by, sinne) (3.3.7)
2 n>1 R
for r := |z — xo| < R (cf. (3.2.25) above). In this formula a,, and b, are the Fourier coefficients of

the boundary function
f((ﬁ) = u(x)|\x—xo|:R'

In particular
©_ L7 pg)as
2 21 ),

is the mean value of the function u on the circle. On the other side the value of the function u at
the center of the circle can be evaluated substituting » = 0 in the formula (3.3.7):

_ %

u(zg) = 5

Comparing the last two equations we arrive at (3.3.5).

For general dimension we can proceed as follows: Let B, (xg) be the ball of radius r centered at
zo € Q C R Then

0= Ay =" VaudS = rd-t / gu(:co +7ry)dS(y) =
By (x0) OB, (o) gd-1 Or
= rd_lg u(zo + ry)dS(y) (3.3.8)
87“ Sgd—1
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Now divide by the volume of the sphere V; = ad_1§ so that (denoting by f the average)

d
0={ Au= a][ u(wo + 19)dS(y) (3.3.9)
Br(xo) rar Sd—1

The integral under differentiation is the average of u over the surface of the ball B, (xg). Thus we
conclude that

][ udS = C (o) (3.3.10)
OBr(z0)

is a constant independent of the radius of the ball (within the domain Q). Since u € C%(2) we know
that it takes a maximum and minimum on 0Bg(xo) (which is compact), and a simple continuity
argument shows that, as r — 0 the average must converge to u(zp). Thus JCBBT(:;:O) udS = u(xg).

The second formula is proven by integration of the first:

— ) /oR rdr = Va(R)u(xo). (3.3.11)

Dividing by the volume V;(R) concludes the proof. |

Using the mean value theorem we will now prove another important property of harmonic
functions, namely the mazimum principle. Recall that a function u(z) defined on a domain Q C R?
is said to have a local mazimum at the point zq if the inequality

u(x) < u(x) (3.3.12)

holds true for any x € Q2 sufficiently close to xg. A local minimum is defined in a similar way.

Theorem 3.14 Let a function u(x) be harmonic in a bounded connected domain Q0 and continuous
in a closed domain ). Denote

M = sup u(z), m= inf u(x).
=t)9) €00

Then
1) m <wu(x) <M forallx € Q;

2) if u(z) = M or u(x) = m for some internal point x € S then the function u is constant.

Proof: It is based on the following Main Lemma.

Lemma 3.15 Let the harmonic function u(zx) have a local mazimum/minimum at an internal
point xg € Q. Then u(x) = u(xg) on some neighborhood of the point xg.
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Proof: Let us consider the case of a local maximum. Choosing a sufficiently small sphere with
the centre at xy we obtain, according to the mean value theorem, that

1
_— u(x) dS.
ad—leil /m—xOZR ( )

We can assume the inequality (3.3.12) holds true for all  on the sphere. So

1 1
) — dsS < ——— dsS = . 3.1
u(zg) P /w_z()':Ru(x) S < P /w_m()':Ru(:po) S = u(xp) (3.3.13)

u(zo) =

If there exists a point x sufficiently close to zp such that u(z) < u(zg) then also the inequality
(3.3.13) is strict. Such a contradiction shows that the function u(z) takes constant values on some
ball with the centre at xg. The case of a local minimum can be treated in a similar way. |

Let us return to the proof of the Theorem. Denote

M’ = sup u(z)
€2
the maximum of the function u continuous on the compact . We want to prove that M’ < M.
Indeed, if M’ > M then there exists an internal point 2o € € such that u(xg) = M’. Denote Q' C Q2
the set of points = of the domain where the function u takes the same value M’. According to the
Main Lemma this subset is open. Clearly it is also closed and nonempty. Hence €' = Q since the
domain is connect. In other words the function is constant everywhere in 2. Because of continuity
it takes the same value M’ at the points of the boundary 9. Hence M’ < M. The contradiction
we arrived at shows that the value of a harmonic function at an internal point of the domain cannot
be bigger than the value of this function on the boundary of the domain. Moreover if the harmonic
function takes the value M at an internal point then it is constant. In a similar way we prove that
a non-constant harmonic function cannot have a minimum outside the boundary of the domain. Hl

Corollary 3.16 Given two functions ui(x), us(x) harmonic in a bounded domain 2 and continu-
ous in the closed domain Q. If

lui(x) —ug(x)] <e for x€ 0N

then
lui(x) —ug(x)| <e for any x€Q

Proof: Denote

u(x) = uy(x) — ug(x).
The function u is harmonic in € and continuous in Q. By assumption we have —e < u(x) < ¢ for
any x € 0. So

—e < inf wu(x), sup u(z)<e.
zco €0

According to the maximum principle it must be also

—e < inf u(z), supu(z)<e.
zeQ) 2eQ

The Corollary implies that the the solution to the Dirichlet boundary value problem, if exists,
depends continuously on the boundary data.
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3.3.1 Boundary problem on annuli

The Poisson kernels for the Dirichlet and Neumann boundary conditions on circles does not work
for other domains. We consider here an annulus Q := {p? < 2% + y? < R?}.

Since the domain does not contain the origin, the same considerations already used allow us to
say that any harmonic function on 2 must take the form

Ao

Cy, cos(nb) + D, sin(nd)

T"fL

u(r,0) = + —1 nr+ Z <A cos(nf) + By, 51n(n0))

n>1

(3.3.14)

There are clearly four types of boundary conditions: D-D, D-N, N-D, N-N, where D stands for
Dirichlet and N for Neumann. Here we consider only D-D.

Suppose we want to find the kernel for D-D BCs

Au=0, (z,y) €N (3.3.15)
u‘T = f(0); u|,_,=g(0). (3.3.16)
Let the Fourier expansion of f, g be
f==+ Z oy, cos(nb) + By, sin(nd); (3.3.17)
n>1
7o .
=5 + nz;l Y cos(nf) + o, sin(nh). (3.3.18)

The coefficients A,,, By, Cy,, D, must solve the system

( Ao+ Coln(p) = ap
Ag + Cy ln(R) Yo
App" + Cn — Qy,
Bnp + %n = ﬁn
ApR"™ + Z = fBn
RN

(3.3.19)

\

It is more practical, in concrete problems, to solve directly the system rather than writing a kernel.

3.3.2 Laplace equation on rectangles

Consider the equation

DE.:  Au=0, (z,9)€l0,L] x [0, M] (3.3.20)
, u(zr,0) = f(z) u(x, M) = g(x)
B.C.: { u(0,y) = h(y) { u(L,y) = k(y) (3.3.21)

The B.C. are assumed to be continuous; so, for example f(0) = h(0) and so on. We consider here
the simpler case where f(0) = f(M) = h(0) = h(L) = ¢g(0) = g(L) = k(0) = k(M) = 0 so that
each of the functions f,h, g,k admits periodic odd extensions to continuous functions of periods
2L or 2M.
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Namely we assume that all of them have a sin Fourier series representation:

flx) = Z ap sin <n7r%> g(x) = Z by, sin (mr%) (3.3.22)
n>1

n>1
h(z) = ; Cp, Sin (nﬂ%) k(x) = ; dy, sin (nw%) (3.3.23)

Consider first the problem where g = h = k = 0; if we solve this BVP, then we can analogously
solve the others and the complete solution will simply be the sum of the various solutions.

First we look for factorized solutions u(z,y) = X(z)Y (y); plugging into the equation yields
separation of variables

XY +XY"=0 X" = -\X; YY" =)\Y. (3.3.24)

Depending on the sign of A we have various possibilities. Since we must have u(0,y) = u(L,y) =0
we quickly conclude that —\ = LL”Q with n € N, and we arrive at possible solutions

wn(z,y) = sin (?) (Ane% + Bne—%) (3.3.25)

Imposing also that wu,(xz, M) = 0 gives

nm(M — y)>

. (NTTY .
up(x,y) = sin (T) sinh ( 7 (3.3.26)

so that

- AN nm(M —y)
u(z,y) = ;An sm( 7 )smh< 7 ) (3.3.27)
Finally, imposing u(z,0) = f(z) yields:

u(z,y) = Sinhc(l’:mM) sin (”Z’:) sinh (W) (3.3.28)

n>1 L

Solution of the full problem. Therefore we have the solution of the full problem as follows:

u(x,y) = Z In ) sin <n7;x> sinh <W> + (3.3.29)

£ sinh (P

O o (7)o () s
+nz>; Sinhc(”ﬁ) sin (”J\Zy) sinh (W) + (3.3.31)
gy (57) 0 () ss2
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3.3.3 Poisson equation

The Poisson equation is the non-homogeneous version of the Laplace equation
Au(z) = g(z) (3.3.33)

possibly subject to some boundary conditions.

Note that if Q = R? typically one requires ¢ to be either compactly supported or decaying at
infinity. Uniqueness of a solution is then based on the following Lemma left as exercise

Lemma 3.17 Let u € C%(R?) be harmonic. If lim,| o0 u(¥) = 0 then u vanishes identically.

The Lemma 3.17 allows to replace the Dirichlet conditions on a finite domain with an ”asymp-
totic” Dirichlet condition.

The solution can be found according to the general philosophy of finding a particular solution
of the non-homogeneous equation and then adding a suitable solution of the homogeneous equation
that also takes care of the boundary conditions.

We start with the Lemma

Lemma 3.18 The functions

Gi(z) = §]x\, reR! (3.3.34)
1 _
Go(T) = 7 In(|Z]), FeR?\ {0} (3.3.35)
NG .
Ga(Z) = —%, Ze RN\ {0}, d>3 (3.3.36)
42 |Z|d—2

are all harmonic in R%\ {6} Here the multiplicative constants are chosen for later convenience.

Observe that all G;’s are functions only of the distance from the origin; furthermore the formula
for G4 gives the same result for d = 1. For d = 2 the function Gs is the limit

Gﬂm:g$<aam+2ﬂd;2y+7ﬁghﬂ> (3.3.37)

where v ~ 0.5772... here is the Euler-Mascheroni constant (this is an example of renormalization).

Exercise 3.19 Prove Lemma 3.18.

Definition 3 The functions Gy are called ”Green functions” for the Laplace operator in d-
dimensions.
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Remark 3.20 For the readers who know what the Dirac delta distribution is, we can say that the
Green’s functions of the Laplace operator are function that satisfy the following equation in the
distributional sense (which is precisely what we prove below):

NyGaly — x) = 55(y) (3.3.38)
where 64(y) denotes the Dirac distribution in the variable y in d—dimensions supported at y = x.
Remark 3.21 (Connection with Maxwell’s equations of electromagnetism) Mazwell’s equa-

tions are a set of PDEs for two 3—dimensional vector-fields E(Z,t),B(Z,t). (electric/magnetic
fields). They read:

divE = p(f’ 2 (3.3.39)
0

divB =0 (3.3.40)

curlE = _ﬁaljl;% (3.3.41)

curlB = py <60%IE + J(x, t)) (3.3.42)

where p is the density of charge per unit volume, J is the electric current, e is the permittivity of
space (dielectric constant) and pg the permeability of space (magnetic constant).

If the sources p,J] are independent of time and we seek for static solutions (independent of time)
we see that curl E = 0 and hence (in R3) we can write E = —VV (the sign is conventional), where
V' is the electrostatic potential.

0@
€0

You may also notice that G3(¥) is (up to a suitable constant) the Coulomb potential for an
1solated point-like charge placed at the origin.

Thus the potential solves the Poisson equation AV =

For these reasons, the study of the Laplace/Poisson equation is usually part of the branch of
mathematics called potential theory.

Proposition 3.22 Let g(Z) be C}(R?). Then
u(@ = | Guli- D@V (@) (3.3.43)

is a solution of the Poisson equation Au(Z) = g(¥).

Proof. We sketch the proof (we discount some analytical details for simplicity).

First of all we observe that the integral is well defined; this is seen by passing to polar coordinates
centered at o and writing 4 = Z + pn, dV (y) = p?~'dpdS(n). One can also see that it is possible
to differentiate G4 with respect to & once and still have a convergent integral.
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With that in mind we can integrate by parts

Veu(r) = Ve | Galy = DoV =~ | VyGali~#g@av () =

— [ Gug - HV,9@av (@) (3.3.44)

Now we can compute the divergence:

Au = 9 VoGa(y — Z£)Vyg(§)dV (§) = — g V,Ga(§ — Z)V,9(7)dV (7) (3.3.45)

Now the integral can be split into R?\ B.(Z) and B,(&); since the value is independent of ¢, we are
allowed to take the limit as e — 07:

= fo VyGa(§ = Z)Vyg(5)dV (4) =

~ lim (/ - / >vyad<gf>vyg<g>dv<g> (3:3.46)
=0t \ JRd\ B, (2) B ()

Since the integrand is integrable, the second limit tends to zero and we reach the conclusion that

Au(@) == lim [ V,Ga(§ — F)V,g(5)dV () (3.3.47)

Applying Thm. 3.3 again to the first integral and keeping in mind that AyG4(y — z) = 0 for
y € R\ B(z), we get

Au(z) = — lim [ VaGa(y — Z)g(9)dS () (3.3.48)

e—0Tt 0B (x)

The normal n is the normal pointing towards x (the outer normal of R? \ B(z)) and the gradient
is with respect to y

d—2)T(4 -1 1
OrGylr=c = ( )d (5 ) = — d=>3
47-[-§€d—1 ag—1€
R 1
VGl = D) _smg =y OhCalyee = R d=29 (3.3.49)
me
1
aer‘r:e = 5 d=1
In all cases d =1,2,... we have
1
A = lim —— dsS 3.3.50
u(x) S /a o) 9(y)dS(y) ( )

Since ¢g(y) is continuous at y = x, its average on the surface of the e-sphere at x tends to g(z) as €
tends to zero. [
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Green’s functions for domains

The Green functions presented in Lemma 3.18 allow to solve the Poisson equation on RY (i.e.
unbounded domains). For domains €2 with boundary the corresponding Green’s function is, using
the distributional notation,

=0 (3.3.51)
yeIN

DyGal(y,x) =6:(y)  Galy,z)

for the Dirichlet problem (analogous formulation for the Neumann problem). In other words, they
allow to solve the Poisson equation

=0, (3.3.52)
o0

Au = g; U

for g € C3°(€2). In general these Green functions are not invariant under translations.

While the general theory is beyond the scope of the present course, we present here a simple
example of the Green functions of special domains in R?.

It is convenient to identify R? ~ C and write a point in complex notation (see also next section)

z = x +y. (3.3.53)

Definition 4 Given a domain  C C ~ R? the Green’s function Gq(z;w) is a function defined
forw e Q, z € Q\ {w} satisfying the following properties:

1. Go(z;w) is harmonic with respect to z in Q \ {w};
2. Go(z;w) — 5= In|z — w| extends to a harmonic function with respect to z in the whole €.

3. Go(z;w) extends to a continuous function for z € Q\ {w} and Go(z;w) = 0 for z € 99.

The complex conjugation geometrically represents the reflection around the real axis. Let
H={z (z) >0} and define

Gu(ow) = Gz —w) — Gz —w*) = —m P2 (3.3.54)

21 |z —wr|’

Note that if z € R then Gy(z,w) = 0 for any w € H.

Proposition 3.23 The function Gy is the Green’s function of the upper half plane with Dirichlet
boundary conditions; namely, for any g € C3°(H), the solution of the Poisson-Dirichlet problem

Au=g u(z,0)=0 (3.3.55)
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s given by

u(z) = /H 9(w) In |2 = f‘de (3.3.56)

2r |z — 1w

where d?>w denotes the Lebesque area measure in C ~ R2.

Similarly one can write the Green’s function for the unit disk (or any other disk by simple
arguments)

Proposition 3.24 Let D = {|2] < 1} C C ~ R? and define

Gp(z,w) := 1 LamiCl]

o ) |z —Iy z,w € D. (3.3.57)

Then G is the Green’s function of D with Dirichlet boundary conditions.

3.4 Harmonic functions on the plane and complex analysis

In solving the wave equation u.; — uy, we have factorized the wave operator into two derivatives
along the characteristic directions:

02 — P02 = (0, — cdy) (0, + ) (3.4.1)

so that one easily concludes that the solutions are sums of functions of x + cy and x — cy.

On a formalistic level we may assume that ¢ = ¢ = v/—1 and proceed in the same way:
02+ 02 = (0r — 10y) (05 + 10y) (3.4.2)

This (heuristic) observation ushers the methods of complex analysis into the study of the Laplace
equation in two-dimensions. In a certain sense, as we shall see momentarily, this is also correct.

First of all we identify R? ~ C? via the obvious map (x,y) — 2z = x + iy. Then we recall that
a differentiable complex valued function f(x,3) = w(x,y) + iv(z,y) on a domain in R? is called
holomorphic if it satisfies the following system of Cauchy — Riemann equations

du v _

ox oy
(3.4.3)
v ou _
o Ty = 0
or, in complex form

of ., 90f

=0. 3.4.4
8x 6y ( )
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Introducing complex combinations of the Euclidean coordinates
z=x+ 1y Z=x—1y

we can also introduce the following two vector fields.

o 1[0 0 o 1[0 0
S R — = = 4+i—=]. 4.
dz 2 <8x ! 8y> 0z 2 <(9x e 8y> (8:4:5)

Note that, by construction

) o_ o_  d_

so that, in a certain sense, we can view z and Z as independent coordinates.

With the aid of the vectors (3.4.5) the Cauchy — Riemann equations can be rewritten in the
form of
— =0. 4.
57 0 (3.4.7)
Example 3.25 Let f(z,y) be a polynomial

f(z,y) = Zaklxkyl'
k,l

It is a holomorphic function iff, after the substitution

z2+z
xTr =

2
_z—é
Y= 79

there will be no dependence on Z:
N\ k !
z24+Zz 2=z m
Sa(55) (57) = e
k,l m

In that case the result will be a polynomial in z. For example a quadratic polynomial

flz,y) = ax’® + 2bxy + cy2

is holomorphic iff a +c¢=0and b= %(a —c).

More generally holomorphic functions are denoted f = f(z). The partial derivative 9/0z of
a holomorphic function is denoted df /dz or f’(z). One can also define antiholomorphic functions
f = f(2) satisfying equation
of
— =0. 4.
92 0 (3.4.8)

Notice that the complex conjugate f(z) to a holomorphic function is an antiholomorphic function.
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From complex analysis it is known that any function f holomorphic on a neighborhood of a
point zq is also a complex analytic function, i.e., it can be represented as a sum of a power series

f(2)=> an(z—2)" (3.4.9)
n=0

convergent uniformly and absolutely for sufficiently small |z — zg|. In particular it is continuously
differentiable any number of times. Its real and imaginary parts u(x,y) and v(z,y) are infinitely
smooth functions of z and y.

Theorem 3.26 The real and imaginary parts of a function holomorphic in a domain Q are har-
monic functions on the same domain.

Proof: Differentiating the first equation in (3.4.3) in x and the second one in y and adding we
obtain

?u  0%u
— + 55 =0.
ox2  Oy?
Similarly, differentiating the second equation in x and subtracting the first one differentiated in y
gives
v v
— +—==0.
0x?  Oy?
|
Corollary 3.27 For any integer n > 1 the functions
Rez"™ and Imz" (3.4.10)

are polynomial solutions to the Laplace equation.

Polynomial solutions to the Laplace equation are called harmonic polynomials. We obtain a
sequence of harmonic polynomials

z, Y, 372_3/27 zy, 5133—3(13y2, 3$2y—y3,....

Observe that the harmonic polynomials of degree n can be represented in the polar coordinates r,

¢ as

Rez" =r"cosng, Imz" =1r"sinng¢.

These are exactly the same functions we used to solve the main boundary value problems for the
circle.

Exercise 3.28 Prove that the Laplace operator
0? 0?
=53 + o
in the coordinates z, Z becomes 52

A :48282'

(3.4.11)
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To a certain extent the converse of Theorem 3.26 holds as well

Theorem 3.29 Let u(z,y) be a harmonic function in a simply connected domain Q2 C R? ~ C.
Then there is a holomorphic function f(z) such that w = Rf. The function v = If is called the
harmonic conjugate function to u.

Proof. Consider the total differential of u,
du = uydx + uydy (3.4.12)

This is clearly an exact form; now consider the “Hodge dual”

*du := —uydz + u,dy. (3.4.13)
Due to the fact that u is harmonic, this form is also closed: u,y = —uz;. Now, since 2 is simply
connected, we can define
(z,y)
v(z,y) == / (—uydz + updy) = dv=xdu. (3.4.14)
(w0,y0)
and the integration is independent of the path (here (zg, o) is some choice of point in ).
By construction we have v, = —u, and v, = u,; namely the function f(z,y) = u(z,y)+iv(z,y)
satisfies the Cauchy-Riemann equations in the domain €2 and hence it is holomorphic. |

Remark 3.30 If we lift the assumption that € is simply connected, then we can only assert
the local existence of v, but in general f will not be single valued. The prototypical example
is u(z,y) = In(y/22 +y?) on C\ {0}. In this case f(z) is the complex logarithm, which is not
single—valued.

Using the representation (3.4.11) of the two-dimensional Laplace operator one can describe all
complex valued solutions to the Laplace equation.

Theorem 3.31 Any complex valued solution w to the Laplace equation Au = 0 on the plane can
be represented as a sum of a holomorphic and an antiholomorphic function:

u(z,y) = f(2) + 9(2). (3.4.15)

Proof: Let the C2-smooth function u(z,y) satisfy the Laplace equation

9%u

0207 0-
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Denote
ou

= &'
The Laplace equation implies that this function is holomorphic, F' = F(z). From complex analysis
it is known that any holomorphic function admits a holomorphic primitive,

F(z) = f'(2).
Consider the difference g := u — f. It is an antiholomorphic function, g = g(2). Indeed,
9 _0u_p_y
0z 0z
So u = f(z)+ g(2). [ |

Corollary 3.32 Any harmonic function on the plane can be represented as the real part of a
holomorphic function.

Notice that the imaginary part of a holomorphic function f(z) is equal to the real part of the
function —i f(z) that is holomorphic as well.

Corollary 3.33 Any harmonic function on the plane is C*°-smooth.

Another important consequence of the complex representation (3.4.11) of the Laplace operator
on the plane is invariance of the Laplace equation under conformal transformation. Recall that a
smooth map

f: Q-
is called conformal if it preserves the angles between smooth curves. The dilatations
(z,y) = (kz,ky)
with k # 0, rotations by the angle ¢

(z,y) — (xcos ¢ — ysin g, xsin ¢ + ysin @)
and reflections
(z,y) = (z,—y)
are examples of linear conformal transformations. These examples and their superpositions exhaust

the class of linear conformal maps. The general description of conformal maps on the plane are
given by

Lemma 3.34 Let f(z) be a function holomorphic in the domain Q with never vanishing derivative:

df (2)
dz

#0 Vze.
Then the map
2 f(2)

of the domain Q to Q' = f(Q is conformal. Same for antiholomorphic functions. Conversely, if the
smooth map (x,y) — (u(z,y),v(z,y)) is conformal then the function f = u+ iv is holomorphic or
antiholomorphic with nonvanishing derivative.
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Proof: Let us consider the differential of the map (z,y) — (u(x,y),v(x,y)) given by the real
u = Re f and imaginary v = Im f parts of the holomorphic function f. It is a linear map defined

by the Jacobi matrix
ou/dx Ou/dy ou/dx —0v/dx

ov/dx  Ov/dy ov/0xr  Ou/dx

(we have used the Cauchy — Riemann equations). Since

, ou\ ov\?
0£ 1P = (5) +(52) -

we can introduce the numbers r > 0 and ¢ by

ou/0x ov/0x

r:’fl(z)‘v cos ¢ =

sin¢ =

The Jacobi matrix then becomes a composition of the rotation by the angle ¢ and a dilatation with
the coefficient 7:

Ou/0x 0Ou/dy cos¢ —sing

ov/0x 0Ov/dy sing  cos¢

This is a linear conformal transformation preserving the angles. A similar computation works for
an antiholomorphic map with nonvanishing derivatives f’(z) # 0.

Conversely, the Jacobi matrix of a conformal transformation must have the form
cos¢ —sing

sin ¢ cos ¢

or
cos ¢ sin ¢

sing —cos¢

In the first case one obtains the differential of a holomorphic map while the second matrix corre-
sponds to the antiholomorphic map. |

We are ready to prove

Theorem 3.35 Let
f:Q—=qQ

be a conformal map. Then the pull-back (composition with f) of any function harmonic in Q' will
be harmonic in €.
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Proof: According to the Lemma the conformal map is given by a holomorphic or an antiholo-
morphic function. Let us consider the holomorphic case,

z—=w = f(2).

The transformation law of the Laplace operator under such a map is clear from the following
formula:

62 , 5 62
= . 3.4.16
50z~ O 5065 (3.4.16)
Thus any function U on € satisfying
02U
— =0
Owow
will also satisfy
0*U B
0202
The case of an antiholomorphic map can be considered in a similar way. |
A conformal map
f:Q—=9qQ
is called conformal transformation if it is one-to-one. In that case the inverse map
7 -a

exists and is also conformal. The following fundamental Riemann theorem is the central result of
the theory of conformal transformations on the plane.

Theorem 3.36 (Riemann uniformization theorem) For any connected and simply connected
domain €2 on the plane not coinciding with the plane itself there exists a conformal transformation
of Q) to the unit circle f : Q) — D.

There is an interesting application of the Riemann Uniformization Theorem.

Theorem 3.37 For an arbitrary simply connected domain  not coinciding with the plane, the
Green’s function for the Dirichlet problem is given by

1
Ga(z,w) = 5 In

f(z) = f(w)

L 3.4.17
1= f(2)f(w) ( )

The Riemann theorem, together with conformal invariance of the Laplace equation gives a
possibility to reduce the main boundary value problems for any connected simply connected domain
to similar problems for the unit circle.

The proof of Riemann’s theorem belongs to an advanced course in complex analysis and will
not be reported here.
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3.4.1 Conformal maps in fluid-dynamics

Suppose ‘7(1‘, Y, z,t) is a vector field representing the motion of a fluid.
The fluid is called incompressible if div V=o.

Suppose that V represents a stationary flow (i.e. independent of time) and bi-dimensional (i.e.
independent of z and with zero z—component). Denote by v(z,y) the projection of V' to the z,y
components.

Proposition 3.38 If v is incompressible and irrotational, then there are two functions @, such
that

v = B, + Byj = Qi — Q. (3.4.18)

These two functions are called the velocity potential and the stream function respectively.

The naming stems from the observation that the level-sets of €2 are stream lines.

A simple consequence of the above proposition is that the function
F(z) = ®(z,y) + iQ(x,y) (3.4.19)
is analytic. It is called the complex velocity potential. Since F'(z) = &, + iQ, = v1 — ivy we

see that |F’(z)| is the speed of the flow. I.e. the complex conjugate of F’(z) represents the velocity
field v interpreted as a complex number.

3.5 Exercises to Section 4

Exercise 3.39 Prove Lemma 3.17.

Exercise 3.40 Let Q be a bounded open set in R% with p.w. smooth boundary. Let uy,us,us €
C%(Q) NC%(Q) be harmonic functions. Show that if u; < us < ug when restricted to the boundary
of Q) then the same inequality holds throughout €.

Exercise 3.41 Let Q be the semi-infinite strip (0,7) x (0,00). Consider the Laplace problem on
Q with B.C.

u(x,0) =0, u(0,y) =0 z € [0,7], y€[0,00) (3.5.1)

Find more than one harmonic solution to this problem. FExplain how that does not contradict the
uniqueness theorem for harmonic functions.

Exercise 3.42 Prove Proposition 3.24.
Exercise 3.43 Prove Proposition 3.23.
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Exercise 3.44 Prove that any harmonic polynomial is a linear combination of the polynomials
(3.4.10). [Hint: if p is a harmonic polynomial, then solve the Laplace equation on the disk with BC

U‘\z|=1 = p||z|:1']

Exercise 3.45 Find a Green function for the upper half plane H but with Neumann conditions on
R.

Exercise 3.46 Suppose that we have the Poisson equation Au = g where g is only an L' function.
Show that

u(z) = 9 Ga(y — z)g(y)dV (y) (3.5.2)

is a solution in the weak sense, namely show that for all ¢ € C°(R?) we have
/ ulNp dV (z) :/ gpdV (x). (3.5.3)
R4 R4

Exercise 3.47 Let Q C C ~R? be an open domain and a € Q. Recalling Def. ?? prove that
1. If a bounded open set Q admits a Green’s function then Gq(z;w) is unique.
2. With Q as above plus connected, prove that Gq(z;w) is negative on Q\ {a}.

Exercise 3.48 Find a function u(x,y) satisfying

2

Au= 2% —y?

for r < a and the boundary condition u|,—q = 0.

Exercise 3.49 Let Xp(z) be the characteristic function of the unit disk D :== {z € C: |z] < 1}.
Compute

U(z) ::/(CXD(w)lnz;w‘de. (3.5.4)

Exercise 3.50 Find a harmonic function on the annular domain

a<r<b

with the boundary conditions

ou 9
r=a — 17 A = .
ul <8r>rb cos” ¢

Exercise 3.51 Find a harmonic function u(x,y) solving the the Dirichlet b.v.p. in the rectangle
0<z<a, 0<y<b
satisfying the boundary conditions

U(O, y) - Ay(b - y)7 u(a, y) =0
u(z,0) = B sin H, u(z,b) = 0.
a

Hint: use separation of variables in Euclidean coordinates.
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