4 Laplace equation

4.1 Ill-posedness of Cauchy problem for Laplace equation

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

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

e continuous dependence of the solution on the initial data with respect to a suitable
topology.
One may ask whether these properties remain valid for other evolutionary PDEs?

Changing the sign in the wave equation one arrives at the Laplace equation of elliptic
type, which in R? reads
Uit + a*ugy = 0. (4.1.1)

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) = ¢p(x), u(z,0) =(x) (4.1.2)

with two 27-periodic smooth initial functions ¢(z), ¥ (z). 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. For that let us consider the sequence of solutions wug(z,t), k € N to the Cauchy
problem with following initial data:

sink x
k

The 27-periodic solution (if any) can be expanded in Fourier series

ug(z,t) = a02(t) + Z [an(t) cos nx + by (t) sin na]

u(z,0) =0, w(x,0)= (4.1.3)

n=1
with some coefficients a,(t), b,(t). Substituting the series into equation
Utt + Ugz = 0
we obtain an infinite system of ODEs
ap = nQan, Vn e N
b, = n?b,, VYneN\O.
The initial data for this infinite system of ODEs follow from the Cauchy problem (4.1.2):
an(0) =0, a,=0,

b(0) =0, by(0) = { lék . ; :

The solution has the form
an(t) =0 Vn, by,(t)=0 Vn#k
I
bi(t) = e sinh kt.
So the solution to the Cauchy problem (4.1.2) reads
1
ug(z, t) = = sin kx sinh kt. (4.1.4)

Using this explicit solution we can prove the following
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Theorem 4.1.1 (J.Hadamard (1922)). For any positive €, M, to there exists an integer K
such that for any k > K the initial data (4.1.3) satisfy

Sap ](Iu/c(x,())l + [Ovuk (2, 0)]) < e (4.1.5)
z€(0,2m

but the solution uy(x,t) at the moment t = to > 0 satisfies

sy ](‘uk(xytﬂ)’ + |Gpur(z, t0)]) = M. (4.1.6)
z€(0,27

Proof: Since Lh.s. of (4.1.5) is smaller that %, choosing an integer K7 satisfying

1
Ky > -
€

we will have the inequality (4.1.5) for any & > K. In order to obtain a lower estimate of the
form (4.1.6) let us first observe that
1 1 ekto
sup (Jug(z,t0)| + |Owur(x,to)|) = — sinh ktg + — cosh ktg > —-
z€[0,27] k2 k k2

where we have used an obvious inequality

1
>k7 for k> 1.

| =

The last function of k is monotone increasing for k& > % and grows to 0o, hence for any tg > 0
and M > 0 there exists K5 such that for any k > K5

kto
e
? > M.
Choosing
K = max(K, K»)
we complete the proof. O

The statement of the Theorem is usually referred to as ill-posedness of the Cauchy problem
(4.1.1), (4.1.2).

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?

4.2 Dirichlet and Neumann problems for Laplace equation on the plane

We consider the (elliptic) Laplace operator in the d-dimensional Euclidean space

ok 0*

A=—+- 4+ — 4.2.1
0z? teet 81’3 ( )

and the Laplace equation in an open domain €2
Au(z) =0, == (21,...74) €QCRL (4.2.2)

The (real) solutions to the Laplace equation are called harmonic functions in €.
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We will formulate the two main boundary value problems (b.v.p.’s), assuming that the
boundary 9N of the domain 2 is a smooth hypersurface. Moreover we assume that the
domain © does not go to infinity, i.e. Q belongs to some ball in R,

Problem 1 (Dirichlet problem). Given a function f(z) defined at the points of the
boundary find a function u = u(z) satisfying the Laplace equation on the internal part of the
domain {2 and the boundary condition

u(z)|zea0 = f(2) (4.2.3)
on the boundary of the domain.

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

(8155? > z€d0 =9 (124)

on the boundary of the domain. Here n = n(z) is the unit external normal vector at every
point x € 92 of the boundary and the normal derivative is defined as
ou(x) Ju(x) ou(z)

V= oy 2UE) 1.2,
on n-Vu=m oxy to g O0xg (4.2.5)

Recall that the components n; of n are just equal to the coscq;, where «; are the angles
between n and the coordinate axes e;.

Example 1. For d = 1 the Laplace operator is just the second derivative

d2
da?’

The Dirichlet b.v.p. in the domain Q = (a,b), 9Q = {a, b},

u'(2) =0, wu(a)=fa, uld)=7/y

A =

has an obvious unique solution

uw) =27 Ie o0y g g

The Neumann b.v.p. in the same domain, since n = n10; with n;(a) = —1 and n;(b) =1, is
W () =0, —u'(a)=gs, u'(b)=g,

and so its solution is
u(z) = gpr + ¢,

where c¢ is an arbitrary constant, but only provided that
9a+9p =10 (4.2.6)

since the derivatives of such u(x) are equal at a and at b
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Lemma 4.2.1. In two dimensions the Laplace operator

0% 9?

A=+ —. 4.2.
0x? * Oy? (4.2.7)
in the polar coordinates
rT= 71 Ccoso
= ing } (4.2.8)
takes the form
% 10 1 9
A= - 4 -~ 4+~ = 4.2.
or? + ror * r2 02 (4.2.9)
Proof: 'We have (for brevity we denote ¢ = cos ¢, s = sin ¢)
Op = 0y + YyrOy = Oy + 50y (4.2.10)
0y = —180; + 1C0y.
Hence
2 = 0% + 5285 + 25c0,0y
and
83) = 0p(—150; +1c0y) = 0p(—15)0z + 0y(rc)0y — 15040, + rcy0,
= —1cdy — 180y +r?s202 + r2028§ — 2r%5¢0,,0,.
Then a simple computation gives the result. O

In the particular case of a disc of radius p

Q= B(0,p) = {(@,9) |2 + 32 < p} = {(r.6) [0 < 1 < p} (4.2.11)

the Dirichlet b.v.p. is formulated as follows: find a solution u = u(z,y) to the Laplace
equation in € satisfying the boundary condition

u(r, @)lr=p = f(¢)- (4.2.12)

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

du(r, §)
or

for a given function g(¢). Indeed, the partial derivative 9, (4.2.10), is the normal derivative
(note that sin ¢ = cos(§ —¢) and ¢ and § —¢ are angles with the axes x1 and x2, respectively).

lr=p = 9(0) (4.2.13)

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

Theorem (Green’s formula). For arbitrary smooth functions u, v on a bounded closed
domain Q with a piecewise smooth boundary OS2

/Vu-VvdV—I—/uAvdV:/ u@dS. (4.2.14)
Q Q oo On

Here
d

ou Ov
Vu-Vou = ; 9z, o,

AN



is the inner product of the gradients of the functions,
dV =dxy...dzg

is the Euclidean volume element, n the external normal and dS is the area element on the
hypersurface 0f2.

For proof see e.g. [Evans, Appendix C].
Example 1. For d =1 and €2 = (a,b) the Green’s formula reads

b b
/ uxvxda:—i—/ uvmdaz:uvﬂg
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) we show the Green’s formula

/Q(vaz + uyvy) de dy + / U (Vg + Vyy) da dy

Q
d b b pd
:/ / (uvx)md:cdy—l—/ / (wovy), dydx

d b
— [Cwed B dy+ [ o)t de,
C a
As it should, the right hand side of this formula is a sum (with a sign) of integrals over the
four pieces of the boundary 0f).

Remark. These two examples essentially 'prove’ (4.2.14) since we can approximate any 2
by a union of rectangulars, and we can analogously proceed in higher dimensions.

Corollary 4.2.2. The Green’s formula

ov
AvdV = / —d»~s. 4.2.15
/Q a0 On ( )

we used in Sect 3.8 follows by substitution u =1 in (4.2.14).

Corollary 4.2.3. For a harmonic function u in a domain €2 with a piecewise smooth boundary
00 the integral of the normal derivative of u over OS) vanishes:

/OQ gz ds =0 (4.2.16)

(use (4.2.15)). Moreover,

/(Vu)Qz/ udpudS = L u? dS (4.2.17)
Q o9 o0 2

(substitute u = v in (4.2.14) ).

Using the last identity we can easily derive the following uniqueness properties of solution
to the Dirichlet end Neumann boundary problems.

Theorem 4.2.4. 1) Let uy, ug be two functions harmonic in the domain 2, smooth in the
closed domain 2, and coinciding on the boundary 02. Then ui = us.

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

6u1 _ OUQ

on  on

then the functions differ by a constant.
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Proof: Applying to the difference u = ug — u; the identity (4.2.17) one obtains

/Q (Vu)2dV =0

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

The following counterexample shows that the uniqueness does not hold true for infinite
domains. Let ) be the upper half plane:

Q={(z,y) eR?|y >0.}.
The linear function u(x,y) = y is harmonic in {2 and vanishes on the boundary. Clearly u is
different from 0, which is obviously harmonic too.
Our goal is to solve the Dirichlet and Neumann boundary value problems. The first result
in this direction is the following

Theorem 4.2.5. For an arbitrary C'-smooth 27-periodic function f(¢) the solution to the
Dirichlet b.v.p. (4.2.12) in the disc Q@ = B(0, p) exists and is unique. Moreover it is given by
the following formula

1 2 p2 o 7“2
u(r, ¢) = %/0 F opr cos(d—0) 1 7Qf(zp) dip. (4.2.18)

The expression (4.2.18) for the solution to the Dirichlet b.v.p. 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)®(¢). (4.2.19)

Here 7, ¢ are the polar coordinates on the plane (see Exercise 4.2.1 above). Using the form
(4.2.9) we reduce the Laplace equation Au =0 to

RI)®(9) + - R(1)B(6) + 5 R()'(9) =0

After division by 7%R(?")Cb(qﬁ) we can rewrite the last equation in the form

R'(r) + R'(r) _ ¢"(¢)
=R(r) o(0)

The left hand side of this equation is independent of ¢ while the right hand side is independent
of r. 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 ® = ®(¢)

R" + Lp_ iR =0 (4.2.20)
r r2

"+ AP = 0. (4.2.21)
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We have now to determine the admissible values of the parameter A. To this end let us begin
from the second equation (4.2.21). Its solutions have the form

AeV=2¢ L Be VA4 A <0
D(¢) = A+ B¢, A=0
AcosVIp+ Bsinvig, A>0

Since the pairs of polar coordinates (r, ¢) and (r, ¢+ 27) correspond to the same point on the
Euclidean plane the solution ®(¢) must be a 2w-periodic function. Hence we must discard
the negative values of A and we have B = 0 if A = 0. Moreover A\ must have the form

A=n? n=0,1,2,.... (4.2.22)

This gives
®(¢p) = A cosng + B sinng (4.2.23)

(A =n = 0 corresponds to a constant ®(¢p) = A).
The first ODE (4.2.20) for A\ = n? becomes

1 2
R'+-R - 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 (4.2.20) in
the form

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

As the solution must be smooth at r = 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

un(r,¢) = 1" (Apcosng + By sinng), n=0,1,2,... (4.2.24)

We want now to represent arbitrary solution to the Dirichlet b.v.p. in the disc of radius p as
a linear combination of these solutions:

A
u(r,¢) = 70 + Z r" (A, cosng + By, sinng)
n>1

(4.2.25)
u(r, )lr=p = ().

The boundary data function f(¢) must be a 27-periodic function. Assuming this function to
be Cl-smooth let us expand it in Fourier series

(o) = % + Z (an cosng + by, sinng)
n>1
1 2m 1 2

ap = — f(®)cosnodp, by, = — f(¢)sinng do. (4.2.26)
0 0

™
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Comparison of (4.2.25) with (4.2.26) yields

Ay, = ala n — bla
V£ p’l"L
or, equivalently
Z < ) (an cosne + by sinng) . (4.2.27)
n>1

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

Taking into accout the expression for a,, b, the last formula can be rewritten as follows:

2T n
u(r, @) = jr/o % + nz;l <;> (cosngcosniyp + sinngsinny) | f(¢) dy

_jr/:“ ;+Z<;)ncosn<¢—w> F() dy.

n>1

To compute it we represent the sum in the square bracket as a geometric series converging
for r < p:

+Z( ) cosn(¢p — ) = +Re2(;>nem<¢w>

n>1 n>1
]_ r 61(¢—¢) 1 ]_ r €Z(¢_¢) r e_i(¢_¢)
_§+Rep_rei(¢—¢> “373 p_rei(¢—w)+p_re—i(¢—w)
_ 1 p2 _ 7“2
~ 2p2—2p7r cos(¢p — ) +r2

O

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.
(4.2.6) above in dimension 1 and (4.2.16)), namely

/ gdS =0. (4.2.28)
o0

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

Theorem 4.2.6. For an arbitrary Cl-smooth 2m-periodic function g(¢) satisfying

2
/0 9(¢)d¢ =0 (4.2.29)

the Neumann b.v.p. (4.2.4) in the unitary disc has a solution unique up to an additive
constant. This solution can be represented by the following integral formula

P P
u(r, @) = 27r/0 log sy S g(v) di. (4.2.30)
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Proof: Repeating the above arguments one arrives at the following expression for the solution

u=u(r,¢):

Ao n .
U= + Zr (A, cosng + By, sinng)

n>1

(gﬁ)w = 9(¢).

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

9(¢) = % + Z (an cosne + by sinng) .

n>1

(4.2.31)

Due to the constraint (4.2.29) the constant term vanishes:
ag = 0.

Comparing this series with the boundary condition (4.2.31) we find that up to an arbitrary
constant

u(r, ¢) = Z g <;)” (an cosng + by, sinng) ,
n>1

where

1 2 1 27 )
i = = /0 cosnip g(1) i, by = — /0 sinnth g(1) do

s s

Combining these equations we arrive at the following expression:

u(r, ) = 2 /0 vl <;) cosn(d — $)g() di. (1.2.32)
n>1

It remains to compute the sum of this trigonometric series. The stated result (4.2.30) follows
by substituting § = ¢ — ¢, R = r/p in the following Lemma. O

Lemma 4.2.7. Let R and 0 be two real numbers, R < 1. Then

1 1 1
~R" f=-1 . 4.2.33
nzln O = S O T 9 Rcos0 + R ( )

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

1 =1 .
g —R"cosnf = Re g ZR" e,
n n
n=1 n=1
The latter can be written as follows:
1 RE1
ZR" inf _ / —R" inf dR.

D R = | ) R
n=1 n=1

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

© 1 R b ,
Z ~R"e = / ————dR = —log (1 — Re’e) .
n o 1— Re®
n=1
Hence
o
1 1 1 1 1 1
—R" 0=-11 . I —| = =1 .
;n oS = 9 [Ogl—Re“‘)—i_ Ogl—Re—Z(’] 2 °®1 _9Rcosh + R?



4.3 Properties of harmonic functions: mean value theorem, the maximum
principle

In this section we will establish two fundamental properties of harmonic functions.

Let © C R? be a domain. Let g € Q be an internal point and thus there exists some
radius R > 0 such that the ball B(xg, R) with the centre at x entirely belongs to Q. The
radius is chosen small enough to guarantee that the sphere belongs to the domain 2. We
shall work, as in Section 3.8 with the mean value of a continuous function f(x) on the sphere
S (3}0, R)

~ 1

f= ][ S(mo,R)f(x) ds = Ta T /S - f(z)ds. (4.3.1)

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

Recal that in dimension d = 1 the zero-dimensional “sphere” consists of two points xg+ R
and its area is o = 7/2/T (%) = 2. So the mean value of a function is just the arithmetic

mean
f_f(fb’oJrR)Jrf(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¢ and the mean value is given by (ag = )

_ 1 2T
Fegr | rerae

Theorem 4.3.1. Let u = u(x) be a function harmonic in Q. Then the mean value @ of u
over the sphere S(xg, R) centered at a point xy € Q is equal to the value of the function at
this point:

u(zg) = ][S($07R)u(x) ds. (4.3.2)

Proof: We give the proof only in the specific case of dimension d = 2. Denote f(¢) the
restriction of the harmonic function u onto the small circle |x — zg| = R. By definition the
function u(x) satisfies the Dirichlet b.v.p. inside the circle:

Au(z) =0, |r—z9| <R
u<x)||zfm0\:R = f(<f>)

As we already know from the proof of Theorem 4.2.5 the solution to this b.v.p. can be
represented by the Fourier series

u(r,¢) = — + Z (%)n (ap, cosng + by, sin ng) (4.3.3)

n>1
for r ;= |x — x| < R (cf. (4.2.27) above). In this formula

agp 1 2

Y=o ) f@a
is the mean value of the function u on the circle, ie. the r.h.s. of (4.3.3). On the other side
the value of the function u at the center of the circle can be evaluated substituting » = 0 in
the formula (4.3.3):

ao

5

Comparing the last two equations we arrive at (4.3.2). O

u(wo) =

-



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

u(z) < u(zo) (4.3.4)

holds true for any = € (Q sufficiently close to xg. A local minimum is defined in a similar way.
First the following Main Lemma:

Lemma 4.3.2. Let the harmonic function u(x) have a local mazimum, or local minimum,
at an internal point o € Q. Then u(x) = u(xy) on some neighborhood of the point x.

Proof: Let us consider the case of a local maximum. Choosing a sufficiently small sphere
S(zo, R) with the centre at zp we can assume the inequality (4.3.4) holds true for all z €
S(zp, R). Then according to the mean value theorem

u(xo) = flw—xolRU(x) ds < ][|:c—mo|Ru<xO) dS = u(xg).

If there exists a point x arbitrarily close to o such that u(z) < u(xg) then also the inequality
is strict (the smaller value can not be compensated by other points). This is a contradiction,
which shows that the function u(x) takes constant values on some ball with the centre at x.
The case of a local minimum can be treated in a similar way. O

Theorem 4.3.3. (Mazimum principle).
Let a function u(x) be harmonic in a bounded connected domain Q2 and continuous in a closed
domain Q. Denote
M = sup u(z), m= inf u(x).
€00 €
Then
1)m <wu(x) <M forall z € Q;

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

Proof: Denote

M’ = sup u(z)

€S

the maximum of the function u continuous on the compact Q; it is achieved on some z,
ie. u(xg) = M'. We want to prove that M’ < M. Indeed, let us assume the contrary that
M' > M. Then zy can not belong to 9 but must be internal, 7o € €. Denote ' C Q the
set of points x 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' = Q
since the domain is connected. In other words the function u is constant everywhere in (2.
Because of the continuity it assumes the same value M’ also at the points of the boundary
0f). But there we have M’ < M, which contradicts our assumption.
Therefore the value of a harmonic function at an internal point of the domain cannot be
bigger than the maximal 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 in

Q. O

Corollary 4.3.4. Given two functions ui(z), uz(x) harmonic in a bounded domain Q and
continuous in the closed domain . If

lui(z) —ug(x)| <e for xe€ N
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then
lui(z) —ug(x)| <e forany x€.

Proof: Denote
u(x) = uy(x) — ug(x).
The function u is harmonic in € and continuous in Q. By assumption we have —e < u(z) < €

for any x € 0€2. So

—e < inf wu(x), sup u(z)<e.
zeof €N

According to the maximum principle we must also have

—e < inf u(z), supu(z)<e.
Sy z€Q

O

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

4.4 Harmonic functions on the plane and complex analysis

Recall that a differentiable complex valued function f(z,y) on a domain in R? is called
holomorphic if its real u(z,y) and imaginary v(z,y) parts satisfy the system of Cauchy —
Riemann equations

Ju _dv _
ox oy
(4.4.1)
L+ =0
or, in the complex form
of .of
— — =0
Oz e oy
Introducing complex combinations of the Euclidean coordinates
z=x+1y, Z=x—1Y
with inverse . _
z+2Zz z—Z
= = 4.4.2
e R Ay (4.4.2)
we have
0 1790 .0
I .
0z 2\ 0x oy
(4.4.3)
0 170 4 0
—=—=—+4+i=—).
0z 2\ 0x oy
So the Cauchy — Riemann equations can be rewritten in the form
of
— =0. 4.4.4
0z ( )

Example. Let f(x,y) be a polynomial

fla,y) = ana™y'.
Kl
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It is a holomorphic function iff, after the substitution (4.4.2) there will be no dependence on

Z (no powers of 2):
Za z—l—Z k z—Z Z—ZC zm
M\ 2 2i ) 4~
k,l m

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

f(z,y) = az® + 2bzy + cy?

is holomorphic iff a+c = 0 (from the coefficient of z/2) and b = %(a—c) (from the coefficient
of 22/4). o

Holomorphic functions are usually denoted f = f(z). The partial derivative 9/9z of a
holomorphic function is denoted df /dz or f’(z). One also defines antiholomorphic functions
f = f(2) as differentiable complex functions satisfying the equation

of _

: 4.4.
5, =0 (4.4.5)

Notice that the complex conjugate f(z) to a holomorphic function is an antiholomorphic
function.

From complex analysis it is known that any function f holomorphic on a neighborhood of
a point zg is also a complex analytic function, i.e., it can be represented as a sum of a power
series

F(2) = an(z—2)" (4.4.6)
n=0

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

Theorem 4.4.1. The real and imaginary parts of a function holomorphic in a domain € are
harmonic functions on the same domain.

Proof: Differentiating the first equation in (4.4.1) in z and the second one in y and adding
we obtain
Pu  9%u
=5t 75 =0.
0x? 0y
Similarly, differentiating the second equation in x and subtracting the first one differentiated
in y gives

v n v _0
ox?  Oy?
U
Corollary 4.4.2. For any integer n > 1 the functions
Rez" and Imz" (4.4.7)

are polynomial harmonic functions (real polynomial solutions to the Laplace equation).
Observe that these polynomials can be represented in the polar coordinates r, ¢ as
Rez" =r"cosng, Imz" =r"sinng.

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

e



Polynomial harmonic functions are just called harmonic polynomials. We obtain a se-
quence of harmonic polynomials

z, Y, ‘T2_y2> xy, :1:3_3ny7 3$2y—y3,....

Remark Note that the Laplace operator A = aa—;g + (,?—;2 in the coordinates z, Z becomes

82

A=14 )
0207

(4.4.8)

(use (4.4.3)). Using this representation of the two-dimensional Laplace operator one can
describe all complex valued solutions to the Laplace equation.

Theorem 4.4.3. Any complex valued solution u 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) = £(2) + 9(2). (4.4.9)

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

0% B
0207

0.

Denote

ou
F—&.

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), i.e.

F(z) = f'(2).

Consider the difference g := u — f. It is an antiholomorphic function, g = g(z). Indeed,

Thus

O

Now the condition @ = u that u given by (4.4.9) is real valued, so harmonic, means that

f(z) —g(2) = —g(2) + f(2).

Since the right hand side is holomorphic and the left hand side is its complex conjugate (so
antiholomorphic), both must be just a constant real function A. Hence

9(2) = f(z) = A

and so
u=f(z)+ f(z) = .

Hence

Corollary 4.4.4. Any harmonic function on the plane can be represented as the real part of
a holomorphic function.

= Fa%



Corollary 4.4.5. Any harmonic function on the plane is C* (smooth).

If a harmonic u is a polynomial, it is a real part of a holomorphic polynomial. (If
f = v+ iw, v must be a polynomial but then by C.R. egs. also w must be a polynomial).
Now a real basis of holomorphic polynomials is z™ and ¢z", and so a real basis of harmonic
polynomials is Rez™ and Reiz". Since 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) we have

Corollary 4.4.6. Any harmonic polynomial u is a linear combination of the polynomials
Rez" and Im 2" as given in (4.4.7).

Another important consequence of the complex representation (4.4.8) of the Laplace op-
erator on the plane is invariance of the Laplace equation under conformal transformation.
Recall that a smooth map

f: Q=0

is called conformal if it preserves the angles between smooth curves (or their tangents). The
dilatations

(z,y) = (kx, ky)
with k # 0, rotations by the angle ¢

(z,y) — (xcos ¢ — ysin g, xsin ¢ + y cos ¢)

and reflections
(CC, y) = (fL‘, _y)
are examples of linear conformal transformations. These examples and their superpositions

exhaust the class of linear conformal maps. The general conformal maps on the plane are
described by

Lemma 4.4.7. Let f(z) be a function holomorphic in the domain  with nowhere vanishing

derivative:
df (2)

- Q.
7 #0 Vze

Then the map
2 f(z)
of the domain Q to Q' = f(Q) is conformal. Same for antiholomorphic functions. Conversely,

if the smooth map (z,y) — (u(z,y),v(x,y)) is conformal then the function f = u + iv is
holomorphic or antiholomorphic with nonvanishing derivative.

Proof: Let us consider the differential of the map (z,y) — (u(z,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/0x Ou/dy ou/0x —0v/0x
ov/dx Jv/dy ov/dx  Ou/ox
(we have used the Cauchy — Riemann equations). Since
ou\? ov\?
/ 2 _ [ X% b
0£ 1P = (5) +(52) -

we can introduce the numbers r > 0 and ¢ by

ou/0x ov/0x

sin ¢ =

r=If(z)l, cosg=

~N



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

ou/d0x Ou/dy cos¢p —sing

ov/ox  Ov/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¢p —sing

sin ¢ cos ¢
or
cos ¢ sin ¢
sing —cos¢
In the first case one obtains the differential of a holomorphic map while the second matrix
corresponds to the antiholomorphic map. O
We are ready to prove

Theorem 4.4.8. Let
f: Q=9

be a conformal map. Then the pull-back of any function harmonic in Q' is harmonic in Q.

Proof: According to the Lemma the conformal map is given by a holomorphic or an anti-
holomorphic function. Let us consider the holomorphic case,

zw= f(2).

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

5?2 , 5 52
= . 4.4.1
5207~ ) udw (4.4.10)
Thus any function U on €' satisfying
0?U
— =0
Owow
will also satisfy
0*U B
020z2
The case of an antiholomorphic map can be considered in a similar way. O
A conformal map
f:Q—=

is called conformal transformation if it is one-to-one. In that case the inverse map
-0

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

1



Theorem 4.4.9. For any connected and simply connected domain €2 on the plane not coin-
ciding with the plane itself there exists a conformal transformation of 2 to the unit disc.

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 disc.

4.5 Exercises to Section 4
Exercise 4.5.1. Find a function u(x,y) satisfying
Au =22 —y?
for r < a and the boundary condition u|,—q = 0.
Exercise 4.5.2. Find a harmonic function on the annular domain
a<r<b

with the boundary conditions

B ou 5
Ulpeq =1, (87’),:1; = cos® ¢.

Exercise 4.5.3. Find solution u(x,y) to the Dirichlet b.v.p. in the rectangle
0<z<a, 0<y<b
satisfying the boundary conditions

u(0,y) = Ay(b—vy), wula,y)=0
u(z,0) = B sin %w’ u(z,b) = 0.

Hint: use separation of variables in Euclidean coordinates.

~Oy



5 Heat equation

5.1 Derivation of heat equation

The heat equation for the temperature u(x,t), as a function of x € R? and t € Rw, reads

- = 2
5 = O Au. (5.1.1)

Here A is the Laplace operator in R?. We will consider only the case of constant coeffi-
cients a = const. For d = 3 this equation describes the distribution of temperature in the
homogeneous and isotropic media at the moment .

The derivation of heat equation is based on the following assumptions.

1. The heat dQ) necessary for changing from wu; to us the temperature of a piece of mass
m is proportional to the mass and to the difference of temperatures:

0Q = cym(ug — uy).

The coefficient ¢, is called specific heat capacity.

2. The Fourier law describing the quantity of heat spreading through a surface S during
the time interval d¢t. It says that this quantity 6@ is proportional to the area A(S) of the
surface, to the time dt and to the derivative of the temperature u along the normal n to the
surface:

5Q = —k A(S)% 5t.

Here the coefficient k& > 0 is called thermal conductivity. The negative sign means that the
heat is spreading from hot to cold regions.

In order to derive the heat equation let us consider the heat balance within a domain
Q C R? with a smooth boundary 9. The total change of heat in the domain during the
time interval 0t is

0Q = /Qcpp [u(t + ot,x) — u(t,x)] dV-

where p is the mass density, such that the mass of the media contained in the volume is equal

to
m:/pdV.
Q

In the case of a homogeneous media the mass density is constant, so the heat quantity is
equal to

ou
0Q ~c / —otdV.
pp o at

This change of heat must be equal, with the negative sign, to the one passing through the
boundary 0f2

5Q = /k:dS 5t.

Qﬁn

Using Green formula we can rewrite this heat flow in the form
k / AudV - dt.
Q
Dividing by dt we arrive at the equation

Cpp ZudV—k/AudV

o



Since the domain €2 is arbitrary this gives the heat equation with the coefficient (called

thermal diffusivity)
k
2

a®=—.
pp

The heat equation governs heat diffusion, as well as other diffusive processes, such as
particle diffusion or the propagation of action potential in nerve cells. The heat equation is
used in probability and describes random walks. For this reason it is also applied in financial
mathematics (Black-Scholes or the Ornstein-Uhlenbeck processes). The equation, and various
non-linear analogues, has also been used in image analysis. It is also important in Riemannian
geometry and surprisingly in topology: it was adapted by R. Hamilton when he defined the
Ricci flow that was later used by G. Perelman to solve the topological Poincaré conjecture.

5.2 Main boundary value problems for heat equation

The simplest is the Cauchy problem of finding a function u(x,t) satisfying
ou 9
— =a“Au
ot
(5.2.1)
u(z,0) = ¢p(z), zecR<
The physical meaning of this problem is clear: given the initial temperature distribution in
the space to determine the temperature at any time ¢t > 0 at any point = of the space.

Often we are interested in the temperature distribution only within the bounded domain
Q C R%. In this case one has to add to the Cauchy data within © also the information about
the temperature on the boundary 92 or about the heat flux through the boundary. In this
way we arrive at two main mixed problems in a bounded domain:

The first mized problem: find a function u(z,t) satisfying
?::a2Au, t>0, €
u(0,2) = ¢(x), =€) (5.2.2)
u(z,t) = f(z,t), t>0, x€

The second mized problem is obtained from (5.2.2) by replacing the last condition by

<8u> =g(z,t), t>0, z€dQ, (5.2.3)
on €00

where n is the unit external normal to the boundary.

In the particular case of the boundary data independent of time

f=Fx) or g=g(z)
one can look for a stationary solution u satisfying

ou

— =0.
ot

In this case the first and the second mixed problem for the heat equation reduce respectively

to the Dirichlet and Neumann boundary value problem for the Laplace equation in R,



5.3 Fourier transform

Our next goal is to solve the one-dimensional Cauchy problem for heat equation on the line.
To this end we will develop a continuous analogue of Fourier series.
Let f(z) be an absolutely integrable complex valued function on the real line, i.e.,

/oo |f(z)| dz < . (5.3.1)

—00

Definition 5.3.1. The function f,
£ 1 * —ipx
f(p) = 2/ f(z)e Pdx (5.3.2)
™ —0o0
of the real variable p is called the Fourier transform of f(z).

Due to the condition (5.3.1) the integral converges absolutely and uniformly with respect
to p € R. Thus the function f(p) is continuous in p.

Example 1. Let us compute the Fourier transform of the Gaussian function

We have

o0 1.2 o0 1 N2 1.2
/ e 2T TPy —/ e~ 2@ i) =307 gy
—0o0 —0o0

We want to perform a (complex) change of variables
z =+ 1p.

To do this one can consider the integral
f e 2 ey, =g+ iy (5.3.3)
C

over the boundary C of the rectangle on the complex z-plane
—R<xz<R, 0<y<np.

This integral is equal to zero since the integrand is holomorphic on the entire complex plane.
But it is easy to see that the integrals over the vertical segments * = +R, 0 < y < p in
(5.3.3) tend to zero when R — oo (due to e F* and limits on y).

Hence the integrals over the upper and lower horizontal segments

—F —L(z4ip)2—1p? r —1g2_1p2
e 2\ TPy 4 e 2V 2P dr -0 as R — oo,
R -R

SO oo o0
1 2 N2 1.2 1,2 1.2
/ e~z (@Hip) =3P gy :/ e 2P 2P (g .
—0oQ

—o0
Using the Euler integral

/ e 2% dy = /21 (5.3.4)

e 27 (5.3.5)



Example 2. We compute now the Fourier transform of the function

1
fla) =~
(which is in L2, but not in L' at co, and at 0 should be considered as a distribution). We
calculate first the following auxiliary expression

o .
I(a,p) == / ¢—aw 2PY dx, for a>0.
0

x
We have
a o o .
—I(a,p) = —/ e~ “sinprdx = —Im/ e~ e dy
da 0 0
1 ,
=—Im— eP=a)z|50 — Iy —(0-1)= —%.
p—a a—1p a*+p
Integrating this from 0 to oo we get
(e}
p a 0 T .
I(co,p) — I(0,p) == — da = — arctan — = ——signp — 0.
o) = 10.0) === [ 2 2 5 = ~Gsignp

But I (0o, p) = 0 and hence I(0,p) = Fsignp. This shows that

R 1 00 ,—ipx : 00 3 ; -
f(p) = / ‘ de = —Z/ SIPT gy = —%I(O,P) = —%Sigﬂp .
0

oo T s T

Corollary 5.3.2. Dirichlet integral:

X sinx T
dz =1(0.1) = ~. 3.
/0 "% e = 10,1) = 3 (5.3.6)

Lemma 5.3.3 (Riemann-Lebesgue). Let a continuous function f(x) be absolutely integrable
on R. Then

A—Foo

lim / h f(x)e*dz = 0. (5.3.7)

Proof: Because of convergence of the integral f_oooo f(z) dz the difference

/_Zf(m)dx—/abf(x)dx

tends to zero when a — —oo0 b — 0o. So it suffices to prove the Lemma for the finite integral.
Because of integrability of f(x) there exists, for any given € > 0, a partition of the interval

a=zp <1< - <Tp=2>
such that

b n
0< / f(z)dx — ij dxj < e, (5.3.8)
a j:1

where
0xj =x; — i1

m; = inf  f(x).

T€[Ti—1,75]
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Introduce a step-like function

glx)=m; for z€lriy,z5], i=1,...,n
Then

b b
/f(x)eimdx—/ g(x)e?dx

b
=/’wmw—mmhm<e

by (5.3.8). But the integral

b
g/|ﬂm—g@»

ei)\m

dx

n

b 1 m; . .
/ g(a:)ez)‘zda: — § :7] (ez)\zj . elx\a:j,1>
a

L |\
Jj=1

tends to zero when A — fo00 and so also the integral f(fg(a:)e”‘“da: . This shows (5.3.7).

O
We will now establish, under certain additional assumptions, validity of the inversion
formula for the Fourier transform:

lfmmm@-ﬂm (5.3.9)

Theorem 5.3.4. Let the absolutely integrable function f(x) be differentiable at any point
x € R. Then

R N .
Jim [ Fo)edp = f(z). (5.3.10)

Proof: Denote Ir(z) the integral in the left hand side of (5.3.10). Using continuity and

uniform convergence of the Fourier integral (5.3.2) we can apply Fubini theorem to this
integral and thus rewrite it as follows:

LN . R o0 . .
muwaﬁRﬂmwwmz/%(;_[ ﬂwfwwgaw@

1 R I in R(z —
=5 | W ( / Rew(w)dp) = [ = -

_ T —y
:i/w f(m+s)SiDSR8ds:71T/ooo [fz+8)+ fo - 5)) 222

ds.
s
Using the Dirichlet integral (5.3.6) we can rewrite the difference of the L.h.s. and r.h.s. in the
form
—2/(x) + f(z —s)

1 oo

In(e) - f(0) =+ | flzts) i Rs ds.
m™Jo S

Because of the differentiablity requirement on f we have

o St 8) =2/ (@) + S~ 5)

dy

i FE ) L@ L s~ £ (@)
5—0 S s—0 S s—0 S
= fi(z) = f-/(z) =0,
and so the part

fla+s)=2f(x)+f(z—s)

, s#0

0, s=0

Vel d



of the integrand is a continuous function in s depending on the parameter x.

Now represent the last integral in the form

/oo flats)—2f(@)+ fl@=5) . pn o
0 S

1 o B o
= / F(s;x)sin Rsds + / flz+s) l_ flz=s) sin Rsds — 2f(x) / SIHSRS ds.
0 1 L

Now in the limit R — oo the first integral in the r.h.s. vanishes according to the proof of
Riemann-Lebesgue lemma. The same is true for the second integral (there is no pole for
s € [1,00]). Finally the last integral by a change of integration variable z = R s reduces to

- o -
/ SmRSds:/ Smxdm—ﬂ) for R— o0
1 S R X

(since the Dirichlet integral converges). O

Proposition 5.3.5. Let f(x) be an absolutely integrable piecewise continuous function of x €
R differentiable on every interval of continuity. Let us also assume that at every discontinuity
point xq the left and right limits f_(xo) and fi(xo) exists and, moreover, the left and right

derivatives
lim f(zo+5) — f-(20) and  Tim f(zo+5) — fi(zo)
s—0— S s—0+ S

exist as well. Then there is following modification of the inversion formula for the Fourier
transform

f(z), x is a continuity point

R
Rlim / f(p)e*dp = (5.3.11)
70 J-R M, x is a discontinuity point

Proof: Vedere le modifiche in rosso e sostituire [ = M and 0 = f’ (z) — f_(x) nella
prova precedente. t

The main property of Fourier transform used for solving linear PDEs is given by the
following formula:

Lemma 5.3.6. Let f(x) be an absolutely integrable continuously differentiable function with
absolutely integrable derivative f'(x). Then

/_ h f(z)e™ P dx = ip f(p). (5.3.12)

Proof: From the integrability of f/(z) it follows that there exist limits

r—r*+00 r—+o0

o) = tim_ 1) =50+ Jim_ [ 1)

Because of absolute integrability of f the limiting values f(+o0) must be equal to zero.
Integrating by parts

| r@erin = (@)™, v [ fee = inf)
but the first term on the r.h.s. vanishes and we arrive at the needed formula. O

~O



Denote F the linear map of the space of functions in z variable to the space of functions
in p variable given by the Fourier transform:

FH=1. (5.3.13)

The property formulated in the above Lemma says that the operator of x-derivative trans-
forms to ¢ times the operator of multiplication by the independent variable

—

A~

L) =i ). (53.14)

This property of the Fourier transform will be used in the next section for solving the Cauchy
problem for heat equation.

A similar calculation gives the formula

zf(p) =i f(p) (5.3.15)

valid for functions f = f(x) absolutely integrable together with x f(z). Moreover, the product
of two functions transforms to the convolution product of their transforms

Fatv) =2 (F) 0) i=2n [ Fla)ato - yda. (53.16)

We leave the proof of this formulae as an exercise for the reader. Finally we remark that the
Fourier transform in R? is defined as the operation of Fourier transform in each coordinate
R.

5.4 Solution to the Cauchy problem for heat equation on the line

Let us consider the one-dimensional Cauchy problem for the heat equation

o _ i

ou _ £>0
o Yoz U7

(5.4.1)
u(z,0) = ¢(x), zeR.
Theorem 5.4.1. Let the initial data ¢(x) be absolutely integrable function on R. Then the

Cauchy problem (5.4.1) has a unique solution u(x,t) absolutely integrable in x € R for all
t > 0 represented by the formula

uwt) = [~ Gle =50 ol dy. (5.42)

where

22

G(x;t) = e 1%, (5.4.3)

1
2a+/ 7t

The integral representation (5.4.2) of solutions to the Cauchy problem is called Poisson
integral and its integral kernel is called heat kernelThere are similar expressions in R?, one

has to change the prefactor to (47Tt)_%a_1 and x to |z|.

Proof: Denote
1 [ ,
u(p,t) = / u(z,t)e”Prdx

2 J_ s

~N



the Fourier-image of the unknown solution. According to Lemma 5.3.6 the function 4(p,t)
satisfies equation
du(p, 1) 2 2.
= —a“p u(p,t).
5 pra(p, t)

This equation can be easily solved
. R —a2pt
(p,t) = a(p,0)e :

Due to the initial condition we obtain

. ) 1 [~ —i
(p,0) = 60) = 5 [ ol My,
™ —00
Thus »
i(p,t) = p(p)e P, (5.4.4)
It remains to apply the inverse Fourier transform to this formula:

oo 1 [ /. oo
te.t) = [~ iy = o [ (e [T o) ay) ap

—0o0 —00 —00

1 ¢(y) </ eip(x—y)—a2p2tdp> dy

27 J_ o o

The integral in p is nothing but the (inverse) Fourier transform of the Gaussian function. A
calculation similar to Example 1 gives the value for this integral

0o )2
/ ePl@—y)—a’p’t gy, \/ie—(szt)

oo a

(change the variables p = ¢/+/2ta). This completes the proof of the Theorem. O

Remark 5.4.2. The formula (5.4.2) can work also for not necessarily absolutely integrable
functions. For example for the constant initial data ¢p(x) = ¢g we obtain u(x,t) = ¢g due to
the following integral

1 /Oo T P (5.4.5)
e 4a-t = 1. A
2av/ 7t J_o 4

We will now use this integral and the Poisson integral (5.4.2) in order to prove an analogue
of the maximum principle for solutions to the heat equation.

Theorem 5.4.3. Let m = inf,cr ¢(x) and M = sup,cg ¢(x). The solution to the Cauchy
problem represented by the Poisson integral (5.4.2) for all t > 0 satisfies

m < u(z,t) < M. (5.4.6)

Moreover, if some of the inequalities becomes equality for somet > 0 and x € R then u(x,t) =
const.

Proof: Multiply m < ¢(y) < M by a (positive) G(x — y;t), integrate over y and use (5.4.5).
The equality u(z,t) = M for some z,t means that [ G(z —y;t)(M — ¢(y))dy = 0, which due
to the same positivity can have place only if ¢(z) = M but then also u(x,t) = M. Similar
reasoning applies if u(z,t) = m. O

Corollary 5.4.4. The solution to the Cauchy problem (5.4.1) for the heat equation depends
continuously on the initial data.

-



Proof: Let uj(x,t), ua(z,t) be two solutions to the heat equation with the initial data ¢;(x)
and ¢o(x) respectively. If the initial data differ by e, i.e.

|p1(z) — ()] <e VzeR

then from the maximum principle applied to the solution u(x,t) = uy(z,t) —ua(z, t) it follows
that
lui(x,t) — ug(z, t)| <e.

O

5.5 Mixed boundary value problems for the heat equation
Let us begin with the 2w-periodic problem

ou 5 0%u

— =a"=, t>0

ot~ T a2 T

u(z + 2m,t) = u(x,t), t>0, (5.5.1)

u(x’ O) = ¢(x)7

where ¢(x) is a smooth 27-periodic function.

Theorem 5.5.1. There exists a unique solution C? in x and C' in t to the problem (5.5.1).
It can be represented in the form

1 27
u(@,t) = 5 Oz —y;t)p(y)dy, t>0 (5.5.2)
0
where
O(x;t) = Y emamitting, (5.5.3)
neZ

Proof: Let us expand the unknown periodic function u(z,t) in the Fourier series:

u(x,t) = Gy (1),
neL
where
1 o inxd
Up(t) = — u(x,t)e” x.
o) =50 [t
The substitution to the heat equation yields
Ot (t .
gt( ) = —a’n?u,(t),
SO

i (t) = G, (0)e™ ", n e

At t = 0 one must meet the initial conditions, so

1 2w

Un(0) = dn =5 | By)e™dy.
For the function u(z,t) we obtain
_ i o —a?n?t+in(z—y)
wet) =53 [ e H(y)dy.

nel
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In order to show (5.5.2) it suffices to exchange the sum with the integral, which is possible
since the series (5.5.3) converges absolutely and uniformly for all z € R and all ¢ > € for any
€ > 0. This easily follows from the uniform convergence of the integral (which superates the

series © — 1)
00 1 oo
/ e*azyztdy = / efy2dy <oo for t>e>0.
0 (I\/E 0

So far we have uniqueness: if the solution exists, it must have the form (5.5.2). In a similar
way one can prove that the series (5.5.3) can be differentiated any number of times (the series
of derivatives converges uniformly). Moreover (5.5.2) is C! in t and C? in x (we can derive
under the integration sign) and so it is indeed a solution. The theorem is proved. [

We shall dedicate now some time to see the relations with other mathematical structures.
The functioned defined by the series (5.5.3) is called theta-function. It is expressed via the
Jacobi theta-function

O3(p|7) =Y eminraning (5.5.4)
nez
by a change of variables
1 a’t
O(x;t) =0(¢]7), ¢=-w, T=i— (5.5.5)

The convergence of the series (5.5.4) for Jacobi theta function takes place for all complex

values of 7 provided
Im7>0 (t>0). (5.5.6)

The function ©(x;t) is periodic in = with the period 27 while the Jacobi theta-function is
periodic in ¢ with the period 1. It satisfies many remarkable properties. Let us see some of
them.

Lemma 5.5.2. O(z;t) is a real valued function on R x Ry and

27
O(x;t) dx = 2. (5.5.7)
0
Proof: Change of the summation variable n — —n in (5.5.3) shows that

O(z;t) = O(z;1).

Exchanging the integral and sum,

Z / e~ tting g Z 2160 = 21 .

Lemma 5.5.3. The series

Z e—a2n2t+inz (5.5.8)

nel

converges for any complex number z = x + iy uniformly on the strips |Im z| =y < M for any
positive M. So the theta-function (5.5.3) can be analytically continued to a function O(z;t)
holomorphic on the entire complex z-plane.

Proof: Adapt the proof of theorem 5.5.1

I daY



Lemma 5.5.4. The function ©(z;t) is even and 2m-periodic in z, and satisfies the identity
O (z+ 2ia’t; t) = e“Qt_iZG(z; t). (5.5.9)

The complex number 2ia?t is called quasi-period of the theta-function.

Proof:  Since z — —z together with n — —n leaves invariant (5.5.3), © is even in z. The
periodicity under z — z 4 27 is evident. Moreover,

2 :€—a2n2t+in(z+2ia2t) _ § :e—a2t(n2+2n+1—1)ei(n—i—l—l)z _ ea2t—iz § :e—aQ(n+1)2t+i(n+1)z
nez neZ neZ

shows the quasi-periodicity. O

Lemma 5.5.5. The theta-function has zeroes at the points
z=z2p =72k +1) +id*t (2l + 1), k, 1€ Z. (5.5.10)
Proof: Due to the 2r-periodicity and 2ia®t quasi-periodicity it suffices to check k = 0 = .
Set w = 7 + ia*t. We have
O(—2+w) =0O(—2 — w+ 21 + 2ia’t) = O(—z — w)e® T = Oz + w)(—e),

where in the last equality we used the parity of © and e/™ = —1. Setting z = 0 we get the
statement

U

Lemma 5.5.6. The theta-function has no other zeroes on the complex plane. Moreover
O(z;t) >0 for zeR. (5.5.11)
Proof: If z = z;, i =1,...,n are zeroes of a function f holomorphic in (bounded) €2, then

F(z)= f(2)(z — 21)...(2 — z,), where f is holomorphic and has no zeroes in €2, and

1 dF 1
1 <Z>:,?{ P
210 Joq F(2) 2w Jon —~z— 2

Now, this integral for F'(z) = ©(z;t) (parametric in ¢) and Q given as the rectangle {0 <
x <27, 0 <y < 2a%t} on the complex z-plane, z = x + iy, gives the result 1. This comes as
follows. From the 27m-periodicity of © the contributions of the oriented vertical segments of
00 cancel. From the quasi-periodicity of ©(z;t), the contributions of the oriented horizontal
segments cancel, except (due to the Leibniz rule) the contribution of the upper segment

1 0 d —iz . 2w
Y () de=1.
2mi Jop e 2mi Jo
Since ©(z;t) is real, has no zeroes on R, and ©(0;¢) > 0, it must be positive. O

Another proof of positivity of the theta-function follows from the following Poisson sum-
mation formula that is of course of interest on its own.

Lemma 5.5.7. Let f(x) be a continuously differentiable absolutely integrable function satis-
fying the inequalities

[f@) < C+]z)™ |f)l<C+I[p) "
for some positive C' and €. Here f(p) is the Fourier transform of f(x). Then

> @)=Y fim). (5.5.12)

nel mEZ
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Proof: We will actually prove a somewhat more general formula
Z flz+2mn) = Z f(m)e™,  xeR. (5.5.13)
nez meEZ

Of course since f is not necessarily periodic, the right hand side need not to be its Fourier
series and we have to work out various properties anew. The series on the 1.h.s. and the series
on the r.h.s. (as well as the series of derivatives of their terms) converge uniformly due to
the decay conditions on f and f . Thus on both sides we have differentiable functions which
are moreover 27-periodic in . Therefore, it suffices to check that the Fourier coefficients ¢;,
of the function on the left side coincide with the Fourier coefficients of the function on the
right side, which are clearly f (m). Indeed, the m-th Fourier coefficient of the left hand side

is equal to
1 2w
Cm = 5= ; Z flz+2mn) | e " dx.
nez

Due to absolute and uniform (in z) convergence of the series

Z f(z+27mn)

ne”

one interchange the order of summation and integration to arrive at

1 2m .
Cn = 5 ;Z/o f(x 4+ 2mn)e """ dx.
n

By shifting in the n-th summand the integration variable
y=x+2mn,
(and accordingly shifting the integration limits) one rewrites the sum as follows:
1 2m(n+1) . . 1 [ ) R
=5 3 [ ey = L[ ey = fm),

T or
nez =T

since e~ 2mimn — 1 O

Using the Poisson summation formula we can prove the following remarkable identity for
the theta-function.

Proposition 5.5.8. The theta-function (5.5.1) satisfies the following identity

1 _(a:+27rn)2
O(a;t) = - %Ze mo (5.5.14)

Proof: It can be obtained by applying the Poisson summation formula (in the stronger
version (5.5.13)) to the function
1 jm _ a2
= — — 4a2
o= e

which gives the r.h.s. of (5.5.14). Its Fourier transform

f(p) = e,

we computed in Theorem 5.4.1, and this yields the defining formula for (5.5.1). The required
assumptions on f and f are clearly satisfied. O

Now, looking at (5.5.14), we can affirm that ©(z;t) is positive.



Remark 5.5.9. The formula (5.5.14) is the clue to derivation of the transformation law for
the Jacobi theta-function under modular transformations
at +b

T———, a,b,c,d€Z, ad—bc=1.
ct +d

Let us now consider the first mixed problem for heat equation on the interval [0,[] with
zero boundary conditions:

ou 5 0%

P bl <z<

T aaxz, 0<z<Il, t>0

u(0,t) = u(l,t) =0 (5.5.15)
u(z,0) =¢(x), 0<x<l

Analogously to Section 3.6 let us extend the initial data ¢(z) to the real line as an odd
2l-periodic function. We leave as an exercise for the reader to check that the solution to this
periodic Cauchy problem will remain an odd periodic function for all times and, hence, it
will vanish at the points z = 0 and = = [. In this way one arrives at the following

Theorem 5.5.10. The mized b.v.p. (5.5.15) has a unique solution for an arbitrary smooth
function ¢(x). It can be represented by the following integral

l ~
t) = ;/0 O(z,y; t)o(y) dy (5.5.16)

where

(x,y;t —226 a’n? smﬂ& WTny (5.5.17)

5.6 More general boundary conditions for the heat equation. Solution to
the inhomogeneous heat equation

In the previous section the simplest b.v.p. for the heat equation has been considered. We
will now address the more general problem

‘?;t‘ 2222 t>0, O<z<l (5.6.1)
u(0,t) = fo(t), wu(l,t)= fi(t), t>0
uw(z,0) =¢(z), 0<z<lL.

The following simple procedure reduces the above problem for u(x,t) to the b.v.p. for v(z,t)
with zero boundary condition for the inhomogeneous heat equation in d = 1. Namely, let
u = v + w, where

wa,t) = [fo®) + T(A) = fol®)] - (5.6.2)

(Note for the next case that w is a (unique) harmonic in d = 1). Note also that w(z,t) takes
the needed values fy(t) and fi(t) at the endpoints of the interval. Now, v = u — w indeed
satisfies

2
g: 222+F(xt) t>0, 0<z<l (5.6.3)

v(0,t) =v(l,t) =0, t>0
v(z,0) =®(x), O0<z<lI,

fu——



where the functions F(x,t), ®(x) are given by

Fwﬂ:_&m@w:_r%m+?<#wxf%@ﬂ

ot dt dt dt
(5.6.4)

(@) = 9(x) = w(w,0) = ¢(x) = [fo(0) + T(f1(0) = fo(0))] -

In the more general case of d-dimensional heat equation with non-vanishing boundary
conditions

g;b =a®Au, t>0, ze€QcCR? (5.6.5)

u(xvt)’zeaﬁ = f(l’,t), t>0
u(a;,O) = ¢(x), z €

the procedure is similar to the above one. Namely, denote w(z, t) the solution to the Dirichlet
boundary value problem for the Laplace equation in x depending on ¢ as on the parameter:

Aw=0 zeQcR? (5.6.6)
w(x7t)|x€aﬂ = f(.fE,t)

We already know that the solution to the Dirichlet boundary value problem is unique and
depends continuously on the boundary conditions. Therefore the solution w(z,t) is a contin-
uous function on 2 x Rsg. One can also prove that this functions is smooth, if the boundary
data f(z,t) are so. Then the substitution

u(z,t) =v(z,t) + w(x,t) (5.6.7)
reduces the mixed b.v.p. (5.6.5) to the one with zero boundary conditions
v(x,t)|zean =0, t>0
with the modified initial data
v(z,0) = ¢(z) —w(z,0), x€Q
but the heat equation becomes inhomogeneous one:

2 = Dot Flat), Flot) =

_Lu(aj,t), x €.
ot

We will now explain a simple method for solving the inhomogeneous heat equation. For
the sake of simplicity let us consider in details the case of one spatial variable. Moreover we
will concentrate on the infinite line case. So the problem under consideration is in finding a
function u(z,t) on R x Ry satisfying

ou 0%
il W—l—f(x,t), zeR, t>0 (5.6.8)
u(z,0) = ¢(x).

Theorem 5.6.1. The solution to the inhomogeneous problem (5.6.8) has the form

t e8] e8]
we.t)= [Cas [ Gla—yt-sfwan+ [ Ge-wnoma  (669)
where the function G(x;t) was defined in (5.4.3).
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Proof: The first term

nie.t) = [as [~ G- yit=9) i

clearly vanishes at ¢t = 0. Let us prove that it satisfies the inhomogeneous heat equation

du _ 0
at ¢ ox2

Denote

vatis) = [ T Gyt — s) fly,s)dy.

Like in the Theorem 5.4.1 we derive that this is a solution to the homogeneous heat equation
in z,t depending on the parameter s. This solution is defined for ¢ > s; for t = s it satisfies
the initial condition vy in 2.9 but there we had 67

o(w,515) = f(,5).
Now applying % to the first term

¢
ul(x,t):/ v(z,t;s)ds
0

one obtains

9] G, by 0
&Ul(%t) =v(x,t;t) —i—/o av(m,t; s)ds = f(x,t) —i—/o a @U(:c,t; s)ds

82
f— f(l',t) =+ 02@U1(m,t) .

Concerning the the second term
ws(e.t) = [ Glo—yi0)oty) dy

in (5.6.9), we already know from Theorem 5.4.1 that it solves the homogeneous heat equation
and satisfies initial condition

uz(z,0) = ¢(z).
This concludes the proof. O

Ricapitoliamo alcune proprieta salienti dell’equazione del calore in R?:
superposizioni/scomposizioni di soluzioni (in 'modi’ semplici)
esistenza e unicita di soluzioni e problema di Cauchy ben posto
propagazione istantanea
smorzatura di singolarita nel tempo (per il principio del massimo)
nel caso periodico legame con funzioni theta.

5.7 Exercises to Section 5

Exercise 5.7.1. Let the function f(z) belong to the class C*(R) and, moreover, all the
functions f(x), f'(z), ..., f®)(x) be absolutely integrable on R. Prove that then

i) =0 (p1k> for [p| = oo. (5.7.1)

e——



Exercise 5.7.2. Let f(p) be the Fourier transform of the function f(z). Prove that e f(p)

is the Fourier transform of the shifted function f(x + a).

Exercise 5.7.3. Find Fourier transforms of the following functions.

x| < A
otherwise

) = Mato) = { 20
)
f(x):{ %(1_%>7 2| < A

0, otherwise

f(z) =cosax® and f(z)=sinaz? (a>0)

f@)=lz["2 and f(z) =|a["2e7™ (a>0).

Exercise 5.7.4. Find the function f(z) if its Fourier transform is given by

A~

flpy = k>0

(5.7.2)

(5.7.3)

(5.7.4)

(5.7.7)

Exercise 5.7.5. Let u = u(x,y) be a solution to the Laplace equation on the half-plane y > 0

satisfying the conditions

Au(z,y) =0, y>0

u(z,y) >0 as y— +oo forevery z€R

1) Prove that the Fourier transform of w in the variable x

1 e .
u(p,y) = / u(z,y)e Prdx

27 J_

has the form X
i(p,y) = dp)e V7.

Here qg(p) is the Fourier transform of the boundary function ¢(x).
2) Derive the following formula for the solution to the b.v.p. (5.7.8)

u@wzl/wym@@

T ) oo (&= 5)? +y?

lvde)

(5.7.8)

(5.7.9)



