CHAPTER 5

Applications to PDEs

35. Fundamental solutions

35.1. Linear problem for a differential operator. Recall a basic problem
in a linear algebra. If A is a matrix that defines a linear transformation
of RN to RM, find a solution to the linear system

Ax=1b

where b is a given vector. If A is invertible, then the solution is unique,
x = A7, If A is not invertible, then by the Fredholm alternative a
solution exists only if b is orthogonal to any vector annihilated by the
adjoint matrix

(y,0)=0, Ay=0
and, in this case, any solution can be written in the form

r=Gb+ xp,

where xj, is a general solution to the associated homogeneous equation
Az, = 0, and a matrix G defines a particular solution:

AGb=1D.

The matrix G is generally not unique because its action on b can al-
ways be amended by adding a solution to the associated homogeneous
equation, but it acts like the inverse of A on the subspace of vectors
orthogonal to the null set of the adjoint matrix A*. In particular, if
Az, = 0 has only a trivial solution, then A is invertible and, in this
case, G is unique and G = A~! so that AG = I where I is the identity
matrix (/x = z for any vector x). So, the problem of solving a linear
problem is equivalent to finding a matrix G for a given matrix A.

Let L(D) be a linear differential operator. Then a linear problem
for the operator L(D) is to find a function u(x) such that

L(D)u(z) = f(x)

for a given function f. Suppose that a solution exists. Then it has the
form

u(z) = (Gf)(x) + h(z)
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where h(x) is a general solution to the associate homogeneous equation
L(D)h(z) =0
and the action of the operator GG on f produces a particular solution

L(D)(Gf)(x) = f(x).

So, G resembles the inverse of the differential operator L(D). Just like
in the case of linear algebra, solving a linear problem for a differential
operator (or solving a non-homogeneous linear differential equation in
partial derivatives) is equivalent to finding the operator G for a given
differential operator. It turns out that this operator can be constructed
out of the so called fundamental solution for a differential operator and
the distributional convolution.

35.2. Fundamental solution for a differential operator. A distributional
solution &€ to a linear differential equation

L(D)E(z) =6(x), xRV
L(D) = as(z)D” + ag_1(x)D° ' + -+ a@)D + ao(z)
1s called a fundamental solution for the differential operator L, where

the coefficients are smooth functions (from C*°). For example, the
regular distribution

1 1
A7 |x|’
is a fundamental solution for the Laplace operator L = A in R? (see
(21.15)).
A fundamental solution is not unique if it exists. If £ is a funda-

mental solution for an operator L, then £ + & is also a fundamental
solution where & is a solution to the associated homogeneous equation:

E(x) = reR?

LE =6
L& -0 7 LT =0
by linearity of L. In particular, a regular distribution
1 1
=—— —+H AH(x) =
£(w) = 4 oy H ). (5)=0

is also a fundamental solution for the Laplace operator for any harmonic
function H(z) in R3.
The operator L*
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is called the adjoint of L. In particular, a test function is a regular
distribution, so that for any two test functions

(Lo, ¥) = (¢, L), o, Y eD,

by the definition of multiplication of a distribution by a smooth func-
tion and by the definition of distributional derivatives (which are equal
to the classical one in this case). Note that D* = —D. If the coefficients
in L are constant, a,(x) = const, then

L*(D)=L(-D).
If

(L, ) = (@, L)
then the operator L is called Hermitian or symmetric on the space of

test functions. For example, the Laplace operator is symmetric on D.
Let £ be a fundamental solution for L, then for any test function

©(0) = (d,¢) = (LE,p) = (€, L7p).

35.3. Linear differential equations with constant coefficients. Let L(D) be
a linear differential operator with constant coefficients, ag(x) = ag =
const. Consider a linear problem in the space of distributions

L(D)u(x) = f(x)
where f € D'(RY) is a given distribution. Then the distribution

u(z) = (Gp)(x) = (€ p)(x)
is a solution to this problem, where £(x) is a fundamental solution for
the operator L, provided the convolution £  f exists in D'. Indeed, if
the convolution &£ * f exists, then using the rule for differentiation of
the convolution of two distributions

LD)(E*f) =Y agD*(Exf)=> ap(D’E « f)
B8 B8

— (Y asD%€) s f=of=7.
B

Thus, a general solution to a linear differential equation with constant
coefficients and a distributional inhomogeneity is given by

u(w) = (€ % p)(x) + h(x), L(Dh(x) =0,

provided the convolution of a fundamental solution £ and the inhomo-
geneity distribution f exists in D’. In particular, if f has a bounded
support, then the convolution always exists for any choice of a funda-
mental solution.
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For example, for any compactly supported distribution f(z), = €
R3, the Poisson equation is solved by the distribution

Au(z) = flz) = u(z):—ﬁﬁ*p(:ﬂ)—l—H(a?)

where H(x) is any harmonic function in R3. If, in addition, f(z) is a

regular distribution, then the convolution is given by a potential-like

integral
11
u(z) = _Em B 47r |:E — y|

As shown earlier, if f is smooth enough, then u(z) is a classical solution
from class C?.

35.4. Green’s functions of differential operators. A fundamental solution
for a differential operator is not unique. However, it is possible to
impose additional conditions on a fundamental solution to make it
unique. Fundamental solutions subject to additional conditions are
often called Green’s functions for a differential operator. First, note
that if Q is any open set that does not contain z = 0 (the support of
the delta-function), then in the distributional sense

L(D)é(x) =0, x€Q

and, hence, £(x) is a smooth function in €. This implies that one can
impose additional conditions on the solution in the complement of any
neighborhood of x = 0.

For example, one can demand that a fundamental solution vanishes

at spatial infinity,

E(r) =0 as|z|— oo.
This condition leads to a unique fundamental solution for the Laplace
operator. The conclusion is based on the property of harmonic func-
tions: if H(z) is a harmonic function in the whole R and H(x) van-
ishes at infinity, then H(x) = 0.

In physics, a fundamental solution for the Laplace operator is a
Newton or Coulomb potential created by a point-like source (a point
charge or mass). An observable quantity is the field that is the gradient
of a potential. Since the field should vanish far away from the source, a
fundamental solution is required to have the vanishing gradient in the
asymptotic region:

IVE(z)] — 0 as|z| — .

In this case, the fundamental solution (or the corresponding Green’s
function) for the Laplace operator is unique up to an additive constant.
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35.5. Uniqueness of distributional solutions to differential equations. Let
L(D) be a linear differential operator with constant coefficients and &
be a fundamental solution for L(D):

L(D)&(x) =d(x).

In the space of distributions, consider a subspace that consists of all
distributions for which the convolution with &£ exists:

D’g:{ueD’ €*ueD’}cD’.

For any u € D, the following identity holds
u= (L(D)u)*E&.
Indeed, let u be any such solution. By the hypothesis, the convolution
u*& exists, and the assertion follows from the differentiation properties
of the convolution:
(L(D)u) *E =L(D)(ux&) =ux*x(L(D)E) =uxd =u.

Let N7 be the null space of the operator L(D) which is a linear

space of all solutions to the homogeneous equation:
Nz = {uo | L(D)ug = 0} .

Then the null space N, and D; have no common elements but the zero
distribution, or, in other words, the homogeneous equation L(D)u = 0
has only the trivial solution in the subspace Dg:

L(D)u =0 _
uED’g} < u=0.

Indeed, by the hypothesis u x £ exists and L(D)u = 0. Therefore
u=uxd=ux*x(L(D)E)=LD)(uxE)=L(D)uxE=0%xE=0.
Now consider a non-homogeneous equation
L(Dyu = f,

where f € D'. Let £ be a fundamental solution for L(D). Suppose
that f € D, that is, the convolution &£ * f exists in D’'. Then u = E* f
is a solution. However, this solution is not unique. A general solution
reads

u=Exf+ug, uy € N
If, in addition, one demands that any two solutions u; and us can differ
only by an element from D, then the solution is unique:

L(D)UQ: f = ’ul:UQ:g*f.
UL — Uy € D/g
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In other words, the solution is unique in the class of distributions for
which there exists the convolution with a (selected) fundamental so-
lution. Note that the convolution & x f is required to exist but the
existence does not imply that the convolution belongs to D} (see Prob-
lem 7 in Exercises). So, the uniqueness is defined in the sense that the
associated homogeneous equation has only the trivial solution in the
subspace D;. The following theorem has been established.

THEOREM 35.1. Let £ be a fundamental solution for a linear dif-
ferential operator L(D) with constant coefficients. Suppose that the
convolution &€ * f exists in D' for a distribution f € D'. Then the
distribution u = € *x f is a solution to L(D)u = f and this solution is
unique in the subspace Dy, meaning that, the associated homogeneous
equation L(D)u = 0 has only the trivial solution in Dk.

Any two fundamental solutions differ by a solution of the associ-
ated homogeneous equation. By fixing the choice of the solution to
the homogeneous equation, a particular fundamental solution (Green’s
function) is selected. Then the solution to the non-homogeneous equa-
tion is unique in the class of distributions for which the convolution
with the selected Green’s function exists. One can say that the opera-
tor L(D) is invertible in the specified subspace of distributions and the
convolution with the corresponding Green’s function defines the inverse
of L(D). Clearly, the uniqueness of the convolution solution implies
that the solution will satisfy some additional conditions induced by the
choice of Green’s function. The choice of Green’s function is dictated
by additional physical conditions (e.g., boundary conditions).

35.6. Regularization of distributional sources. Consider a linear differ-
ential equation with constant coefficients

L(D)u=f

where f is the source term that is a distribution with a bounded sup-
port. If G is a Green’s function for the operator L(D), then

u=Gxf

is a solution to the equation that is unique in the class of distributions
which have a convolution with G. However this solution is not a clas-
sical solution (it is not generally smooth enough) because the source
term is a distribution. For example, if L = A, then u is a potential-
like integral if f is Lebesgue integrable. The solution is not smooth
enough in the support of f to be a classical solution to the Poisson
equation. Source terms in applications are often not smooth enough
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for a classical solution to exist. However, they can be regularized to
make the solution smooth. The question is: what is the difference of
the distributional and regularized solutions?

Let f be compactly supported distribution. Then it was shown
that its regularization by the convolution with a hat function is a test
function:

fo=f*w,, suppfCBr = [f,€D

Therefore the convolution G * f, exists (owing to the boundedness of
the support of f,) and, by Sec. 19.5, it is a smooth function:

e =G*f, €C®,  DPu,=GxDFf,

So it is a classical solution to the equation L(D)u, = f,. Now the
distributional solution © = G % f and the smooth solution u, can be
compared.

PROPOSITION 35.1. Let £ be a Green’s function for a linear differ-
ential operator L(D) with constant coefficients. Let f be a distribution
with a bounded support and f, = f * w, be its reqularization. Put
u=G=xf and u, = G % f,. Then for any € > 0 and any test function
@, there exists ag such that

|(ug —u, )| <e, a<ap.

The support of f, is shrinking with decreasing a because f, — f
in D’. Since f, have a bounded support for any a > 0, the support of
fa lie in the same ball for all sufficiently small a. By Theorem 31.1 the
convolution G f, is continuous with respect to f, so that Gxf, — Gxf
in D' as a — 0. This means that for any test function ¢

ClLi_r%(ua, SO) = (u> SO)

and the assertion follows the definition of the limit.

35.7. Exercises.

1. Consider the equation L(D)u = f in D'(R) where L = %. Inves-
tigate whether or not u = £ * f is in D, where £ is a fundamental
solution.

(i) Show that the regular distributions

£ = a0(x), & — % 2.

are fundamental solutions.
(ii) Let f=46. Then & 2% f = & 2. Show that the convolution & * &
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does not exist and, hence, u = & * § is not in Dy, where as
1
(81 * 81)(1’) = 6 9(1’)1’3

sothat u =& % € D/&'

(iii) Find the null space of L. Let f have a bounded support. Show
that w19 = &2 * f are two different solutions to Lu = f and each of
the solutions is unique in the corresponding class of distributions, that
is, none of the convolutions & o * ug exists if % is a non-zero element
from the null space of L. Finally, put f(z) = 6(1 — |z|) and find a
function ug from the null space of L such that

Erx f(x) =&+ f(x) +up(z).
(iv) Show that if, in addition, the solution is required to vanish when
xr — —oo, then the only solution that satisfies this condition is & * f.

Show that & is a unique Green’s function of L that satisfies an asymp-
totic boundary condition £(z) — 0 as x — —oo.
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36. Harmonic functions

The following properties of harmonic functions to be discussed:
(1) Green’s (distributional) identity for harmonic functions
(2) Representation of harmonic functions as the sum of Newton-type
potentials
(3) The mean value property
(4) The maximum principle
(5) Asymptotic behavior of harmonics functions.
(6) Harmonic functions as distributions
(7) The analog of the Liouville theorem for harmonic functions: If
u € 8§ and Au = 0 in R, then u is a harmonic polynomial (instead
of discussing this in the next section)
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37. The Poisson equation in RV

37.1. Fundamental solutions for the Laplace operator. One of the basic
techniques for finding a fundamental solution for a linear differential
operator with constant coefficients is based on the Fourier transform.
Here the method is illustrated with the example of the Laplace op-
erator. Its fundamental solutions were found earlier. The Fourier
transform exists for temperate distributions. Therefore a fundamen-
tal solution is sought in this class of distributions. If it exists in &',
then it also a solution in D'.
By taking the Fourier transform of both sides of the equation

AG, (z) =0(z), G e S'(RY)
one infers that
FIAG, (k) = —(k, k) F[G (k) =1

Therefore, the problem is reduced to an algebraic equation. Its particu-
lar solution is given by a distributional reqularization of |k|=2 if N < 2,
and for N > 2, a particular solution is given by a locally integrable
function.

37.1.1. Case N = 1. A general solution the distributional algebraic
equation

—KFIGi(k) =1, keR

was found earlier:
1
FlGi](k) = _Pﬁ + cod (k) + 10" (k)
Therefore any fundamental solution to the second derivative operator
has the form
1 1
@@:—%fhﬁ

_ s
=5 + ap+ a1

where ag; are arbitrary constants. The linear function ag + a1z is
nothing but a general solution to the associated homogeneous equation

g'(x) = 0.

37.1.2. Case N = 2. The function |k|™2 is not locally integrable and,
hence, does not define a distributional solution. Omne has to find a
distributional extension of this function to the singular point k& = 0.

| @)+ 52 F18(=h)) (@) + S=F 15 (=R (@)
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So, a particular solution reads

1
f[G2](k) = —RegW, ke ]Rz .
Define the principal value distribution from &’(R?) by the rule
1 p(r) —0) » / p(x) o
P—,¢) = / ——~dz+ —dz
( |z]? ) |z <1 |z]? |z|>1 |z]?

It is not difficult to see that for any test function whose support does

not contain x = 0,
1 o(x)
P) = &
(Prp-+ / o © "

which means that this distribution is an extension of the singular func-
tion 1/|z|* to the singular point z = 0. The Fourier transform of this
distribution reads
1

ER

j:[p }(k;) = —2xIn|k| + 27C',

0:/100 JO(Z)dz%—/OIMdz.

z z

where J,(z) is the Bessel function of order v. Therefore by taking a
particular solution in the form

1
FlGo)(k) =P W
it is concluded that
1 1 1 C
= - — =1 - R2.
G () (%)2?[73 W} (@)= 5 Infz| - =, =€

The constant term is a solution to the homogeneous equation Ag =
0. So, the first term can be taken as a fundamental solution for the
2D Laplace operator. This solution satisfies the asymptotic boundary
condition

[VGy(z)] =0, || — o0.

A general solution is obtained by adding any harmonic function in a
plane. Recall that all such functions are real (or imaginary) parts of
holomorphic functions of a complex variable z = z; + ixs or of its
complex conjugate variable Z.
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37.1.3. Case N > 3. If N > 3, then a particular solution is given by a
regular distribution

FIG, (k) = —#, N>2.

Therefore G, (x) is obtained by taking the inverse Fourier transform of
this distribution. For any test function ¢, one has

(Gyo0) = (F~ ) = (FIG, ], F ' el)
/ —i(k,z) ()dN de

—zkm N N
G >N%~oo/k|<3|k|/ o) ¥ dE

d k
_ —z(km d
27TNREE‘O/ /| [

where the order of integration was changed by Fubini’s theorem because
the integrand is an integrable function on RY x {|k| < R}. The integral
over the ball of radius R is computed in the spherical coordinates such
that (x, k) = |z|r cos(¢) where r = |k| and

dVk = N1 sinN_2(¢) dSN_od dr

here dSn_s is the surface area element on the unit N — 2 dimensional
sphere. If o is the surface area of a unit sphere |z| = 1 in RY then,
after the scaling transformation y = |z|r

—1 de: U |:E|R 1Y COS -
/|k| R e k2 Ja]V- 2/ / Pt ) doy™ ™ dy
<

The simplest case is N = 3 when o9 = 27 and using the substitution
s = cos(¢), one infers that

3 |z|R Rlz| ;
/ 6—i(k,m)ﬂ _ 2_7T / zysdsdy _ sm(y) d’y
|[k|<R

K2 2] Jo ISEI y

The improper integral converges to m/2 as R — oo for any x # 0 and,

hence, is a bounded
‘ /R|m| sin(y) dy‘ Py
0 y N

for all R > 0. The function
Mp(z)
|z

€ L(R?)
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is integrable. Therefore the limit in (G, ¢) can be computed by the
Lebesgue dominated convergence theorem

I /'f'Rsm@) o1 [l
— ] L) __ - [P
(Goo) = g [ 7 [ e =g [ S
_ 3
Gs(z) = Tna]’ xeR’.

A similar line of arguments can be used for any N > 3 to show that
1 1
(N = 2oy [x[V=2"
The integral over the zenith angle can be reduced to one of integrals
that can be found in tables of definite integrals. However, an easier ap-
proach is based on the observation that after the scaling transformation
y = |z|r, G is shown to be proportional to |z|*~™. The proportion-
ality coefficient is given by the said improper iterated integral. Then

the proportionality coefficient can be computed by a direct evaluation
of Alz|>N ~ 6(x).

G,(x)=— reRY, N>3.

37.2. Uniqueness of the fundamental solution for the Laplace operator. A
general temperate distribution that is the Fourier transform of a fun-
damental solution for the Laplace operator is the sum of a particular
solution and a general temperate distribution g(k) that satisfies the
equation
(k,k)g(k) =0

This distribution has a point support {k = 0}. Indeed, if support of a
test function (k) does not contain k = 0. Then (k) = ©(k)/|k|? is
also a test function. Therefore

2 o(k)
0=0.v) = (IWg(k). 575) = (99

which means that g(k) = 0 in {|k| > 0}. Thus, one has to determine
a structure of temperate distributions with point support. For a single
variable, any distribution with point support was shown to be a linear
combination of the delta function and its derivatives. It turns out the
same assertion holds in higher dimensions for temperate distributions.

THEOREM 37.1. If support of a temperate distribution f is a point
{z = 0}, then there exists a unique collection of coefficients ¢, and an
integer p > 0 such that

f(z) = Z caD(x) .
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It follows from this theorem that any fundamental solution for the
Laplace operator is unique up to an additive harmonic polynomial in
the space S

G, (z) = Gy(@)+ Pulz), Pu(z) =) cax®, APy(z)=0

It is worth noting that in the space D', a fundamental solution for
the Laplace operator is unique up to an additive harmonic function,
not just a harmonic polynomial. A general harmonic function of two
or more variables grows too fast in some directions to be a regular
temperate distribution. For example, any harmonic polynomial of two
variables is a linear combination of monomials Re 2™ and Im 2™, with
m = 0,1,..., where z = x1 + ix9, whereas the real or imaginary parts
of any holomorphic function of 2 is a harmonic function of x; and 5.
For example, h(z1,x3) = Ree® = e cos(xs) or h(xy,22) = Ree” =
o123 cos(2z1x2) which are not regular temperate distributions.

Thus, the set of all fundamental solutions for a differential operator
that can be obtained by the Fourier transform is smaller than the set of
all fundamental solutions for this operator. Only fundamental solutions
that are also temperate distributions can be obtained.

A fundamental solution G (x) is a harmonic function in the asymp-
totic region |x| > R > 0. Therefore it is possible to impose asymptotic
boundary conditions on G to make the solution unique. For example,
the condition

Gy(z) =0, |z[— 00,
yields a unique solution if N > 3 because P, = 0. The condition
VG (@) =0, |z[— o0,

makes the solution unique up to an additive constant if N > 2.

37.3. Solving the Poisson equation by the Fourier transform method. Put

Gl(l'):g—|, zeR,
1
Gg(z):%ln(|x|), r € R?,

1 1
(N =2)on 2|2

Gy(z) = — reRY, N>3

Suppose that p is a compactly supported distribution. Then p € S’
Consider the problem of finding a temperate distribution u that satisfies
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the Poisson equation
Au(z) =p(z), uweS.
By taking the Fourier transform of this equation one infers that
F[2F ) (K) = Flol(k)
Therefore a particular solution reads
Flul(k) = FIGN](F)Flpl(k) = FIGn * pl (k)

It defines a temperate distribution because F|[p] is a smooth function
of slow growth (from class Oy;). Therefore, a general solution in &’ is

u(@) = (Gn * p)(x) + ()

where P, is a harmonic polynomial. Suppose p is a bounded function.
Then

u(x) = / (e — y)ply) @y + Pa(a)

where (2 is a bounded set that contains the support of p. If N > 3, then
the first term is from class C'*° in the complement of {2 and vanishes
in the asymptotic region |z| — oo. If, in addition, it is demanded that
u(x) — 0 as |x| — oo, then the solution is unique because Py, (x) = 0.
Another asymptotic condition used in application is to demand that
the solution is bounded or its gradient vanishes in the limit |z| — oo.
In ether of these cases, the solution is unique up to an additive constant.
If N = 2, then the convolution

(Gaxp)le) = 5 [ il = yplo) Py

does not vanish in the asymptotic region. However it is a smooth
function in the complement of {2 and

“(Gap)la)ge [ Dnllz = sl)oly) dy

by the theorem about differentiation of a function defined by the inte-
gral. It follows from this relation that the gradient of the convolution
vanishes in the asymptotic region. Indeed, let 2 C Bg. Then

—%>— ye, |z|>2R
x
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for any such z,

IV(Gy # p)(z)] < — ‘/ < |27T| %d%

Sﬂ—>0 M=~ /Ip ) d*y < o0
X

|z —yl2

Therefore, if one demands that the gradient of a solution vanishes in
the asymptotic region, then the solution is unique up to an additive
constant.

37.4. Examples of distributional solutions to the Poisson equation. Here
some examples of distributional solutions to the Poisson equation in
R3 are obtained that are commonly used in physics.

37.4.1. Dipole potentials. The electric charge density of a point-like
electric dipole with moment p and positioned at = 0 is given by
the distribution

pz) = (p,V)i(z), zecR’.

The magnitude |p| is the dipole strength. So, the Coulomb potential
generated by a point-like dipole is required to have the vanishing gra-
dient in the asymptotic region, |z| — oo, and hence is given by the
convolution

u(@) = Gy * (p, V)8(x) = (p, V) (G % ) = —ﬁ(ﬂvhiﬂ = ﬁ];)s ‘

A shift of the fundamental solution by a constant does not change u(x)
because 1 (p, V)i(z) = (p, V)1 = 0.

37.4.2. Potentials of single and double layers. Suppose that electric charges
are distributed over a smooth bounded surface S in R? with a surface
density p that is continuous on S. Then the electric charge density is
given by a simple layer distribution

pl) = (nds)(x)-

This distribution has a bounded support (which is the surface S) and,
hence, the convolution Gj * p exists. It is an electric potential created
by a simple layer of charges. Let 1, be a test (bump) function that is
equal to 1 in a neighborhood of S. Then using the theorem about the
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convolution of a distribution with bounded support
(Gs*xp, ) = (p(y), 1s(y) (Gs(z)> oz + y)))
zZ+y
~ [t [ ZED s,

47|z

. o(z) 3,
o f i
_ 1(y) e

where the latter equality follows from the Fubini theorem (the inte-
grand is integrable on S x Bgr where supp ¢ C Bg). Therefore

1 ()
“0) =3 [ a2

is a potential of a single layer with density p that satisfies the distri-
butional Poisson equation

Au = ,ués

Note that the above analysis also shows that u(x) is locally integrable.
Recall the analysis of functions defined by potential-like integrals in
the previous chapter. By this analysis the potential of a single layer
is a smooth function in the complement of any neighborhood of the
surface S, and

1 1
D*u(z) = — e S\ S.
u(x) 47T/S,u(y)Dm P— ds,, xzeR’\S

As noted a fundamental solution with the vanishing gradient in the
asymptotic region is unique up an additive constant. If G5 is shifted
by a constant, then u is also changed by an additive constant because

1% pos = /u(y) ds
S

This integral is equal to the total electric charge of the surface S.
Similarly, a distributional solution to the Poisson equation

Au = —% (yas)

whose gradient vanishes as |z| — oo, is an electric potential created
by electric dipoles with moments parallel to the unit normal 7 to the
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surface S and distributed with a surface density v which is assumed to
be continuous on S,

RN N SRS By R ),
ue) = g [ as, = o [ v P,

Indeed, for any test function ¢ and a bump function ng for a bounded
smooth surface S

(w9) = (Goxp.¢) = (p%Gap) = (pw)- Ga(2)ma(W)ply +2))
— (0 Vo)) [ LD o)

E
. y A o(x) 3,
- [ v V) [ FE s,

= [ ) [ @) V) = s,

= [ele) [ )0, V) S, d%

s |z —y|
The second equality from the bottom is justified by the theorem about
differentiation of potential-like integrals studied earlier (in this case
the density ¢(x) has a bounded support and smooth and, hence, is
bounded, which is sufficient for the integral to be from class C' in
R3). The last equality follows from the Fubini theorem. Note that
the integrand is an integrable function on S x B where supp ¢ C Bg
because

1 M
lz =yl 7 |z —yl?

o(x)v(y)(fy, Vy) € L(S x Bg)

where
M = sup |p|sup |v| < 0o
S

since S is bounded and v is continuous on S.

The equations for the potentials of single and double layers can be
obtained from the superposition principle in physics. For example, the
dipole moment of an infinitesimal part of the surface of area dS, at a
point y is given by dp, = v(y)d%,, where d¥, = n,dS,. The potential is
nothing but a superposition of potentials created by point-like dipoles
distributed over S at a point x. Indeed a single dipole at a point y
creates a potential at a point = that is given by

(z — y. dpy)



37. THE POISSON EQUATION IN RY 471

A summation of partition of the surface means taking the superposition

of all potential
u(z) = /du(x) _ / w
s s 4mfz —y|

37.5. The multipole expansion of the Coulomb potential of an extended
source. The examples given above shows that in many cases an ex-
plicit form of distributional solutions is easier to find, especially when
the source term is a combination of the delta function and its deriva-
tives. The corresponding distributional solution is close to a classical
solution when dimensions of the support of sources can be neglected
(see Proposition 35.1). In practical applications, they, in fact, cannot
even be distinguished. For example, a fundamental solution is a so-
lution with a source being a delta function. But any measurement of
coordinates (or position in general) has an uncertainty. The length
can be measured with the smallest uncertainty of 107'® cm (the limit
reached in the hadron collider in CERN). So, it is pointless to discuss
how an electric charge is distributed in a ball of radius 107** cm be-
cause it cannot be measured anyway. A fundamental solution to the
Poisson equation gives an excellent approximation.

Let w, () be a smooth regularization of §(z) with support in a ball
of radius a (the radius is about the uncertainty of distance measure-
ments). The convolution

[ waly) s __/ wa(y) 1
u() = /4w|x—y|dy‘ -y Y

is a classical solution to the Poisson equation. Consider the solution
in the region where |z| is much larger than a so that a/|z| is a small
number. For example, a size of a hydrogen atom is about 10~% cm,
which is roughly a radius of the orbit of an electron moving in the
Coulomb potential created by a proton whose dimension is about a ~
1072 cm. In this case, a/|x| ~ 107*. Let us expand the fundamental
solution into a power series

1 1 o1 1 0 0 1

ol Tl Yoz el 2"% 5w 0nla] T
> (=)™ / 9\l
=35 ()
~ nl ox;/) ||

where the summation over repeated indices is assumed (the Einstein
summation rule). The Taylor series converges if |y| < a and a/|z| is
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sufficiently small. A convergent power series can be integrated term-
by-term over a ball |y| < a and the result is a convergent series such

that . :
u(x)z-Zﬁfl / ) (vipr) %dsy

3
Qj,- Jn__/ wWa(Y)Yjy *+* Yjn Y

These quantities are called the moments of the density w,. In particular,
for n = 0, Q(® = 1 is the total charge (recall that w, is a regularization

Put

of §(z)), then le) is known as the dipole moment, Qg) as the quadrupole
moment, etc. Then

1 = o 1
u(z) = Cdmlz| ;( b Q” Qg -+ - Oxj, A|x]
_ 1 _ Qg»l)l’j _ @)31}1&' — 5ij|l’|2 _
Am|x|  Aw|z)3 “ |z |5

The second term is a dipole correction to the Coulomb potential of a
point-like source and the third one is a quadrupole correction. This
expansion is known as a multipole expansion of the Coulomb potential
of an extended source.

So, with every classical (smooth) compactly supported source p,
one can associate the distributional source

an
pule) = QUB() + 3 (11QL, 5T b

a[L’jn
where Q) = [ p(z (a total charge) and Q™ are moments of p.
Then the dlstrlbutlonal solution
1

matches the first m+1 terms of the multipole expansion of the classical
solution by the differentiation properties of the convolution.
If the classical source has support in a ball of radius a, then

J1 “Jn —n|/ / Yy - y]n|dy<M0_‘7 My = /|/0 |d3 .

Define a constant C,, as the smallest constant for which the following
inequality holds:
o" 1 C,
Oxj, -~ Oxj, ||l = |znt1
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Then

o) st < o (S (5) "+ o))

If a is roughly an absolute uncertainty of length measurement, then
even ug is an accurate solution because a relative uncertainty of the
distributional solution is about the same as the length relative uncer-
tainty:

u(@) = uo(@)] _ a
uo() x|

Even in the case when a is greater than an absolute uncertainty of

length measurements but a solution is studied for |x| much larger than

a (the size of sources), the distributional solution wu,, is accurate for

large enough m (because the amplitude u(x) is also measured with

some uncertainty).

37.6. Exercises.

1. Let p be a bounded function with support in an interval [—R, R].
Show that that u(x) = (Gy * p)(x) is a unique solution to v”(z) = p(x)
up to an additive constant if |u/(z)| < M for all .

2. Use the Fourier transform method to find a solution to the problem
(V,AV)G(z) =6(x), G € S'RY)

where A is a strictly positive symmetric N x N matrix.
Hint: Find a linear change of variables to reduce the problem to finding
a fundamental solution for the Laplace operator.

3. Let p(z) be a bounded function with bounded support. Use the
Fourier transform method to find an integral representation of the most
general distributional solution from to the problem

(V,AV)u(z) = p(z), |u(@)| <M, zeR’
where A is a strictly positive symmetric 3 X 3 matrix. Find a direction

in which the solution is decreasing most rapidly with increasing |z| in
the asymptotic region |z| — oo.

4. Show that
1 C

Go(2) = —— 1 _ v
(@) = — 5= In(la]) - o
by the direct evaluation of the Fourier transform as suggested above in
this section.
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5. Consider the single and double layer distributions pds and —8%(1/55)
in RV, N > 3. Assume that the NV — 1 dimensional surface S is smooth
and bounded, and the densities ¢ and v are continuous on S. Find an
integral representation to the solution to the Poisson equation

Au(z) = p(z), |[Vu(z)] =0 as |z| — o0

where p is either the single or double layer distribution in R¥.
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38. The Helmholtz equation
Consider a wave equation with a special inhomogeneity
(D} — A )u(z,t) =e ™ . p(x), teR, zeRY

where p(z) is a distribution (the density of sources). A related physical
problem is formulated as follows. If u(z,t) represents a deviation of
air pressure from its equilibrium (e.g., an atmospheric pressure), then
the equation describes a generation of sound waves by monochromatic
sources of frequency w distributed with a density p(x). A solution is
sought in the form of the direct product

—iwt

u(x,t) = e ™" - v(x)

where the distribution v(x) satisfies the Helmholtz equation

(.U2

(At Ro(a) = pla), K=
c

The differential operator in the left-hand side of the equation is called

the Helmholtz operator in RY. A solution to this equation can be

found as a convolution of its fundamental solution with a distributional

density p. In particular, the convolution always exists if the distribution

p has a bounded support.

38.1. Fundamental solutions in R3. Let us show that the regular distri-

butions
1 6:I:ilc|m|
— ., z€eR?,

are fundamental solutions for the 3D Helmholtz operator
(A+E)E=(x) = 6(x).

One way of doing this is to show that for any test function

(A +r9E%0) = (65, (A +)¢)

1 6:I:ik|m| ) 5
=~ ] (A +k)p(z)d’x
= (0) = (6, )

by means of the Green’s identity and that
(A+kﬁ5ﬂ@=o,|ﬂza>o

similarly to the proof of (21.15).
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The result can also be obtained by the Leibniz rule. Note that the
imaginary part of the fundamental solution is from C°°(R?)

ks
L RN

sin(k|z|)
B
The function is represented by a power series in three rectangular coor-
dinates that has infinite radius of convergence. In spherical coordinates,
the function depends only on the radial variable r = |z| so that

sin(klz|] 1 9 2 0 sin(kr ) _ g2 sin(kr) sin(kr)

|| _7’287’ or r r

A

where the Laplace operator was written in spherical coordinates. So,
the imaginary part is a smooth solution to the Helmholtz equation:

(avg) S o
|z
The real part contains a C'™ function
k
cos(kla]) =1 = 3 [z]” + O(|z")

because it is given by a power series in three variables with infinite
radius of convergence. So, the real part is the product of a C*° function
and a distribution, and, hence, the Leibniz rule applies to calculate the
action of the Laplace operator on it:

1

A —
2]

1
cos(k|z|) ACOS(MZED + 2(Vm,Vcos(k:|:B|)) + cos(k|z|) A

] 2]

The distributional and classical gradients of |z|™' are equal

1 T 1
V—=—""—">-=<(V—
2] | [? { ISEI}

because the gradient is locally integrable in R?. Indeed, let 9; denotes
the partial derivative with respect to x;. For any test function ¢ with
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support in a ball Bg,

1 1 0;0(x)
0;—. ) =—(—,0; :—/ I P
<f|:r| ‘) <|a:| ) e 1]

. d0(x)
= — hm/ dx
a—=0" J B\ B, |

x|
= — lim % % njgp ds
=0\ Jiz|=a lz|=R |517|

—lim _o(z) dx
=0 JBp\B, |$|3

_ _/ IiT3 o(z) d'x = ({ajklg—|},so)

where the integration by parts was carried out, n; is the jth components
of the outward unit normal, and the integral over the boundary sphere
|x| = R vanished because ¢(x) = 0 on the sphere. The integral over
the boundary sphere |x| = a vanishes in the limit a — 0. Indeed, let
M = sup |p|. Using |n;| <1,

1 M
]{ ckd dS‘ : ]{ plds < — dS = draM
| lz|=a ||

z|=a |‘T|

which tends to 0 as a — 0. Calculating

V cos(kl|z|) = _M’
|2
sin(k|x|
Acos(k|z|) = (V,V cos(k|z])) = —k? cos(k|z|) + 2k——— 2
it is deduced that
(A + kﬂ)% — cos(k|z|)A | =~ cos(klz]) () = ~45(a)

as required. The analysis also shows that the fundamental solutions
differs by a solution to the homogeneous Helmholtz equation

isin(k|z|)

€+([L’)—€_([L’) = 27T|[L’|

38.1.1. Physical significance of £¥. Let us analyze a physical signifi-
cance of these fundamental solutions. For |z| > 0, £*(x) are smooth
and represent classical solutions to the wave equation

—iwt+ik|z| —iwt—ik|z|

e

u+(x,t) = ‘

, u_(z,t) =— , |z|>0.

47 |x| 47 |x|
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The phase of w4 is constant on the sphere |z| = ¢t for any moment
of time t. So, with increasing t > 0, the sphere of the constant phase
is expanding, hence, u, describes a spherical wave outgoing with the
speed ¢ to spatial infinity (recall that k = w/c). The solution u_(z,t)
can be interpreted as a spherical wave that is expanding with the speed
—c, or collapsing with the speed c¢. One can think of a spherical wave
that comes from infinity and collapses to the origin. The fundamental
solution u, describes a sound wave coming from a point-like source
producing a single sound note corresponding to the wavelength A =
27 [k, like a tuning fork.

Suppose that p(z) is a bounded function with a bounded support.
Then the convolutions £F * p exist so that the original wave equation

has two solutions
et 6:I:ik|m—y|
p(y) dy

The solution u, can be viewed as a ”superposition” of outgoing waves

ui($>t):_4ﬂcg |at—y|

6—zwt+zk|m—y|

du (z,t) = (y)d’y

each of which is the outgoing spherical wave from a point-source at a
point y of strength p(y)d®y. The support of p is partitioned into small
volumes, each volumes acts as a point source of a spherical wave. The
sum over partition is a superposition of these waves that becomes an
integral over the support of p as the partition is refined. In contrast,
the solution u_ can be viewed as a superposition of incoming waves.

Arc?|z — y P

38.2. Sommerfeld radiation condition. If a solution is required to de-
scribe a physical process of emitting waves by a given source, then a
solution cannot contain any incoming waves. It is not difficult to see
that the fundamental £* satisfies the Sommerfeld radiation condition
in R3: 9
r(a— —z'k:)é”’(:z) — 0 as r=|z|] = o0

r
while £~ does not. The reader is asked to show that the solution
uy(x,t) satisfies the Sommerfeld radiation condition

r(g—z’k‘)zﬁ(:ﬂ) — 0 as r=|z|] > 0

or
and, hence, describes the process of emitting waves by the source. This
shows that the choice of a fundamental solution and its use to construct
solutions to the associated non-homogeneous equation with a distribu-
tional source depends on additional (physical) conditions imposed on
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the solution. Recall that a particular fundamental solution satisfying
additional conditions is called a Green’s function for a differential op-
erator. In this sense, £T is the Green’s function of the 3D Helmholtz
operator for outgoing waves (or satisfying the Sommerfeld radiation
condition).

38.3. Homogeneous Helmholtz equation. Make an analogy with har-
monic functions:

(1) any distributional solution is from class C'*°;

(2) representation of a solution in a bounded region 2 via its values
and values of its normal derivatives on 02, like Green’s identities for
harmonic functions;

(3) Proof that if u solves the homogeneous equation and satisfies Som-
merfeld radiation condition, then u(z) = 0;

38.4. The non-homogeneous equation. The following topics to be dis-
cussed:

(1) Analysis of smoothness of potentials (convolutions);

(2) The attenuation principle and the Fourier method for solving

38.5. Radiation of a dipole-like source. Suppose that the source is given
by
p(x) = (p, V)i (x)
where p is a constant vector in R3. In this case,
Ciwt o—iwt
2

s (2,t) = S (E* % (p, V)) (x) =

c2

(p, V)E(x)
6—iwt:|:ik|m| (p l’) 1
= — ’ :l': e — —
Anc?|z| |z ( ik |:17|)

are solutions to the wave equation. One can see that in the limit
|x| — oo, the leading term of the solution is

6—iwt:|:ik|m|

vy () ~
||

because |(p, z)| < |p||z|. So, the outgoing waves produced by the dipole
source are described by u, that satisfies the Sommerfeld radiation con-
dition, while u_ does not satisfy it.

38.6. Exercises.
1. An alternative proof that the distributions £* are fundamental
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solutions for the Helmholtz operator. Let o € R®. Show first that
e

(A + k%)

=0, x#0.
]

If ¢ is a test function with support in a ball By of radius R, justify the
following chain of equalities

(Ae—,gp) = / ¢ Ap(z)d*z = lim ¢ Ap(z) d*x
B

] 7] =0 Jpa\B, |7]

Use Green’s formula to show that

2 e T _6 _ e _QO
(@+#)Tr ) =—lm ¢ (o)5, o Tl o) 4

] o0

|z|=a

where n = —x/a is the unit normal on the sphere |z| = a. Show that
the second surface integral vanishes in the limit ¢ — 0 and use the
integral mean value theorem to show that

o 6zk|m|
li S
a0 Sp(z)ﬁn ||

|z|=a

dS = 4wp(0) = 47 (4, ¢)

Conclude that in the sense of distributions

6zk|m|

(A + k?)

] = —4m(x)

Show that the above line of arguments remains valid if k changed to —k.

2. (i) Find a distributional solution to the Helmholtz equation for
|x| > a > 0 with a “quadrupole” point-like source:

3
82
2 _ N _ 3
(A4 Kk )v(x) = 3:1 pwi&riaxj d(x) = (V,pV)i(x), xe€R’,

that satisfies the Sommerfeld radiation condition.

(ii) Show that the solution found for x # 0 is not locally integrable in
the whole R3. So, a distributional solution in R? is an extension of the
classical solution to the singular point x = 0. Find this extension.

3. Let p(z) be bounded and have a bounded support in R®. Use
the theory of functions defined by potential-like integrals to prove that
the solution uy(z,t) = ¢ 2e (£ * p)(x) to the 4D wave equation

satisfies the Sommerfeld radiation condition.

4. Let w, be a regularization of §(z) with support in a ball |z| < a.
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Find the multipole expansion of the solution uy(z) = £' % w, to the
Helmholtz equation in R? in a region where a/|z| is small. Estimate a
relative uncertainty of the fundamental solution £1(x) relative to the
classical solution u (z) in terms of a/|x|.
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39. General linear PDEs in &’

Let L(D) = >, ., aaD® be a general linear differential operator
with constant coefficients a,. Let us find a fundamental solution for it
in the space of temperate distributions:

L(D)G(z) = 6(x), G e S'RY).

Suppose that G is a temperate distribution that satisfies this equation.
Then by taking the Fourier transform of both sides,

FIL(D)G(k) = aaFID*G](k) = _ aa(—ik)*F[G](k)

a<p a<p

= L(—ik)F[G](k)
one infers that its Fourier transform satisfies the algebraic equation:
L(—ik)F[G](k) =1

Conversely, suppose the Fourier transform of G is a temperate dis-
tribution that satisfies this algebraic equation. Then by taking the
inverse Fourier transform of both sides of the algebraic equation, it is
concluded that G is a fundamental solution for L in &’. Thus, the
following proposition holds.

PROPOSITION 39.1. In order for a temperate distribution G to be a
fundamental solution for a linear differential operator L(D) with con-

stant coefficients, it is necessary and sufficient that its Fourier trans-
form satisfies the algebraic equation L(—ik)F[G](k) = 1.

If the polynomial L(—ik) has no real roots, then a particular solu-
tion to this distributional equation is a regular temperate distribution

1
Gl(k) = ——, L(-ik)#0, keR"
FIGK) = g L=ik) £0.

If the polynomial L(—ik) vanishes at some k € RY then the reciprocal
of L(—ik) is generally a singular function (not locally integrable) and,
hence, a solution, if it exists in S&’, must be given by a distributional
extension of the reciprocal to the set of real zeros of L(—ik). Any such
extension will be denoted as
1
F|Gl(k) =R es

Its characteristic property is that in the distributional sense

L(—ik)R
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This implies that
1 1
R = keRY
L(—ik) — L(—ik)’ ERTAN,
where N, is the set of all real zeros of L(—ik):
Np = {k € RV | L(—ik) = 0}

The following theorem give an answer to a natural question about the
existence of such an extension.

THEOREM 39.1. (L. Hérmander)
Let P(k) be a complex polynomial of k € RYN. Then the equation
P(k)f(k) =1
always has a solution f in the space of temperate distributions.
By this theorem, a fundamental solution always exists in the space
of temperate distributions and is given by
1
L(—z'k:)} (z)

G(x) = F ' |R

39.1. The inhomogeneous problem. Recall that a general non-homogeneous
problem

L(D)u(z) = f(z), feD
has a solution in D', given by u = G'* f, provided the convolution G x f
exists in D’. A solution is unique in the class of distributions for which
the convolution with G exists in D'.

Suppose that the inhomogeneity f is a temperate distribution. Then
a particular solution to the problem is also a temperate distribution u
whose Fourier transform is obtained by dividing a temperate distribu-
tion F[f] by a polynomial:

1
L(—ik)
If the polynomial L(—ik) has no real zeros, then its reciprocal is a
smooth temperate function and its product with a temperate distri-
bution F[f] is a temperate distribution. If A7 is not empty, then its
reciprocal must be extended to N, so that the extension is a temperate
distribution. Then the inverse Fourier transform of the product gives
a particular solution:

Flul(k) =R FLfIE)-
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39.2. Basic methods to construct a distributional extension. There is no
universal method for constructing a distributional extension of the re-
ciprocal of a polynomial. However, there are two basic approaches that
can be used to solve this problem.

39.2.1. Partial fraction decomposition. Suppose k € R. Then the roots
of L(—ik) are isolated points, and the reciprocal of L(—ik) can be
decomposed into a sum of partial fractions. Each term of the sum is
singular at one root and, hence, can be extended by using a suitable
principal value distribution. Suppose k = a is a real root of multiplicity
n+ 1, n > 0. Then the partial fraction expansion has the following
terms

1 A, (k) An_1(k) Ao

Lk —a "oy TR g
where A,,(k) is a polynomial of degree m =n,n—1,...,1,0. For k # a
a1 n!
B DY S
dkn k —a (=1) (x —a)rt!

A multiplication of a temperate distribution by a polynomial produces
a temperate distribution. So, put
A1y
(k —a)rt! n! dk» k—a

Since the principal value distribution 73% is a temperate distribution,
a shift of its argument also defines a temperate distribution, and any
derivative of it is a temperate distribution. Since distributional deriva-
tives coincide with the corresponding classical ones wherever the latter
exist, the above rule defines a distributional extension of the singular
function (k — a)™"! to the singular point & = a so that for any test
function

(R #) = m(Pra ™) = %“-p-/wdk

1 (n)
=Ll [ 2R g
n! a—0+ |k|>a k

peds

Sokhotsky’s distributions can also be used to obtain a similar extension:
1 (=yrar 1
(k—a)"  nl dk"k —a =10

It differs from the principal value extension only by a linear combina-
tion of d(k — a) and its derivatives.

R
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A disadvantage of this method is that it does not have a univer-
sal extension to higher dimensions. Roots of L(—ik) may no longer
be isolated. They can form hyper-surfaces of various dimensions not
exceeding N in RV,

39.2.2. The ic prescription method. The idea of this method is to find
the distributional limit

1 . 1

s lim——
LT ey gy g

if it exists. It can be applied in any dimensions. A necessary condition
for this method to work is that L(—ik)=+ie has no real roots if 0 < € < a
for some a > 0. In this case, its reciprocal is a regular temperate
distribution and its limit can be investigated. This condition is always
fulfilled in one particularly important case when L(—ik) is real

L(—ik) = L(—ik)

This is true for the Laplace, Helmholtz, or wave operators in any di-
mensions. For any temperate test function ¢, the integral

! _ QO(/{?) Ny L(—Zk‘):FZE N
(W’(ﬁ) _/Wd k_/|L(_z'k)|2_|_€230(k)d k

exists for € > 0, and its limit can be investigated. If the limit exists,
then owing to the continuity of the Fourier transform, the following
limit exists and vice versa:

So, the above equation defines a fundamental solution if the limit exists.
The procedure will be illustrated with examples below.

39.3. Simple examples. Consider the problem
G"(z) — W*G(x) = 6(x), r€R

where w > 0. Then
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because the denominator has no real zeros. The Fourier transform of
a fundamental solution is integrable on R. Therefore

1 1 1
G = — —1[ :| _ L [7}
(@) = =F |yl @® =57 S (x)
1 ikx R ikx
— L[ k=~ gim -
2m ) k2 4 w? 27 R—oo J_p k? + w?
271 6iZIE 6@'2:2 €_w|m|
T o (Wﬁ - 9(—£E)Z£§smm) -

where the integral was evaluated by the residue theorem. So, G(z)
is integrable on R. Note that G is unique solution in &’. A general
solution to the homogeneous equation reads

Go(x) = Ae™® + Be*™*

This function is not a regular temperate distribution, unless A = B =
0, and hence cannot be added to GG to get another fundamental solution
in §’. The Fourier transform of Gy does not exist and the homogeneous
equation (k* + w?)F[Go] = 0 has only the trivial solution. However,
G(x)+Go(z) is a fundamental solution in D’ for any choice of constants
A and B. In particular, a fundamental solution found earlier by a
different method reads

sinh(wx)

1
=G —e e D
- (x)+2we

E(x) =0(x)

39.3.1. Harmonic oscillator. Consider the problem
G"(z) + W*G(z) = §(x), reR

where w > 0. Then
1

2 — k2
which is a distributional extension of the singular function (w? — k?)~!

to singular points k = +w. The roots k = Fw are simple, and the
partial fraction decomposition method gives the following extension

FlGI(k) =R

]—“[G](k:):—% (Pkiw —Pkiw)

By taking the inverse Fourier transform and using the property of the
Fourier transform under a shift of the argument, a fundamental solution
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is obtained:

G(z) = f‘l[f[G](k‘)](a?) = iJE[JE[G](—%)](I)
B 471w ( [ } [P w}(x))
G “) Pl

_ sm2(:jx) sign (z) = sin(w|x|) _ sin(wx)

A general solution of the homogeneous equation reads

Go(x) = Asin(wz) + B cos(wz)

2]

2w 2wz

which is a regular temperate distribution for any constants A and B.
So, any fundamental solution in S’ has the form

G(z) = s1n2(wx) sign (z) + Asin(wx) + B cos(wx)
w
In particular, setting A = i and B = 0, the fundamental solution

from the algebra D', is obtained:

Glz) = sin(wx) 0(x)
w
Let us illustrate the ie prescription method. For example, put
FIGIk) =R —— = lim
w? — k? e—0+ k%2 — w? + ie

For 0 < € < a, the new roots are complex:
ki = £V0? — e = twy/1 — iefo? = £(w — i) + O(?), £=

2w

Therefore using the partial fraction decomposition, the limit can be
expressed via shifted Sokhotsky’s distributions:

FG0) = = tim o (e~ )

1 1 1
2w \k+w—i0 k—w+i0

Using the Fourier transform of the step function, it is not difficult to
infer that

F o] () = ()
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It follows from the shift-of-argument property of the Fourier transform
that

G(w) = o= (e 0(—a) + e 0(x) ) = o=

2w 2w

It is not difficult to see that this fundamental solution differ from the

others obtained above only by an additive solution to the homogeneous

equation. This can also be concluded from the Sokhotsky’s equation.

The Fourier transforms differ by a linear combination of shifted delta-

functions, §(k £+ w), whose inverse Fourier transforms are solutions to

the homogeneous equation, e*™?*,

—iw|z|

39.4. Helmholtz operator. Consider the problem
(A +wHG(z) = (), G e S'(RY)
By taking the Fourier transform

(W — k) FIG) (k) = 1

Real zeros of the polynomial w? — |k|? form a sphere |k| = w in RY.
Let us use the ie prescription to solve this equation

1 1
FlGl(k)=R———=—lim ——————
(GI(k) w? — [k|? et |k|]? —w? + e
and investigate if the limit exists in S’.
The technical details are given for the case N = 3. Other dimen-
sions can be studied similarly. For any temperate test function ¢(z),
one has

o _
= oy | o [ e
1 1 .
l _— Z(kvr) 3 3
(27r)3 R1—>oo/k|<R|k;|2_w2_|_Z€/6 o(x) d’xd’k

z(km
__  Pkdz
27T3R—>00/S0z /k|<R|k:| 2 — w2 +ie

where the order of integration has been changed by Fubini’s theorem
as the integrand is integrable on Bg x R? for any € > 0. The integral
over the Fourier variable k is evaluated in spherical coordinates such
that the zenith angle ¢ is counted from the vector x € R?® so that
(k,x) = |z|rcos(¢) where r = |k| and d®*k = r*sin(¢)drdpdd with 6
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being the polar angle in the plane perpendicular to z:

6z(k,r) d3k 5 Z|m|rcos(¢ ) o
/|k|<3m B 7T/ /0 rz_w2+z€7’ sin(¢) d¢ dr

4 (B rsin(|z|r)
|z Jy 12 —w?+ie
o [ rsin(|z|r)
m _R 7’2 — w? + i€

z|m|7"
= Im - dr
|:17| _pT?—w?+ie

= ﬂlml(e R.x)

The function ,
Zez|m|z

2)=———75—, 2€C,
/(z) 22 —w? + e
has two simple poles

= 2y = 2VW? —ie = £(w — i) + O(£?), fzi

and is analytic otherwise. Since w > 0 and € > 0 can be taken arbitrary
small, the pole 2z, = w — i€ + O(£?) lies below the real axis, while the
pole z_ = —w+i+0(£?) lies above it for all 0 < € < a and some a > 0.
Take a closed contour C' that consists of the line segment |Rez| < R
and the circular arc |z| = R, Im z > 0, denoted by Cg. The contour is
positively oriented. Then by the residue theorem

2miz_ .
\% f(z) dz = 2mi res f(Z) = &6”“27 = i 6Z|:E|z,
C

Zz=z— L — 24

Therefore
I(e, R,z) = — f(2)dz + i ellel=
Cr

Let us show that the integral over the arc C'r vanishes in the limit
R — co. The integrand has the following estimate. If 2 = Re® on Cfg,
then dz = Rie®dt and

R26—R|m|sin(t) R2

Ret\Rie't| — i < <2
| f(Re")Rie"| |R2e2it — 2 4 je| = R? — |w? — ie| —

for all R? > 2|w? —i€|. A constant function is integrable on (0, 7) and
therefore by the Lebesgue dominated convergence theorem

lim/ f(Reit)Rz'eitdt:/ }%im f(ReMRie"dt =0, x#0
0 —00

R—o0 0
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because e fil#1sin(t) 0 as R — oo for 0 < t < 7 and = # 0. Thus,

. . s —iz|w
EE%EI%EEOI(E’RJ)_WW , v #0,
that is, almost everywhere in R®. Let us find an upper bound for
|I(e, R, z)| that is independent of R and e. If the product of the bound
and |¢(x)|/|z| is integrable on R3, then the limits and the integration
over x can be swapped by the Lebesgue dominated convergence the-
orem. Using the above estimate of the integrand in the integral over
Cr
[I(e, R, x)| < 2m + 7|ellel—| < 3r

because the pole z_ lies above the real axis and, hence, |el®*-| < 1.
By the Lebesgue dominated convergence theorem

B 1 ) ) 2 3
(G0 0(0) = — gz lin fim [ o) Im I (e, Row)
1 cos(w|z|) 4
=~ () 2] d’x
Thus, a fundamental solution is given by
_cos(wlz|) 1 et
Gl) = == =s(&@+e@), &)= T

where &1 are fundamental solutions satisfying the outgoing or incoming
radiation conditions. It is not difficult to verify that the —ie prescrip-
tion leads to the same answer, that is, G, = G_ = G for the Helmholtz
operator in R3.

39.5. Wave operators. Let us find a fundamental solution for the wave
operator:

1 02
2 ot?
Put zg = ct and let kg € R be the Fourier variable for xg. Then a
fundamental solution is given by

L(D) = ~A,, teR, xzeRY

Gla) = FFIGI ) = ~F 7[R fg= i @)

There are four ie prescriptions used to construct a distributional exten-
sion of (k — |k|?)~* to singular points which form an N—dimensional
double cone in R¥*L. For a given k # 0, the function

1 1

kg — k2 (ko — [k]) (ko + [K])
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has two poles ky = +£|k| and is analytic otherwise in the complex
ko plane of ky. Each of the poles can be shifted up or down using
the 7€ prescription, thus producing four possibly different fundamental
solutions whose Fourier transform are distributional limits
1
F|Gl(k) = — lim

(GI(k) e—0+ (ko — |k| L i€)(ko + |k| £ i€)
These four possibilities corresponds to the following Green’s functions
for the wave operator:

ko = £|k| — i€, G = G%N) (causal retarded)
ko = +|k| + i€, G = GQN) (causal advanced)
b
)

ko = £(|k| —ie), G= G%N Feynman propagator)
ko = (k| + i), G= G(TN (anti — time ordered)

The latter two are used in quantum field theory for calculating Feyn-
man diagrams. They can also be obtained by the standard e prescrip-
tion '

FlG)(k) = — lim, k2 — [k[2 £ ic
where —ie corresponds to the Feynman propagator. The Causal re-
tarded Green’s function is used for solving the Cauchy problem for the
wave equation.

Let us find Gg’)(xo,x). Put z; = |k| —ie and 2o = —|k| — i€

39.6. Ordinary linear differential operator with constant coefficients. For
ordinary differential operators, there exists a simpler method of finding
a fundamental solution. This method will also be used to find causal
Green’s functions for partial differential operators that are used to solve
a Cauchy problem.

Let x € R and

n n—1

L=-—+a ftraa L ya
 da Vdgn—1 " "

where ay are constants, K = 0,1, ...,n. A general solution to the homo-
geneous equation

LZ(z)=0, Z e (C™
is a smooth function. It can be found by the method of undermined
coefficients. Let Z(z) = e**, then X is a root of the characteristic
equation
N+ a XN+t agad+ag =0
For each root A (real or complex) of multiplicity m, the equation has m
linearly independent (smooth) solutions z*e**, k = 0,1,...,m. Since a
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general solution is a linear combination of all linearly independent so-
lutions, it is concluded that any solution to the homogeneous equation
is from C'*°. There are exactly n linearly independent solutions and,
hence, the initial value problem

LZ(z) =0, Z®0)=¢,, k=01,...,n—1

has a unique solution. The coefficients in the linear combination of n
linearly independent solutions are uniquely determined by the initial
conditions.

PROPOSITION 39.2. Let Z(z) be the solution to the initial value
problem

LZ(z)=0, Z0)=20)=---=2"20)=0, z"Y0)=1

Then
E(x) =0(x)Z(x),

where 0 s the step function, is a fundamental solution for the operator
L, that is,

LE(x) = 0(x).
PRrROOF. The assertion is proved by the Leibniz rule for distributions

(0(2)Z(2)) = Z(x)d(x) + 0(x) Z'(x) = Z(0)0(x) + 0(x) Z'(x)
= 0(x) 7' (v)

because Z(0) = 0. Similarly,
(0(z)Z(2))" = (0(z)Z'(2))" = 0(2)Z"(2)
because Z'(0) = 0. So that
O(z)Z(z)P =0(x)Z2®(z), k=0,1,...,n—1
and
(0(2)Z ()" = 6(2) 2" V() + () 2" () = 6(x) + 0(x) 2™ (x)
because Z™ 1 (0) = 1. Therefore
LOZ)=0LZ +6 =10

as required. O
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39.6.1. Pendulum and electric circuits. Vibrations of a small amplitude
of a mass on a spring, or small oscillations of a pendulum under an
external force g(t) are described by the equation

f'(t) + w2 f(t) = g(t)
where the constant w is called a frequency. If g(¢) = 0, the amplitude
of oscillations a function of time t is

f(t) = Acos(wt) + Bsin(wt)

so that the period is T' = 27 /w and the frequency is equal to 27 /T = w.
If vibrations are also suppressed by a friction force, then the vibrations
are described by the equation

F(t) + 20 f'(t) + W f(t) = (1)
where v is a damping coefficients. In the so-called under-damped
regime when v? = w? — 4?2 > 0, free oscillations (g(t) = 0) decay
exponentially

fit)y=e" (A cos(vt) + B sin(yt))

Recall from mechanics that the integral of a force acting on a system
is the net change of the momentum
to

pltz) — p(t) = / o(t) dt

i1

Here units are such that the system has a unit mass. Let ¢t; = 0 and
to — 0T, while g(¢) is such that the integral is equal to 1, that is,
the system gets a finite push (momentum) in an infinitesimally small
time. This situation can be modeled by g(t) = §(¢). So, a fundamental
solution for a mechanical oscillator is a special solution that describes
vibrations of the oscillator that gets a finite push in an arbitrary small
time.

Similarly, consider a circuit that consists of a capacitor, induc-
tor, and resistor connected consecutively to an external electric power
source with voltage U(t). If I(t) is the electric current in the circuit,
then by Ohm’s law

dl Q(t)
L+ RI+ =22 =U(t)
where L, R, and C' are the inductance, resistance, and capacitance,
respectively, and () is the electric charge of the capacitor at a time ¢.
Since I(t) = Q'(t), it follows from differentiation of the above equation
that
I"(t) + 29I'(t) + w1 (t) = g(t)
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where g(t) = U'(t)/L, w = 1/V'LC, and v = L(R/L). If the voltage
U(t) was constant for ¢ < 0, then at ¢ = 0 it is suddenly changed to a
different constant value, then its derivative is proportional to a delta-
function (so is g(t)). So, a fundamental solution in this case describes
an electric current in a basic electric circuit caused by a sudden jump
in the external voltage.

39.6.2. The initial value problem. Let D = d/dt and t is a physical
time. Suppose that the external force g(t) is a distribution g(t) with
support in [0,00). Then the convolution of the fundamental solution
E(t) =0(t)Z(t) and g(t) always exists in the algebra D, :

L(D)u(t) = g(t) = u(t)=(Exg)(t) eD.

According to the previous section, this distributional solution is unique
in the subspace of all distributions that have the convolution with £.
Indeed, any solution to the homogeneous equation is a linear combina-
tion of e, for some complex ), but the convolution of £ with e** does
not exist because the integral

/sa—ﬂ&wfzftza—ﬂ&wf

—0o0

does not exist for any complex A. Therefore, any non-trivial solution
to the homogeneous equation does not belong to the class Dy, and,
hence, the convolution & * g is the unique distributional solution in the
class Dr.

Its physical significance can be understood if the external force is a
regular function. In particular, if g(¢) is a locally integrable, then

(€ % g)(t) = 0(1) / 2t — r)g(r) dr

If in addition g(t) is bounded, then the convolution is a continuous
function for ¢t > 0, and

lim (€ xg)(t) =0.

t—0+

In other words, the solution satisfies the zero initial condition at ¢ = 0.
If g(t) is continuous in [0,00), then the convolution is continuously
differentiable function for ¢ > 0 so that

%(5*9)@):/0 Z'(t —71)g(r)dr, t>0,
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from which it follows, by induction, that

k t
%(5 xg)(t) = / ZW(t —1)g(r)dr, t>0, k=1,2..,n—1
0
Therefore,
. d”
tli%l%(é'*g)(t) =0, k=0,1,...n—1

Thus, the convolution u = & % g for a continuous ¢ is the classical
solution to the initial value problem

LDYu(t) = g(t), t>0, u®(0)=0, k=0,1,...n—1.

which is unique. A general solution is obtained by adding a general
solution to the homogeneous equation to the constructed convolution.
The freedom in choosing a solution to the homogeneous equation can
be used to satisfy general (non-zero) initial conditions.

39.7. Exercises.
1. Find a fundamental solution for each of the following differential
operators in one real variable x:

d2
. [
(i) 7o
2
(ii) L:%%—wz
2
(iii) L:%— 2
d? d
L=— +2v—
(iv) dz2+ de
d? d
(V) L:@+2’}/%+w2

2. Use the fundamental solution from 7, to find an integral represen-
tation of the solution to the initial value problem

u”(t) + 29/ (t) + Vu(t) = wl(t —a), u(0)=1u'(0)=0

where w, is the hat function and v? > 2. Use the properties of the hat
function and the distributional convolution to find the distributional
limit of the solution as a — 0.

3. Let w, be a regularization of §(z) with support in a ball |z| < a.
Find the multipole expansion of the solution uy(z) = €' % w, to the
Helmholtz equation in R? in a region where a/|z| is small by analogy
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with the multipole expansion of a solution to the Poisson equation.
Estimate a relative uncertainty of the fundamental solution £ (z) rel-
ative to the classical solution u(z) in terms of a/|z|.

4. Calculate the retarded and advanced Green’s function for the 4D
wave operator.

5. Calculate the Feynman propagator for the 4D wave operator.
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40. The Cauchy problem

40.1. The initial value problem for ODE. Consider the initial value prob-
lem for a pendulum

Lu(t) = u"(t) + w?u(t) = f(t), t>0,
= i t) = " = lim () =
“lizo t—lgiu() vo. t—lglu() v
Clearly a classical solution to this problem must be from class u €
C?(t > 0) N CYt > 0), and the function f should be at least contin-
uous for t > 0. Suppose u(t) is a classical solution. Consider regular
distributions from D,

o(t) = 0(t)u(t), g(t) = 0(t)f(t)

One can say continuous functions u(t) and f(t) has been extended to
t < 0 by zero. Let us calculate the second derivative of v. For any test
function

o

(0", 0) = (0,¢") = / Tty di= tim [ u(t)p(t) de

a—0t J,

:O + /a N u”(t)(t) dt)

e}

= —up(0) + wp(0) + lim [ [£() — wPu(t))(t) de

- (ula(t) +ugd'(t), so) + (9(5 —wh(t), S0)

This shows that the distribution v(t) € D', satisfies the equation

= lim (w0 - w0000

a—07t

Lo(t) = v"(t) + w*u(t) = g(t) +u1d(t) + ud'(t)
On the other hand, the equation
V' (t) + W (t) = h(t)

has a unique solution in the algebra D’ for any distribution h € D/,
The solution is given by the convolution

sin(wt)

v(t)=(Exh)(t), &) =10(t) €D,

w

Since any classical solution to the initial value problem is also a distri-
butional solution, it is concluded that the classical initial value problem
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has a unique solution. It can be obtained from the distributional solu-
tion if f € C°(t > 0):
v(t) = (Exg)(t) + ur&(t) + ue&'(t)
ot !
= a0) (/ sin(w(t — 7)) f(7) dT + uq sin(wt) + wug cos(wt))
0

w

Therefore

u(t) = /0 sin(w(t — 7)) f(7) dr 4+ uy

This method for solving the initial value problem can be extended to
any linear ordinary differential equation with constant coefficients:

sin(wt)

+ upcos(wt), t>0.

Lu(t) = u™(t) + ayu™ V() + - +auut) = f(t), t>0
u® = limu®Pt)=up, k=0,1,...,.n—1.

t=0 t—0t

Consider the associated distributional differential equation in the alge-
bra D',

Lo(t) = 0(t) (1) + ni cxd (1)

where the coefficients ¢ are given by

Ch—1 = U
Cp—2 = Q1Ug + Up
Cph—3 = Q2Up + ajuq + U9
Co = Ap—1Ug+ -+ a1Up—2 + Up—1

Let Z(t) be the solution to the initial value problem
LZt)=0, Z®0)=0, k=0,1,...,n—2, Z"Y(0) =1.

Then £(t) = 0(t)Z(t) is a fundamental solution for L in D’ , and the
distributional solution is unique in D/, and given by

n—1

u(t) = /0 Z(t—1)f(r) dr + Y 2 ()

k=0
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40.2. The Cauchy problem for PDEs. Let x € RY and ¢t be a real vari-
able. Suppose that a function u(x,t) describes an evolution of some
quantity distributed in space RY. The variable ¢ is an evolution pa-
rameter, like a physical time. The evolution is governed by a partial
differential equation, and a classical initial value problem is to find a
solution u(z,t) for t > 0 under some conditions at the initial moment
of time ¢t = 0. So, the initial data are formulated on a hyperplane ¢t = 0
in space-time R¥+1. A problem like this is known as a Cauchy problem
in the theory of PDEs.

The first-order Cauchy problem. Let L(D) be a linear differential op-
erator in the variable x. Consider the following initial value (Cauchy)
problem

%—I-L(D)u:f(a:,t), t>0, zeRY
ul = lim u(x,t) = up(x), z€RY.

t=0 t—0+t

One has to find u(z,t) that solves the equation in the open half-space
t > 0 and satisfies the said initial condition at the hyperplane ¢t = 0.
The function v In both problems u must have sufficiently many con-
tinuous partial derivatives in  in order for L(D)u to be continuous. It
also must be continuously differentiable for ¢ > 0 and have a continuous
extension to ¢t = 0:

ueCH(t>0NC% >0

This is a classical solution to the Cauchy problem. Of course, its exis-
tence depends on the smoothness of the inhomogeneity f. It is neces-
sary that f € C°(t > 0) in order for the problem to make sense. Finally,
one has to show that the solution is unique if it exists. Clearly, the
uniqueness is essential in mathematical modeling of physical processes.

Suppose that ug and f are such that a classical solution exists. Let
u(x,t) be a solution. Consider distributions from D'(RY¥*1) defined by

vz, t) = 0(t)u(z), glz,t) = {5“’” : i g 8

The function g(x,t) is an extension of a continuous function f(z,t) to
the half-space t < 0 by zero. The extension is assumed to be locally
integrable in R¥*! so that ¢ is a regular distribution. Note that in
general, f is not required to have a continuous extension to the hyper-
plane t = 0 or be bounded near it. The distribution v(x) is a smooth
function for ¢ > 0 that has a jump discontinuity at ¢ = 0. Using the
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relation between the distributional and classical derivatives, one infers
that

v ov(z,t) Ju

o = () - (1) + { T | = wo(w) - 0() + 0(8) S
L(D)v = 0(t)L(D)u(x,t)

It follows from these relations that v a solution to the distributional

problem

%+L(D)v:g(x,t)+uo(z)-5(t), v(z,t)=0, t<0.

It should be pointed out that, if L(D) is a differential operator of
order p, then the above equation is an identity holding for any function
v(x,t) € CP(t > 0)NCO(t > 0) that vanishes for ¢ < 0 and for which the
combination [ = % + L(D)v, t > 0, is locally integrable (for example,
f € C°t >0)). This follows from that for any test function ¢

(g: + L(D)v,gp) = (v —aa—f + L*(D)gp)

:/OO (z, t)(_g_‘”+L*( o) ¥t
:alir(fi/ / :Et ——+L*( )gp)dN:Edt

:ali%l+ // (x t)ydNxdt — /(z,a)gp(z,a) dVx

Here L* is the Hermitian conjugation of L, and the last equality follows
from integration by parts. Note that v(x,t) is smooth enough for this
in the half-space ¢ > a > 0. This shows that the limit exists (and the
stated identity holds if

% + LD € Lioe(t > 0)

This is the reason for that the inhomogeneity f(x,t) was required to be

such that its extension g(z, t) is locally integrable (e.g., f € C°(t > 0)).
Let E(z,t) be a fundamental solution for the operator 0/0t + L(D)

that vanishes in the open half-space t < 0 in the distributional sense:

g_f+L(D)g 5(x)-6(t), E(x.t)=0, t<0.

Then
v(z,t) = (Exh)(z,t), h(x,t)=g(z,t)+uo(x) - i(t)
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provided the convolution exist. Indeed, let us show that the distribu-
tional solution vanishes if t < 0. Let n,(z,y,t,7) be a unit sequence in
R2V+2 and n(s) = 1 if s > —a, n(s) = 0 if s < —b for some 0 < a < b,
and 1 € C'*°. Then by the definition of the convolution

(v,9) = lim (E(,8) - Ay, 7),n(T)n(E (s, 6, Vo + .t 4 7))

because supports of £ and h are in the half-space t > 0. If support of
o(z,t) lies in the half-space ¢t < —e for some € > 0, then the product
n(T)n(t)e(x + y,t + 7) vanishes for small enough e. This means that
the distributional solution vanishes in the open half-space

v(z,t) =(Exh)(z,t)=0, t<O0,

because € is arbitrary.

Thus, every solution to the classical Cauchy problem is a solution
to the generalized Cauchy problem which is to find a distribution v(z, t)
that satisfies the given equation and vanishes for t < 0:

%+L(D)v:h(:p,t), v(z,1) =0, t <0

for a given distribution h(z,t) supported in the closed half-space ¢ > 0.
As shown earlier, the distributional solution £ % h is unique in the
class of distributions for which the convolution with &£ exists. In what
follows, a fundamental solution that is supported in the half-space t > 0
will also be called a causal Green’s function. The analysis shows that
the following approach can be adopted for solving the classical Cauchy
problem:

(i) Find the associated generalized Cauchy problem;

(ii) Find the causal Green'’s function for the differential operator
in the problem;

(iii) Investigate conditions under which the generalized Cauchy
problem has a solution, meaning that, find conditions on a
distributional inhomogeneity under which its convolution with
the causal Green’s function exists;

(iv) Calculate the convolution if the distributional inhomogeneity
has a special form for given inhomogeneity and initial data
in the classical Cauchy problem, that is, find an integral rep-
resentation of the convolution that is a regular distributional
solution;

(v) Find conditions on the inhomogeneity and initial data so that
the regular distributional solution is smooth enough to be a
classical solution. Uniqueness of the classical solution follows
from the uniqueness of the distributional solution.
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40.3. Causal Green’s function. If L(D) is a linear operator with con-
stant coefficients, one can try to find the causal Green’s function by
the Fourier method. In what follows, the causal Green’s function will
be denoted by G to distinguish it from a general fundamental solu-
tion. Consider the Fourier transform F,[G](k, t) of the Green’s function
G(z,t) in the variable z. It is a distribution defined by the rule

(FolCUk, 0,0k 1)) = (Glat), il 1))
where

Filel(x.t) = / Rk, 1) dVk

Of course, the Fourier transform exists only for temperate distributions,
and this means that the Green’s function is sought in a subspace S’ of
the space of all distributions D’. So, it should be kept in mind that
such a Green’s function may not always exist in the space of temperate
distributions. It follows from the rules of differentiation of the Fourier
transforms of distributions that F,[G](k,t) satisfies that the following
generalized initial value problem for the first-order ordinary differential
equation:

(54 L60) 2GR =6(), FlGIk D=0, t<0.

Its solution is found by the standard method introduced earlier
FL{G)(h, 1) = 0(r)e M

Therefore,
G(z,t) = 0(t)F e D) (1) .

The Fourier transform F,[G](k,t) is a C*° function for t > 0 because
L(ik) is a polynomial. So, it must be a regular temperate distribution,
which is true only if the real part of L(ik) is non-negative because
otherwise the solution would have exponential grows as |k| — oo for
t > 0 and, hence, cannot be a temperate distribution. In the latter case,
the causal Green’s function either does not exist or cannot be found
by the Fourier transform in the variable x. Other methods should be
invoked. For example, L(D) = —A so that e (%) = ¢!** and the
inverse Fourier transform of e does not exist.

40.4. The Cauchy problem for a transfer equation. Let us apply the de-
veloped approach to solve the Cauchy problem for the transfer or flow
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equation
1 0u(z,t)
c Ot

ul = wup(x)
t=0

+ (s, Vo)u(z,t) + au(z,t) = f(z,t), t>0, zeRY

where s € RY |s| =1, ¢ > 0, and o > 0. A classical solution must be
from class u € C1(t > 0)NCO(t > 0) if it exists (under some smoothness
conditions on the inhomogeneity f and the initial data u).

Generalized Cauchy problem. Suppose that the problem has a solution.
Let u be a classical solution. Consider the distributions from /(RN *1):

v(z,t) =0()u(z,t), g(z,t)=0(t)f(z,1)
The distribution v(z,t) satisfies the equation

Lo Eat + (5, Vo) + alv(z,t) = g(z,t) + %uo(x) L 5(t).

Thus, every classical solution is a distributional solution to the gener-
alized Cauchy problem which is to find a distribution from D'(RV*1)
that vanishes in the open half-space t < 0 and satisfies the equation

Lv(x,t) = h(z,t), v(z,t)=0,t<0, v(xt)eD R

for a given distribution h(x, t) that with support in the half-space ¢t > 0.

Fourier transform with respect to a selected variable. The Fourier trans-
form of a temperate distribution of two variables f(z,y) with respect
to the variable x is defined by the rule

(F=lA)kw), 0k, )) = (Fla), Filil(a,y)

where ¢(k,y) is a temperate test function and its Fourier transform
with respect to k reads

ﬂM@mzjﬁwwmwwhszM

It is not difficult to verify that the Fourier transform of a test function

of two variables with respect to any of the variables is a temperate test
function from S(RN*+M).
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Causal Green’s function for the transfer operator. Let G be a fundamen-
tal solution for the transfer operator L that vanishes for ¢ < 0:

LG(z,t) = 6™ (x)-6(t), G(x,t)=0, t<0, GecD R,

Let us try to find the Green’s function of L in the space of temperate
distributions. If it exists, then it can be found by the Fourier method.
By taking the Fourier transform of both sides of the equation with
respect to the variable x, it is concluded that the Fourier transform
F|G|(k,t) satisfies the ordinary differential equation

0 (s, B) 4 o] ElGI k) = 5(1), FICIE =0, £ <0

Its solution is found by solving the associated initial value problem for
the homogeneous equation:

F, [G](k‘, t) — Ce(t)e—act—l—ic(s,k)t e S/(RN+1)
Since o > 0, the solution is a smooth function in ¢ > 0 that is bounded
| FelGl (k)] < c

and, hence, it is a regular temperate distribution. To find the inverse
Fourier transform, recall that

Fl6(x — z0)] (k) = e®20) - FrA[eika0)] — §(2 — 20) .

Therefore for any test function ¢(z,t) € S,

(Gup) = (G FMel) = [ [ e en gl ht) b
/ ( ) di
| et (e @) ptan)
/0 ot (5(:5 — est), ol t)) dt

= c/ e *p(cst,t) dt
0

6ic(s,k

t —1
>fm

at
at

C
C
C

e}

6_
o

6_
o

6_
e}

So, G is a line-delta function supported on the half-line in RV*! with
parametric equations x = cst, t = t, t > 0. Since &’ C D', the causal
Green’s function exists in D’(RY*1). For brevity, it can be written via
the delta function on the line:

G(z,t) = ch(t)e ™5 (x — cts) € D' (RNT).
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The convention is that the delta function acts first on the variable x of
the test function, the result is a test function in the variable ¢ on which
the regular distribution 6(¢)e~*" acts in the standard way:

(G,p) = <c€(t)e_at, (5(:5 — cst),gp(:z,t))) = c/ooo e *p(cst,t) dt .

Solution to the generalized Cauchy problem. A solution to the general-
ized Cauchy problem is given by the convolution

v(z,t) = (G*h)(x,t)

provided the convolution exists. The solution is unique in the class
of distributions for which the convolution with G exists. Recall that
v(z,t) =0 for t < 0. Let us investigate the existence of the convolution
v = G xh. Both distributions G and h are supported in the upper half-
space, t > 0. It follows from the definition of the convolution and the
explicit form of G that

(v,0) = lim (h(y,7)- Gly, 7)n(In(Em(a, vt 7l +y,t +7) dt)

n—oQ

= tim (b )nlr) [ e nalest. gt r)oly -+ est 4 7) )
n—oo 0

The function (¢, 7,y) = n(7)e(y + cst,t + 1) is smooth and not zero
only in a bounded range of t and 7 because t > 0 and 7 > 0, and the
support of ¢ is bounded in the time variable |t + 7| < R. If the range
of t is bounded, then the range of y is also bounded because ¢(y +
cst,t+ 1) =0if |y+cst| > R for some R. This means that ¢ (¢, 7,y) is
a test function of three variables. The action of a regular distribution
O(t)e* on (t,7,y) defines a test function in two variables 7 and
y by the consistency theorem for the direct product of distributions.
Since 1, = 1 for all large enough n, the limit always exists for any
distribution h supported in ¢t > 0.

Thus, the solution to the generalized Cauchy problem always exists
in D'(RN*1) and is given by the rule

(v, ) = (h(y, 7),m(7) /000 e *o(y + cst,t +7) dt)

_ /Ooo e (h(y, 7),0(7)p(y + est, t + T)) dt

where the latter equality holds by commutativity of the direct product
h(y,7) - 0(t)e " = O(t)e " - h(y,7). The solution is unique in the
class of distributions that vanish in the open half-space t < 0.
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Limit properties of the Green’s function. For every ¢t > 0, G(z,t) can be
viewed as a distribution in the variable x. Its action on a test function
(z) is given by the rule

(G(z,t), gp(z)) = ce *p(cst), t>0.

Therefore one can investigate the distributional limit of G(x,t) as t —
0F in D'(RY). Owing to the continuity of test functions

Tim (G(2,1), (@) = ep(0) = e(6(), ()

This means that

lim Ge(z,t) = cé(z) in D'(RY)

t—0t

Homogeneous Cauchy problem with distributional initial data. Consider a
solution to the generalized Cauchy problem with i(x,t) = ¢ tug(z)-5(¢)
where ug € D'(RY). Then the convolution G, * h is given by the rule

(Ge* h,p) = /OOO et (uo(y), o(y + est, t)) dt

— /000 et (uo(y —cst), o(y, t)) dt
(G *h)(z,t) = 0(t)e ™" - ug(x — cst) € D'(RVT)

where the definition of a shifted distribution was used for wug(z). Note
that for any ¢t > 0 the convolution defines a distribution in the variable
x just like G(z, ).

For any distribution g(z), define the convolution G(z,t) * g(x) in
the variable x by the rule
(Gla.t)yeg(@) o)) = Tim (Gl 1) g(y), mlz yo(a+y)) . ¢ >0,

n—oQ

where 7, is a unit sequence in R*¥ and ¢ € D(R"Y). Then the con-
volution G % h in two variables x and ¢ can also be interpreted as the
convolution of ¢7'G(xz,t) * up(x) in the variable x because

(Gl t) (), 060)) = 3l (Gl ) woly) (o )6+ )

C n—0oo
= 0(t)e = (uoly), oy + cst)
for any unit sequence 7, in R? and any test function ¢. So,

G * (uo(x) : 5(t)) — G(x, 1) % up(x) = O(t)e=" - ug(x — cst) .
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By continuity of the functional wy,

lim (G(z,t) * (), gb(x)) = c lim e™* (uo(y), oy + cst))

t—0+ t—0+t

= C(uO(y), ¢(y))
for any test function ¢ € D(RY). This means that
lim G(z,t) % uo(z) = cug(z) in D'(RY)

t—0t

The analysis shows that the distribution v(z,t) = G(z,t) * ug(z)
solves a homogeneous Cauchy problem with distributional initial data:
Lv(z,t) =0, wv(z,t)=0, t<0,
lim v(x,t) = up(z) in D'(RY)

t—0t

Regular distributional and classical solutions. Let uo(x) be a regular dis-
tribution. Put h(z,t) = ug(z) - 6(¢). Then the solution to the general-
ized Cauchy problem is a regular distribution v(z,t):

v(z,t) = 0(t)e *ug(z — cst).
The initial condition holds pointwise

lim v(z,t) = up(z), =€RY
t—0+

if ug is a continuous function. Furthermore this solution is a classical
one (continuously differentiable for ¢t > 0) if uy € C*, that is, the initial
data must be continuously differentiable function.

Let h(z,t) = f(x,t) be a regular distribution that vanishes for
t < 0. Then the solution to the generalized Cauchy problem has the
following integral representation

(v, ) =/ /f(y,f)/ e oy + est,t+ 1) dt dVydr
0 0
:/ / e_ac(t_T)/f(x—cs(t—T),T)gp(z,t)szdth
0 T

where x = y + cst and the integration variable ¢ was shifted by 7. Let
us reverse the order of integration with respect to t and 7:

(v, ) = /‘X’//t et f(x —es(t —7),7) p(x,t) dr dVx dt
0 0

v(z,t) = / e_ac(t_T)f<z —cs(t — 7‘),7‘) dr, t>0.
0
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It is clear that the initial condition holds pointwise

lim v(x,t) =0, z€&RY,

t—0+
if f is continuous for ¢t > 0. Furthermore v(z,t) is a classical solution
with the zero initial condition if f(z,t) is from class C'(¢ > 0) (in
order for the partial derivatives to be continuous). Thus, the classical
solution is unique and given by the integral representation

t
u(x,t) = e “ug(x — cst) + / e_ac(t_T)f<x —cs(t—T1), 7‘) dr .
0
if ugp € C' and f € C'(t > 0).

Well-posedness of the Cauchy problem. A PDE problem is said to be
well-posed if the following three conditions are fulfilled:

(i) The problem has a solution
(ii) The solution is unique
(iii) The solution changes continuously with initial data

Let us investigate if the Cauchy problem for the transfer equation is
well-posed. It has been shown that a solution exists and is unique. Let
u(x,t) and @(x,t) be two classical solutions for initial data uy and g
and inhomogeneities f and f, respectively. Suppose that

[uo(x) — to()| < €0,
|f($>t) - f(l’,t)| <é
for all x and t. Then for 0 <t < T and any x

t
|u(l’,t) - 'a(l”t)| S 6_O‘Ct€0 _|_€1/ 6—ac(t—q—) dr
0

< 80—|—T€1

This shows that small variations of the initial data and inhomogeneity
produce small variations of the solution. Therefore the Cauchy problem
for the transfer equation is well posed.

40.5. Smoothness of a distribution in a particular variable. When ana-
lyzing the homogeneous Cauchy problem with general distributional
initial data, it was noted that a distribution of several variables can
also be viewed as a distribution of fewer variables, while the other vari-
ables are regarded as parameters. Let f(x,y) be a distribution in two
variables z € RY and y € R™. By definition, a distribution f(x,y)
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is said to be from class CP in the variable vy in a set Q C RM if the
function

9) = (F@.), (@) € C7(Q)
is from class CP(Q) for any test function p € D(RY). In this case,
Dg(y) = (D f(w,).¢(@)), a<p.

Indeed, g(y) is a regular distribution. Since g € CP, its classical and
distributional derivatives are equal, and for any test function ¢(y),

(D%g,¢) = (=1)%(g, D*¢) = (=1)* (f(a:, Y), go(x)Dags(y))
= (D31, w), @ow) = (D51, 9). 0()), 6())

because the product p(x)¢(y) is a test function of two variables.
For example, the Green’s function of the transfer operator is a dis-
tribution of two variables x € R and ¢ € R. For any test function

p(x),
9(t) = (Gla.1). () = B(t)e ™ p(est) € C(0,00)

So, G(x,t) is from class C'°(0, 00) in the variable ¢. Furthermore, the
function ¢(t) has a continuous extension to t = 0 because

Jlim g(t) = ¢(0)

This means that g € C°(]0, 00)) and accordingly G € C°([0,o0)) in the
variable t. For any ¢t > 0,

g'(t) = —cag(t) + ce™*(s, V.)p()

r=cst

so that
lim ¢'(t) = —cap(0) + (s, Vm)%p(if)}m:o

t—0+
It is clear that g € C'*°(]0, 00)) because ¢ € C* and, hence, the Green’s
function G(z,t) is from class C*°([0, 00)) in the variable t.

Homogeneous Cauchy problem with distributional initial data. Using the
concept of smoothness of a distribution in a particular variable, the
homogeneous Cauchy problem with distributional initial data is to find
a distribution v(z,t) from class C'(0,00) N C°([0,00)) in the variable
t such that

av(azt’ t) + L(Dm)'l}(l’,t) = 0> t> 0’ v - UQ(I’) € D/(RN)
t=0
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In particular, this problem has a unique solution for the transfer equa-
tion given by the distribution

v(z,t) = G(w,t) * ug(z) = 0(t)e”*ug(z — cst) .

The solution is from class C*°([0, 00)) in the variable ¢ because because
for any test function ¢(x) and ¢ > 0

90) = (v(@. 1), (@) = e (uo(a), plo +est))

d(t) = —acg(t) + ce ™ (uo(x), (s, Vi)o(z + cst)) ,

so that
9(0) = lim g(t) = (uo, ¢),
¢(0) = lim g(t) = ~acg(0) + c(uo, (5, V)¢)

The existence of ¢g?)(0) for p > 1 is established similarly.
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41. The heat equation

Consider the Cauchy problem for a heat equation:

8u(ai,t) = a®Aqu(z,t) + f(z,t), t>0, zcRV
ul = ()
t=0

If u(x,t) is a temperature at a point z € RY and time ¢t > 0, then
a solution to this problem describes a time evolution of the temper-
ature field in space with an external heat energy source t(x,t) if the
initial temperature field was given by wug(x). The coefficient a® > 0 is
proportional to a heat conductance. A solution is required to be from
class C?(t > 0) N C°(t > 0) (under some smoothness condition on the
inhomogeneity f and the initial data ug).

41.1. Generalized Cauchy problem. Let u(x,t) be a solution. Then the
regular distribution v(x,t) = 0(t)u(x, t) satisfies the equation
e a
Lo(z,t) & a—: — @Au(x,t) = 6(t) - uo(z) + gl 1)

where g(x,t) is an extension of f(z,t) to the open half-space t < 0 by
zero. It is assumed to be a regular distribution. So, the associated gen-
eralized Cauchy problem is to find a distribution v(z,t) that vanishes
for t < 0 and satisfies the equation

Lv(z,t) = h(x,t), v(x,t)=0, t<O0,
where a distribution h € D'(RY*+1) is supported in the half-space t > 0.

41.2. Causal Green’s function. A fundamental solution for L that van-
ishes in the half-space t < 0,

LG(x,t) = 8(t)-8(x), G(z,t)=0, t<0,

is sought as a temperate distribution. If such a temperate distribution
exists, then its Fourier transform in the variable z satisfy the ordinary
differential equation

(% n a2|k:|2)fm[G](k:,t) = 5(t), FGl(k,t)=0, t<0.
Its solution reads

Fal Gk, 1) = 0(t)e ™
It is bounded |F,[G](k,t)| < 1 and, hence, define a regular temperate
distribution.
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The inverse Fourier transform is given by the Fourier transform of
a Gaussian distribution:

(G.0) = (FCI k), 77 [ (k1))

= / / e FE ] (e t) dV K di
0

= lim / / e~ Pt E ) (k1) dVE dt

e—0t €

— Tim (e‘“2|k|2t,f;1[gp](k:,t))dt

e—0t €
%)

— lim (.7—",;1[6_“2|k|2t](:v,t),gp(:c,t)) dt

e—0t €

—him [ (f,;l[e_“2|k|2t](:c,t), gp(:c,t)) dt

e—0t €

— r) N tim [ (fk[e_“2|k|2t](x,t),gp(:c,t)) dt

e—0t

e 4a2t
pu— 1' N
Eir(%/ / RavaD)" o(z,t)d xdt

The limit exists by the properties of the Fourier transform even though
the singularity t~¥/2 is not locally integrable if N > 2. It is also possible
to investigate the limit directly. Put x = 2a\/_y in the integral with
respect to z, then

2
1=7

’/ 22\/4(: o(z,t) dN[L” < 7T_N/2/e_|y|2|g0(2a\/fy,t)|dNy

< Ma-N2 / el Ny — 0

because |p(x,t)] < M. A constant function is integrable with respect
to t on any bounded interval. Since the support of ¢ is bounded (so
that the integration with respect t is taken over a bounded interval),
the limit € — 0T exists. Thus,

o(t _lef? ,
Ty T © D)

41.3. Solution to the generalized Cauchy problem. A solution to the gen-
eralized Cauchy problem V = G x h will be called a heat potential (if
the convolution exists). Suppose that the support of h(x,t) lies in a

G(zx,t) =
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half-cylinder,
supph C Bg x [0,00),

then the convolution V' = G x h exists. This follows from the definition
of the convolution. Let 7 (z,t) be a smooth function that takes unit

value in a neighborhood of support of h. Then for any unit sequence
T in R2NVH2

(G ) = Tim (Gl 1) hly,7),m(@y, 7w,y 7))
(x,y,t,7) = 9y, T)e(x +y,t +7)

Let us show that the function ¢ is compactly supported in R2V+2,
Since t > 0 and 7 > 0 (owing to supports of G and h), 1 is not zero
only a bounded region of spanned by t and 7 because the test function
 is compactly supported and, hence, vanishes for |t + 7| > R for some
R. Since h(y,7) = 0 for |y| > R and ¢ vanishes if |z 4+ y| > R for
some R, the function ¢ has a bounded support and therefore is a test
function of four variables. This implies that 7,1 = 0 for all sufficiently
large n, and the limit exists and is given by

2
1=7

(G *h,p) = / / 22\/4“_% h(y, ),’l/)(y,l’,t,T)) dNxdt

(& 4a2t N
h(y, / / RavaD)® olr+yt+71)d :Edt)

The latter equality follows from commutativity of the direct product.
The action of h on 1 is a test function of two variables x and ¢t.
It has a bounded support. However, the latter is not necessary for
integrals with respect x and t to converge because the Green’s function
falls off as a Gaussian distribution as |r| — oo. This suggests that
the convolution can exist even if the support of h is not bounded in
the space variable if (h,%) does not grow too fast as |z| — oo. This
possibility will be further explored for regular distributions h below.

41.4. Limit properties of the Green’s function. For any ¢ > 0, the Green’s
function is a Gaussian distribution which is a regular distribution in
the variable z. Since G(z,t) > 0 and

/G(x,t)szzl, t>0.
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The distributional limit of any such regular distribution is proved to
be a delta function

liny G(x,t) =6(x) in D'(RY).

t—
This property shows that the causal Green’s for the heat operator is
from class C*(0, 00) N C°(]0, o)) in the time variable ¢. Note that the
time derivative of G(x,t) cannot be continuously extended to ¢ = 0.

41.5. Surface heat potential. Let h(z,t) = 6(t) - uo(z) where a distri-
bution uy € D'(RY) is compactly supported. Then the heat potential
reads

Vola,t) = G * (5(t) -uo(x)) — Gz, ) * uo()

where the convolution is taken in the variable x (a proof of this assertion
goes along a similar line of arguments as in the case of the transfer
equation). Since the support of h(x,t) lies in the hyperplane ¢t = 0,
this special heat potential will be as a surface heat potential.

For every t > 0, the distribution Vy(z,t) can also be viewed as
a distribution in the variable z. By continuity of the convolution of
distributions one of which has a bounded support,

lim Vo(z,t) = 8(x) * uo(x) = up(x) in D'(RY).
t—0
For any test function ¢(z), the function

9t) = (Vo(z. 1), (@) ) = (Gl ), (wo(y). o(a+1)) )

is smooth for ¢ > 0 and has a continuous extension at t = 0 because
the Green’s function G(z,t) is from class C*(0, 00) N C°[0, o) in the
variable ¢t. Note that (ug(y), o(z +y)) is a test function in the variable
x for any distribution ug with bounded support. Therefore the distri-
bution v is a solution to the Cauchy problem for a homogeneous heat
equation with distributional initial data:

M—azAme(z,t)zo, t>0,
ot

Vo Ozu(](z) € D'(RY).
t—

41.6. Regular surface heat potential. Supposed that ug is a regular dis-
tribution defined by a bounded function

M = sup |up(x)] < 00
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In this case, the classical convolution

<%Lw*w@w=/au—ymawww

exists for ¢ > 0 because G(x,t) > 0 and

L/W@—%OWMMM%MUW/G@—%OJ@=A4<w

Since G(z — y,t) = 0 for t < 0, the classical convolution is locally
integrable in RV *1 by Fubini’s theorem (as it is bounded almost every-
where). The distributional convolution coincides with the classical one
whenever the latter exists and is given by a locally integrable function.
Therefore the surface heat potential reads

= 79@) e ‘14;%1‘52 U N
Vi) = G2 [ ) dy

It is known as the Poisson integral.
Let us investigate smoothness properties of Vj. First, note that
is bounded

|%wms/b@—%mmwww§M,t>a

Next, let us show that
Vo(z,t) € C(t > 0).
It is sufficient to show that
dpP CJz—yl? N _le—yl? N
% 2a2t uo d Y= / atp 2a2t uo(y) d Y

for any p > 0. For p = 1, the integrand in the right-hand side has an
integrable upper bound

2 2
‘ae“@gl uo(y)‘_%e mr , t>€e>0
By the theorem about differentiation of a function defined by an inte-
gral, the relation holds for p = 1. For p > 1, note that higher derivatives
of the exponential with respect to t are polynomials in |z — y|* with
coefficients proportional reciprocal powers of ¢t multiplied by the expo-
nential. Therefore a similar integrable bound exists for any derivative.
In order for Vj to be a classical solution to the homogeneous Cauchy
problem, it must have a continuous extension to the hyperplane t =
0. Let us show that this is the case if the initial data is given by a
continuous and bounded function:

ug € C°, M = sup |ug()| < 0.
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One has to show that

lim Vp(x,t) = uo(z), = €RY.
t—0t

One has for ¢t > 0
Vol ) = uo(e) = [ Gl i t)uoly) 4y  ua(a)
— [ 6.0 (uale + ) - wa(a)) ¥y
—wﬁwj/eﬂﬁ(wﬁx—za¢h)—udx»sz

where, first, the integration variable was shifted by x, then the property
that the integral of G(y,t) is equal to one for ¢ > 0 was used, and
finally the integration variable was scaled y = 2av/tz. When t — 0F
the integrand vanishes for any z and x by continuity of uy. On the
other hand, the integrand has an integrable upper bound independent
of z and t because

lug(z — 2aV/t2) — ()| < 2M

Therefore by the Lebesgue dominated convergence theorem

anMLo—%@gzo.

t—0+

and the surface heat potential is a classical solution
Vo € C®(t>0)NC"t>0)

to the homogeneous Cauchy problem for the heat equation.

41.7. Regular heat potential. Let h(x,t) = f(z,t) where the function
f(z,t) vanishes when ¢t < 0 and is bounded on Qr =RY x [0, T]:

flz,t) =0, t<0;  sup|f(z,t)] = Mo(T) < o0
Qr
The conditions imply that f(x,t) is locally integrable in R¥*1 and,

hence, defines a regular distribution. The classical convolution of G
and f exists by Fubini’s theorem because G(x,t) > 0 and

// (x —y,t —7)|f(y, 7)|dVydr < My(t) // (x—y,t —7)dydr

= Myt
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if t > 0 and vanishes if ¢ < 0, and it is locally integrable (as it is
bounded thanks to the above inequality). Therefore the heat potential
is given by

o—yl®_
Vix,t) // e 12 dydr
2a/7(t —T) 7Tt—7')

It follows that the heat potential is bounded because
|V (z,t)| < tMy(t), t>0.

This bounds also shows that the heat potential fulfills the initial con-
dition

tli%ﬂ+ V(z,t)=0.

In order for the heat potential to be a classical solution to the
Cauchy problem with the zero initial condition, it should be from twice
continuously differentiable for ¢ > 0. Let us show that if f is twice
continuously differentiable and all its partial derivatives are bounded
in QT,

f(z,t) € C*(t >0), sup|D*f(z,t)] =My (T) <o, a=01,2.
Qr

for any 1" > 0, then
V(z,t) € C*(t>0)NCHt >0).
In the integral representation of V', the integration variables are changed
y=x—2a\sz, T=t—s,
so that

t
Vz,t) = 7T_N/2/ /f(z — 2a\/s52,t — s) e " ANz ds
0

Partial derivatives of the integrand up to the second order are bounded
by an integrable function independent of x and ¢

’Daf(x — 2a\/s52,t — s) e | < M (T)e 1",

for all (z,t) € Qp. Therefore by the theorem about differentiation of
functions defined by an integral

M —N/2/f _ 9av/iz, 0+) e gV

—|-7T_N/2/ /%f(x—Qa\/gz,t—s) e aNz ds
oV (x,t)

-9 _ o) e lEP g
8 //8% r—2av/sz,t —s)e U dV zds
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It follows from this representation that V' € C(t > 0) owing to the
continuity of the first partials of f for ¢ > 0. The second partials
are computed similarly for ¢ > 0 and they are Continuous for t > 0

by continuity of f and its partials. Note that 2% contains a singular
1/2

at
factor ¢t~/ stemming from the differentiation of the first integral in

0V/ot. For this reason 2V does not have a continuous extension to

o2
_ 92V 2V
the hyperplane ¢t = 0, whereas the other second partials B0, and 910z

have continuous extensions to ¢t = 0. Thus, V € C%(t > 0)
It has been shown that the Cauchy problem for the heat equation
has a unique classical solution given by the sum of the heat potentials

u(z,t) = Vo(x,t) + V(x,t)

if the initial data ug is a continuous bounded function and the inho-
mogeneity [ is twice continuously differentiable function the half-space
t > 0 with bounded partial derivatives in Qr = RY x [0,T] for any
7> 0.

41.8. Well-posedness of the Cauchy problem for the heat equation. Con-
sider a class of distributions h(x,t) = ug(z) - 0(t) + f(z,t) where g is
a bounded function and f is bounded on Q7. It was shown that the
convolution G * h exists in this class and the regular distribution

u(z,t) = (G *h)(x,t) = Vo(x,t) + V(x,t)
Q(t) _\z*y\z
2a\/_ /6 = uo(y) Ty
- ‘z{t ‘27— N T
// (2a Wt—T))Ne e dtyd

is a solution to the generalized Cauchy problem. The solution is unique
in the said class of distributions. Let us show that the solution changes
continuously with initial data and inhomogeneity and, hence, the Cauchy
problem is well posed in this class of initial data and inhomogeneity.
Let u and @ be two solutions with the initial data u¢ and % and inho-
mogeneities f and f, respectively. Suppose that

luo() = @o(x)| < e, |f(w,t) = fla,t)] <er.
Then using the estimates of the heat potentials
u(z, t) — (e, t)| < [Vo(a,t) = Vola,t)| + [V (2, t) = V(z,t)|
<egp+Te;

for all (z,t) € Qp. So, small variations of initial data and inhomogene-
ity yield a small change in the solution. The problem is well-posed.
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42. The Schrodinder equation
Consider the following Cauchy problem

awgi 1) = —A(z,t) + f(z,t), t>0, zecRV
(U o Yo()

where ¥ (x, t) is a complex-value function that is assumed to be smooth
enough so that the problem is meaningful in the classical sense. It
is necessary that ¢ is from class C*(t > 0) N C°%t > 0), and the
inhomogeneity f must be continuous for ¢ > 0. In quantum mechanics,
a solution ¥ (x, t) is a probability amplitude for a particle in time ¢ > 0 if
the probability amplitude was 1g(x) at time ¢ = 0. The inhomogeneity
f(z,t) model effects of an environment in which the particle moves.
The problem is similar to the Cauchy problem for the heat equation
and can be solved in the same way. However, there is an additional
condition on solutions as well as on the initial data. In quantum me-
chanics, a solution is called a wave function of a quantum system (a
free particle in this case). Its physical significance is that the squared
absolute value |¢(x,t)|? defines a probability density, meaning that,
the probability P(t) to find a particle in a spatial region 2 at time ¢ is

equal to
/ Wz, t))?a

Clearly, if Q@ = R¥, then P(t) = 1 if the particle has no interaction
with environment, f 0, and P(t) < 1 for any Q even if f # 0.
This physical interpretation implies that any physical solution must be
square integrable

/wuwﬁﬂx<m

so that v¢(z,t) can be normalized to have a unit £ norm. So, in
contrast to the heat equation, solutions that are not from the space Lo
are rejected on the physical grounds. For this reason, here a different
and simpler approach is adopted, which is based on the Fourier method
and commonly used in quantum theory. It leads to the same result as
a general method discussed earlier.

42.1. Generalized Cauchy problem. Any square integrable function de-
fines a regular temperate distribution by the rule

<mw=/@@m@w%
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The integral exists because any test function ¢ € S is square integrable,
and the product of two square integrable function was shown to be
integrable (see the section about the space L3). A solution to the
Cauchy problem, if it exists, must be among distributional solutions to
the Schrodinger equation

P(z,t) € SRV,

that are continuous in the variable ¢ > 0. The latter is needed for the
initial condition that must hold in the distributional sense:

Jim (U(,0),90(2)) = Wop), G0 € SRY),

for any test function ¢ € S(RY). If the solution to this generalized
Cauchy problem exists and is unique, then a solution to the classical
problem exists and is unique.

For a consistency of the problem it is required that f € S'(RV+1).
By taking the Fourier transform of both sides of the Schrodinger equa-
tion in the variable x, one infers that

(i = W) Fulul(h 0) = FL (K0

which is a first-order linear differential equation in the space of temper-
ate distributions. Its general solution can be found by the substitution

Folt)(kt) = e ™ok, 1),  o(k,t) € S'(RNH)

so that ¢ satisfies the equation

d i|k|t
i< 0k, 1) = E [ f)(k,1)) .

It is worth noting that the exponential factor is a smooth temperate
function from Cyg. This method would not be justified for the heat
equation because et is not from Cs. Thus, a general solution reads

(k. 1) = —ie” W (go(k) + D E[f] (k1))

where ¢y € S'(RV) and D; ' denotes a distributional antiderivative
with respect to t. Recall that a distributional antiderivative is unique
up to an additive constant distribution. In the case considered, an
additive constant is a distribution ¢y independent of ¢.

Let a distribution h(x,t) € S’(R¥*1) be continuous in ¢. Then its
antiderivative H(z,t) = D;'h(x,t) is continuously differentiable in ¢.
Let us select a particular antiderivative that vanishes at ¢ = 0,

lim (H(:E,t),gp(:v)) —0, ¢eSRY).
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This particular antiderivative will be denoted by a definite integral
similarly to the classical antiderivative of a continuous function that
vanishes at t = 0,

H(x,t) = /0 t h(z,7)dr.

With this choice of the antiderivative, F,[¢](k,t) is continuous in t
and the initial condition F,[¢](x,t) — Flbo](k) in S'(RY) as t — 0F
implies that ¢g = iF[t)o] so that

Folt](k,t) = e Fag) (k) — ieH* / T EL 1 f) (K, 7) dr

0

Thus, the stated generalized Cauchy problem has a unique solution in
S’(RN+1) if the inhomogeneity f(z,t) a temperate distribution that is
continuous in the variable t > 0. The solution is given by the inverse
Fourier transform of the above distribution with respect to k.

To compute the inverse Fourier transform, define a distribution

Un(z,t) = F e Y (2, 1) € SRV
It follows from the Lebesgue dominated convergence theorem that
(f [Un],¢) = lim / / ZIRPE9 o (ke ) dN E di
e—0

for any test function ¢. So, in the distributional sense
F, [UN](/{? t) — lim e —i|k|? (t—ie) def 6—i|k|2(t—i0+)
e—0t

Owing to the continuity of the Fourier transform and using the Gauss-
ian integral computed earlier

Un(z,t) = lim F [—ilklz(t—iﬂ(z,t)

e—0t

= lim (27r)‘N/6—i|k|2(t—ie)—i(k,m) g
e—0T
I L ( |z ]? )
= lm ———exp| — =
0% (4 (e + it)] > A(e + it)
izz
em

)

N
2

Note that the singularity |Ux(z,t)| ~ t=™/2 is not locally integrable
if N # 1. Therefore a distributional extension (or regularization) is
needed at t = 0 if N > 2. The regularization is achieved by the
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above limiting process for the Fourier transform of Uy. For N = 1, no
regularization is needed, and

is a regular distribution.

Limit properties of Uy. Let £k € R and t > 0. Consider a temperate
distribution g¢;(x) in the variable z € R whose Fourier transform is
given by

Flo(@))(k) = e
Then by the Lebesgue dominated convergence theorem its distribu-
tional limit as ¢ — 07 reads

lim (Flgp(a)], ) = lim [ e (k) di = / (k) dk = (1,9)

t—0t t—0t
Owing to the continuity of the Fourier transform

tlﬁi%ﬂ+ g(x)=0(x) inD

Recall that convergence in S’ implies convergence in D’. Consider
F.[Un](k,t) as a temperate distribution from S'(RY) for any ¢ > 0.
Its action on a test function is given by the rule

(Fumht)o) = [ o) ¥k

. _ k|2 . . L2 L2 e, .
Since e~** can be viewed as the direct product e=*1t. kNt it is

concluded that
lim Uy(z,t) = 6(z1)---0(xn) = 6(z) in D'(RY).

t—0t

..6

Solution to the generalized Cauchy problem. Let f(z,t) be a temperate
distribution. Then the product F,[Un](k,t)F.[f](k,t) is also a tem-
perate distribution and its inverse Fourier transform in the variable
k exists in S'(RN*1). By analogy with the Fourier transform of the
convolution of two distribution one of which has a bounded support,
define a convolution in the variable z

Un(a,t) % [, 1) = F [ FUN (6, O FLS (. 0)] (2, 1)
— fk—l |:6_i|k|2tfm [f](k‘, t):| ([L’, t) c S/(RN—H) ‘

This definition of the convolution of two distributions with respect
to one variable makes sense only if the Fourier transform of one of
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the distributions in that variable is a smooth temperate function of
two variables so that the product of Fourier transforms is a temperate
distribution of two variables.

Suppose that f is a regular temperate distribution such that the
function f(z,t) is Lebesgue integrable in x for any t. Then the convo-
lution is a regular distribution and has the following integral represen-
tation:

Un(z,t) % f(a,t) = F.! [e—ilklzta[ f](k,t)}

—i|k|? (t—307F) —i(k,x) i(k,y) N d"k
= | € ’ eV f(y,t)d ?/W

ANk
/ / —ilk[2(t—i0T)—i(k,z—y) @ fly.t)d"y

_ / Un(z — y,1)f(y,1) dy

where the order of integration was reversed by Fubini’s theorem (owing
to the regularization of the integral with respect to k).
Define the conjugate distribution

Ul (z,t) = Un(z, —t) = Un(z, 1)

Then
FolUN)(k, ) = /M0

The conjugate distribution U]TV has a convolution with any temperate
distribution in the variable x, just like Uy:

Ul (z,8) % fz,t) = F,) [fm[U]TV](k:,t)fm[ f](k,t)} (z,1)
— fk—l |:€Z|k|2tfm[f](k‘, t):| (ZL’, t) c S/(RN—H) ‘

Using the distribution Uy and its conjugate U]TV, the solution to the
generalized Cauchy problem can be written as a convolution

W(x,t) = Un(x,t) * ho(x) — iUn (2, 1) */0 U]TV(:E,T) « f(x,7)dr,

where all convolutions are taken with respect to x. It satisfies the the
initial condition is the distributional sense in S'(R¥Y) thanks to the
limit properties of Uy and by the definition of the antiderivative with
respect to t denoted by the definite integral.
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42.2. Evolution operator. The distributions Uy and U]TV can be viewed
as temperate distributions in the variable = for any given real ¢t. Then

FIUN(k, 1) FUN] (. t2) = e 42 = F[UN] (K, 1 + t2)

Since the convolution of Uy with any temperate distribution exists in
the variable z, it is concluded that

Un(z,t1) * Un(z,t2) = Uy (x,t1 + o)

and similarly

Un(z,ty) « Ul (z,ts) = Un(,t1 — to) = Ul (,ty — t1)
In particular

Un(z,t) % Ul (2,t) = 6(z)

Consider an operator on the space of temperate distributions
Unx(t) : S'(RY) — S'(RY)
defined by the rule

Un(t)e(x) = Un(a,t) x (), ¢ € S'(RY)

It is called the evolution operator for a quantum free particle. It has
the property that

UN(tl)UN(t2) = UN(tl + t9)

The evolution operator is invertible. The inverse is given by

A~

Uy ()i (x) = U (2, 1) * ()

The evolution operator is continuous in parameter ¢, that is,

lim Uy () % (z) = Un(to) x ¥(z), o e S'(RY)

t—to

where the limit is understood in the distributional sense. If v is inte-
grable, then

~

O (£ (x) = / U(z — g, ) (y) &y

and the distribution Uy (z — y, t) is called the evolution operator kernel
in quantum mechanics (by analogy with kernels of integral operators).
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42.3. Causal Green’s function. Consider the causal Green’s function for
the Schrodinger operator:

(z%+A )GN(:E,t) —5(t)-8(z), Gnl(z,t)=0, ¢<0

Then it follows from the Fourier method that

) ZIE 2
L s e
[dri(t — i07)) 3

So, the method used for solving the transfer and heat equation would
lead to the same answer as the above Fourier method (under a sim-
plifying condition that a solution must be a temperate distribution
which in turn was a consequence of the physical condition that any
classical solution must have a finite £, norm). The convolution of G
exists with any distribution h(z,t) such that h(z,t) = 0 for t < 0
and supph C Bpg X [0,00). Its calculation is similar to the case of
the heat equation. The Fourier method reveals a special feature of the
Schrédinger problem. The convolution exists for any temperate distri-
bution h(z,t) that vanishes in the half-space t < 0. It is essential for
quantum theory in which the space Ly plays a central role.

Gy(w,t) = —i0(t)Un(z,t) =

42.4. Regular solutions. Let ¢o(z) € £ and f(z,t) is also integrable in
x and f € C°(t > 0). By the established properties of the convolution
of Uy with regular distribution in the variable z, the solution to the
generalized Cauchy problem has the following integral representation

vlait) = [ Unle — y,thnlo) ¢y
—z'/o /UN(:E—y,t—T)f(y,T)dNydT

where it was used that the antiderivative D;! commutes with taking
the convolution with respect to 2 and Uy (t)U} (1) = Un(t — 7). For
any t > 0

1 iz —y|?
= It dN

_ilz—y2

/ [ = e dyd
—i ~ J\Y, T yar
[Ami(t — T —i07)]=z

Using this integral representation, one can find sufficient conditions on
smoothness of the initial data and inhomogeneity under which ¥ (x, t) is
a classical solution. For example, if 1)y € S then ¢(z,t) € S forallt > 0
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and 1 (z,t) converges to ¢o(z) uniformly as ¢ — 07 (see Exercises).
However, for quantum mechanical applications, it is sufficient to show
that the problem has a square integrable solution if the initial data
and inhomogeneity are square integrable, and the solution is unique.
To show this, some additional properties of the Fourier transform are
needed.

Plancherel’s theorem. The classical Fourier transform exists for any
Lebesgue integrable function. However, not every Lebesgue integrable
function is square integrable. For example, if f(z) ~ 27"/ near z = 0,
then f is integrable if it has a bounded support, but |f(z)|* ~ ||~}
which is not an integrable singularity. So, f is not square integrable.
Conversely, not every square integrable function is integrable. For ex-
ample, if f is continuous and |f(z)|* ~ |z|™2 as |z| — oo, then f is
square integrable, but |f(z)| ~ |z|™' and f is not integrable. So, a
classical solution to the Schrodinger equation must be from class

’w(l’,t) e LNLs

for any t in order to have the probabilistic interpretation as required
by physics. The following theorem holds

THEOREM 42.1. (Plancherel)
If v € LN Ly, then its Fourier transform is square integrable, and

Flv) € Lo, / FRI(k) P ¥k = (2m) / (@) Ve

It is worth noting that the factor (27)™" can be eliminated if the
Fourier transform is defined with an extra factor (2r)~"/2. With this
definition, the relation between JF and its inverse F ! does not contain
the factor (27)~", and the Fourier transform of 1 has the same L,

norm, ||z = || F[¢]]|2-

Remark. Since the subspace LN L is dense in Lo (recall that a smaller
subspace D is dense in L), one can show that there exists a unique
extension of the Fourier transform from £ N £, to the whole £, that
preserve the £y norm. If {1} is a sequence in £ N Ly that converges
to ¢ € Lo, that is, ||t — ]2 — 0 as n — oo, then F[¢] is defined
as the limit of the sequence F|t),]. One can show that the limit exists
and is unique in £, and has the same norm as . This extension, often
called Plancherel’s transform, will be discussed later in the framework
of the operator theory.

Let us now show that the solution to the Schrodinger equation is
square integrable in z for any t > 0.
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Probability conservation. Let f = 0 in the Schrodinger equation. For
any v (x,t), the symbol ||[¢(t)||2 denotes the £5 norm with respect to
x for any t. Then the time evolution of a quantum particle is unitary,
meaning that, it preserve probability:

()2 = / (P de = @m)Y / Full (k. D dVE

(2m) /|e_l|k|2tf 1K) dVk = (2n) /|f (k) dVk

- / (@) dVa = [l

Note that one can always normalize the initial data so that ||¢y]]2 = 1.
Then the above relation means that a free particle cannot disappear
in due course of evolution (the probability to find the particle in the
whole space is always equal to 1).

Initial condition. Let us show that the initial condition is fulfilled in
the L5 norm, that is,

lim [l0(6) = doll2 = 0
Indeed, by Plancherel’s theorem

[ (t) = olla = @) ([ Fultr () — wolll2 = 2m) N [[ (e — 1) Flapo]l2
Since for any 1y € Lo

(e — 1) Fly) (k)| < 4F ol (k)2 € £

the assertion follows from the Lebesgue dominated convergence theo-
rem. The initial condition is fulfilled almost everywhere,

Jim o (2, t) =o(z) ae.,

which is consistent with the physical interpretation of the theory (al-
terations of a wave function on sets of measure zero do not change the
probability to find a particle in a particular region of space).

Including an inhomogeneity. Put ¢ = 0 and let f(z,t) € C°(t > 0)
and f(x,t) be square integrable in = for any ¢ > 0. Let us show that
the corresponding solution to the Cauchy problem v (x,t) is square
integrable in x for ant ¢ > 0 and satisfies the zero initial condition
almost everywhere. Recall the Schwartz inequality in £,

| [o@o@ as| < [l
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which holds for any complex square integrable functions ¢ and . It
follows from this inequality for any continuous complex h(z,t) which
is square integrable in x for any t > 0, that

H/Ot :l?TdT /// 7, ) h(z, ') dr dr' dz
= /0 /0 / h(z, T)h(z, 7)) d"x dr dr’
< [ [ el o
= ([ Ihieear)’

The order of integration is changed by Fubini’s theorem because

_ 1 1
[h(z, Az, )] < 5lh(z, 7)1 + Slh(e, 7).

This inequality shows that the product is a Lebesgue integrable func-
tion of z, 7, and 7 in RY x (0,7) x (0,T) for any T > 0 owing to the
continuity and square integrability of h. Then by Plancherel’s theorem

9013 = )N IE I = <2w>NH | et |

2 ([ 1R ar) = ([ 156 1aar) < o

because f € CO(t > 0) and ||f(t)||2 < oo for all £ > 0. Furthermore,
this equation also 1mphes that || (t)]|]2 — 0 as t — 0T or

li £)=0 a.e.
Jim ¢(z,¢) =0 a.e

Since the sum of two square integrable functions is square integrable
(recall that £, is a a linear space), the solution to the Cauchy problem
is square integrable for any ¢ > 0 and satisfies the initial condition
almost everywhere if ¢y € Lo and f(x,t) € C°(t > 0) and is square
integrable in x for any ¢t > 0. It remains to check if the Cauchy problem
is well posed.

Well-posedness of the Cauchy problem. In quantum physics, two wave
functions are different only if the Lo distance between them is not
zero. So, the well-posedness of the Cauchy problem will be verified in
the same sense. Consider two initial data and inhomogeneities such
that

1Yo — oll2 <o, |If(E) = ft)]2<er, t>0.
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Let 9 (x,t) and 1/7(:B,~t) be the classical solutions corresponding to the
initial data 19 and 1y, respectively, and f = f = 0. Then by unitarity
of the time evolution

l9(t) — P (t)]l2 = |Un (£) (0 — o) |2 = o0 — toll2 < 2o
Let 9 (x,t) and ’l/:(l’,t) be the solutions corresponding to the inhomo-
geneities f(z,t) and f(z,t), respectively, and 1o = 1o = 0. Replacing

f by f — f in the equations for |[¢/(t)||2 in the previous section, one
infers that

lo(t) — d(t)]]2 = / V() — F(r)ladr < et

Since the solution is the sum of the considered two solutions, by the
triangle inequality in Lo,

[ (t) — d(t)||2 < €0 + et

Thus, the Cauchy problem for the Schrodinger equation is well posed
in the sense required by a probabilistic physical interpretation.

42.5. Exercises.

1. The function ¢“@¥* where a # 0 and Ima < 0 is a regular tem-
perate distribution of y € RY. For any test function ¢, put

o) = (1, oo+ ) = [ (o + )
(i) Show that ¢ € C and
Do) = [ ey avy
(ii) Use the identity

zeia|y—m|2 _ <y . 2_ \V/ ) ialy—z|?
1a
and integration by parts to show that

. 2 1 ﬁ
8 o — ia|ly—z| Ie% N
P Do¢() /e (y+ - v) Do(y) dVy

and that

2P D*p()] < M < o0
holds for any 3 > 0 and any z € RV,
(iii) Show that ¢ is a test function

¢ € S(RY)
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(iv) Show that for any temperate distribution ¢y(x), the convolution
¥(z,t) = iGn(x,t) * (6(t) - Yo(z)) exists in D(RY*) and

(1), (@) = i (Gl ), (Vo) pla+4,1)) )
for any test function ¢(x,t) € D.
(v) If ¢y € L4, show that
1 ilz—y|?
xr,t) = ~ [ e = Ny, t>0
vt = e [ F
and if Yy € S, then ¥(x,t) € S and (x,t) — o(z) in S as t — 0F.
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43. Cauchy problem for a wave equation

Consider the Cauchy problem for an equation that is second-order
in the evoloution variable t:

0?u du N
w+27E+L(D)u:f(x,t), t>0, z€eR
w| = lim w(x,t) = ug(z), z€RY,

t=0  t—0t

Jul ‘i Ou(x,t)
Ot li=0  t—0+ Ot
u€C*t>0)NCt>0,
Let u(x,t) be a solution. Define regular distributions from D'(RV*1)
by

=wu(z), xRV,

v(z,t) = 0()u(z,t), g(z,t)=0()f(z,1)
The distribution v(z) is a smooth function that has a jump disconti-
nuity in the variable ¢. Using the relation between the distributional
and classical derivatives, one infers that

ov ou
00— o) -3(0) + (1) 2
0%v 0%u

Similarly, any solution to the second problem is a distributional
solution in D'(t > 0):
0% v

iz + 27@ + L(D)v = g(x,t) + (u1(x) + 2yup(x)) - 6(t) +ug(x) - '(¢) .

If E(z,t) € D'(t > 0) is a fundamental solution for the operator in the
problem, then a solution to the distributional problem is given by

(1) = (€« 9)(w, 1) + £, 1) (1 () + 2y00(2) + o w o)

where the two latter convolutions are taken in the variable x.
Suppose that the distributions in the right-hand side of the dis-
tributional equation are from the subset of distributions in D(t > 0)
whose elements have the convolution with £. Then the distributional
solution exists and is unique in this class. This implies that the cor-
responding classical Cauchy problem also has a unique solution if the
initial data ug and u; and the inhomogeneity f are sufficiently smooth.
One the convolutions are calculated, one has to verify that the obtained
regular distribution v(x,t) is has sufficiently many continuous partial



532 5. APPLICATIONS TO PDES

derivatives. This task depends on L(D) and, hence, should be studied
for each specific L(D).

43.1. Generalized Cauchy problem. A generalized Cauchy problem is to
find a distribution u(z,t) € D’ that satisfies the corresponding classical
equation,

% + L(D)u(x,t) = h(x,1)
or )
0“u ou
such that

u(z,t)=0, t<0, zeRY

where the inhomogeneity h(z,t) € D' is a distribution that also van-
ishes in the half-space

h(z,t)=0, t<0, zecRV.

If G(x,t) is a fundamental solution for the operator in question such
that

G(z,t)=0, t<0, zeRY
and the convolution G * h exists, then
u(z,t) = (G * h)(x,1)

Indeed, for any test function ¢(x,t) whose support lies in the negative
half-space, t < 0, and 7, (z,y,t,7) is a unit sequence in R?V*2 then

wn($> y? t? T) = 77(t)77(7')77n(37> y> t> T)QO(I _I— y> t _I— T) = 0

where n(t) € C*, n(t) = 1 if t > —a for some a > 0 and 7(t) = 0 if
t < 2a. This implies, by the definition of convolution, that

(u0) = (G hyg) = lim (Gla,) - h(y, 7). Yale,y,8,7)) =0

or that the distribution u vanishes in the negative half-space t < 0.
It follows from the differentiation properties of the convolution that
u is a solution to the generalized Cauchy problem. This solution is
unique in the class of distributions Dy, for which the convolution with
G exists. Using this fact one can investigate conditions on h(x,t) under
which a solution to the classical Cauchy problem exists and is unique.
Moreover, by calculating the convolution G * h an explicit form of the
classical Cauchy problem can be found.

A fundamental solution that vanishes in the negative half-space will
be called a causal Green’s function.
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43.2. Causal Green’s function for a wave operator. Let us try to find
a causal Green function, denoted by G, for a wave operator in the
space of temperate distributions. Let us take the Fourier transform
with respect to x of both sides of the equation

9*Gn
ot?

— PAGn(z,t) = () - 6(t)
One infers that

d2
(@ + czlklz)fm[GN](k,w =0(t), FulGn](k,t)=0, t<0
A solution to this problem exists in the algebra D', for every k € RY
and has the form

sin(c|k|t
FolGx) (k1) = o 22D

clk|
This is a smooth temperate function in k£ for any ¢t > 0 and, hence, it is
a regular temperate distribution. Therefore, the causal Green function
for a wave operator is also a temperate distribution that is given by

o(t) __, rsin(c|k[t) o(t)

Gto) = Mg [P - O sin(c|k[t)

7 %] [0

Case N = 3. Recall the Fourier transform of the spherical delta func-
tion in R3:

Ads @) = ara =t = ] ) = )
Therefore
G, 1) = ), () = 0L (22— )

Its value on any test function is given by

1 1
Co)=a | 1) e ndsi

Note that a test function is bounded, and hence the integral over the
sphere is proportional to t? (the sphere radius) so that the integrand is
not singular at ¢t = 0.
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Cases N = 1 and N = 2. If one recalls the Fourier transform of a
window function 6(a — |z|) where x € R and a > 0, then it is easy to
infer that

1
Gi(w,t) = o 0(ct —[a])

The case N = 2 requires the actual computation of the distributional
Fourier transform. It leads to

Gl 1) = 1 O(ct —|x|)

2re /o242 — |[L’|2

43.3. Convolution of distributions with support in a light cone. There
exists a higher dimensional generalization of Theorem 31.2 which is
essential for solving wave equations.

Let z € RY and t € R. The open set in RV*!

It et —|z|>0

where ¢ > 0 is called the future light cone. Supports of fundamental
solutions to the wave operator lie in the closure I'* of the future light
cone.

THEOREM 43.1. Let f and g be distributions from D'(RN*1) such
that o
flz,t)=0, t<O0, suppg C I't
Then their convolution exists and can be computed by the rule

(88.1) (f29,0) = (F(2,0)-9(s, 7). OO~y Pl +y, 147))

where 1 is a C* function such that n(t) =1 if t > —§ for some § > 0
and n(t) = 0 if t < —a for some a > 0. The convolution has the
following properties:

(f*+g)(z,t) =0, t<0;

f * g is continuous with respect to f and g, that is, for any sequence
fo— f inD" such that fn(x,t) =0 1int <0,

faxg— fxg mD',  suppgCT+
and for any sequence g, — g in D' such that supp g, C I'+,
fxg,— f*g inD, flz,t)=0, t<0.

Let us first prove the rule (43.1). Let n(t) be a C* function such
that n(t) = 1if t > —a and n(t) = 0 if ¢ < —b for some b > a > 0. For
any test function (¢, z), the function of four variables

?/)(51% Y, t> T) = U(t)U(T)U(027'2 - yz)gp(t +7,%+ y)
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is a test function. Indeed, it is smooth because it is the product of
smooth functions. If the support of ¢ lies in a ball of radius R, then

ot+7mx+y) =0, [t+7|>R
Since the support of ¥ liesin t > —b and 7 > —b,
Ut m2,y) =0, (t,7) ¢ [-b, R] x [-b, ]

for all z and y. If the range of 7 is bounded, the range of y is also
bounded in the support of 1 because n(c*7? —y?) = 0 if 272 —y? < —b,
that is, ¥(t, 7, xz,y) = 0 if |y| > A > 0 for all for any values of the other
variables. Finally, note that

ot+1,2+y)=0, |r+yl >R

This implies that ¢ vanishes for all |z| > R + A. Thus, the support of
1 is bounded, and it is a test function in R*V+2,
By the hypothesis about supports of distributions f and g,

ftz)=n@)f(t,z),  g(r,y) =nT)n(Er* —y*)gn.y).

Fix a unit sequence 7, (t, 7, x,y). Then

(95 £.9) = lim (£0), (9(r0)mlt, 72,00t + 70+ 9) ) )

n—oo

— lim (f(:v,t), (9(7, y),nn(t,wf,y)w(t,T,:L“,y)))

- (f(g;,t), <9(7> y),w(t»“’f’y))) '

The limit exists because ¥ has a bounded support and 7, = 1 in the
support of ¢ for all large enough n. The rule (43.1) is established. A
proof of continuity of the convolution is the same as for Theorem 31.1.

43.3.1. d’Alembert’s formula for a solution to a 2D wave equation. A dis-
tributional solution to a 2D wave equation can be obtained by the rule
(43.1) where g = £. Using the explicit form of £, one infers from the
rule (43.1) that

oy, 7) = <5(t>$)>¢(7',t,y,£v))Z%?/Om/cgo(t—l—f,:c—l—y)dzdt

oo y—c(T—t)

:%)/ / ot x) de di

T yte(T—t)
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Suppose that f is a regular distribution defined by a locally integrable
function f(t,z), f(t,x) = 0if t < 0. Then

OOOOOOZ/C(Tt

(Exfip)=(f,0 =5, /:/y/ (/ y)(t, @) da dt dy dr

—00 T y+e(r—t)

The iterated integral converges absolutely. Therefore by Fubini’s theo-
rem the order of integrations can be interchanged. To find an explicit
form of u = &£ * f, the integrations with respect to = and ¢ should be
carried out after the integrations with respect to y and 7. First the
order of integrals with respect to y and t is swapped, then with respect
to 7 and t, followed by swapping the y and x integrations, and finally
by the x and 7 integrations. Put & = ¢(7 — t). Then the new integra-
tion limits are obtained from the shape of the integration region in the
corresponding plane spanned by the two variables:

0o oo oo y—=¢§ 0o 00 00 Y—§

//// - dx dtdy dr //// ~drdydtdr
0 —oo 7 y+¢ T —ooy+¢
//// sdxdydrdt = //// ~dy dx dr dt

0 —coy+s 0 —oox+g

oo oo t x—€

:////W@MMﬁ

0 —oco 0 z+€
Thus, the function
ate(t—1)
u(t,z) = (Ex f)(t,z) =0(t //mc(tT y,T)dydr
is a distributional solution to the wave equation
Oeu(t,z) = f(t,x), t>0.

If f is from class C(t > 0)NCO(t > 0), then u(t, x) is twice continuously
differentiable for ¢ > 0 and satisfies the initial conditions

ul = lim u(t,x) =0,
t=0  t—0+
Dyu| = lim Dywu(t,z) =0.
t=0  t—0*
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Thus, it is a classical solution to the wave equation and its integral
form is known as d’Alembert’s formula. A verification of these initial
conditions is left to the reader as an exercise.

A physical significance of this solution is that an elastic string was
at rest at ¢ < 0. Then a force f(t,x) is applied at ¢ > 0. The solution
represents forced vibrations of the string under the force f. If the force
acts only during a finite interval of time f(¢t,z) =0, 0 <t < T, then
for t > T, the integration in time in d’Alembert’s formula is limited to
a fixed interval [0, 7] so that u(t,z) becomes a superposition of waves
propagating in the opposite directions with speed c.

It will be shown in the next chapter that the initial conditions can
also be distributions, and the Cauchy problem for the wave equation
in any number of dimensions can be solved in the distributional sense.

43.4. Wave potentials. As one can see, the causal Green function of a
wave operator has support in the future light cone T where ct > x| >
0. By evaluating the inverse Fourier transform of F,|G,] one can show
that this holds in any dimension N. Therefore the generalized Cauchy
problem has a solution

u(x,t) = (Gy * h)(z,t)

for any distribution h(x,t) with support in the positive half-space, t >
0, and the solution is unique (the homogeneous equation has only the
trivial solution in the set of distributions vanishing in the negative
half-space, t < 0).

Let g(x,t) € D'(RN*!) be a distribution with support in I't and
u(xr) € D'(RY). Then it follows from the theorem about the convo-
lution of distribution with supports in I't and in ¢ > 0 and from the
commutativity and associativity of the direct product that

g* (u(x)-5(t)) = g(z,t) *u(z) € D' (RN

where the distribution in the right-hand side is defined by the rule

(96e.8) v (@), o(e.8)) = (9(a,t) - uly)n(ee = o)l +y.1))
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Indeed, for any test function ¢(z,t) € D one has by associativity of
the direct product

(9% (u(@)-6()). (1))

g(a.1) - (uly) - 5T n(OmEn(E = 2ol +y,t+ 7))
(9a,t) - u(y)) - 3() (O — 2P )pla+y.t + 7))
g(a.1) - uly) nOn( = ooz +.1)))

9@, ) u(y) n(c = |o)p(e +.1)))

I I I
T N7 N7 N - N

because 1(t)g(x,t) = g(x,t) as n(t) = 1 in the support of g. By
differentiating the convolution p times with respect to t , one also infers
that

g+ (u(a) - 30(1)) = LUE

A solution to the generalized Cauchy problem for a wave equation
can written as

w(z,t) = Vi (z,t) + V(@ t) + ViV (2, 1)
where the distributions

Vn(z,t) = (Gn * f)(z,t), f(z,t)=0, t<0,
Vi (@,t) = Gy * (ui(2) - 6(t)) = Gu(2,) % ua (),
_ 8GN(:v,t)

(1) _ /
ViP(e 1) = G = (o) - (1)) = 2O

_ 9
Ot

* Uy ()

Gn(z,t) * up(z)],

are called the wave potential and surface wave potentials with densities
f, uy, and ug, respectively.

Properties of the wave potential. Suppose that f(z,t) and ugi(z) are
regular distributions. Then an integral representation for the wave
potential in the dimensions N < 3 can be deduced by calculating the
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convolution:
Vi(z,t) = / / T)dydr,
2c
ly—z|<c(t—T)
APy d
Va(z,t / / 1)y dr ;
27rc \/02 t—T — |z —yl?
ly—z|<c(t—T)
f e yl) 3
Vs(z,t) < -
(1) 4%62 / I:v —y T
ly—z|<ct

In all integrals, the integration region is a part of the past light cone
with vertex at (z,1):

To(z,t) = {(y,7) eRV|P(t —7)" = [y —2[* >0, 0< 7 <t}

In particular, the wave potential V3(x,t) is determined by the source
values f(y, 7) at all points y in the ball |[y—z| < ¢t and taken at retarded
time moments 7 =t — |y — z|/c where |y — z|/c is the time needed for
any perturbation at a point y to reach point z. In other words, V(x,t)
depends only on the values of f(y,7) on the conic boundary C (x,t) of
T—o(x,t). For this reason, the wave potential V3 is also called a retarded
wave potential, and the Green’s function (G5 is also called a retarded
Green’s function.

Let us prove the integral representation for V5. By the theorem
about a convolution of distributions with supports in I't and in the
half-space ¢ > 0, one has for any test function ¢ € D

(Vé,g@) = (Gs*ﬁ%@)
(Gte:7 o Onto 7 = ot 9. :4.)

- 2/ ///fg;t (¢ + 2, +7) PrdtdS.dr
TTC

|z|=cT

where 7(s) is a C* function such that n(s) = 1if s > —a and n(s) =0
if s < —b for some 0 < a < b. First, note that owing to a bounded
support of a test function, integrand is not zero only if |t + 7| < R for
some R. Since t and 7 are non-negative, the integrand is not zero only
for a finite range [0, R] of both ¢ and 7. This implies that the range of
y is bounded in R?, |y| < ¢R. Owing to a bounded support of ¢, the
integrand is not zero only if |x + y| < R, which implies that  must
range of a bounded region when the integrand is not zero. Therefore,
the integrand is an integrable function of four variables z, y, ¢, and 7,
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and Fubini’s theorem applies to change the order of integration in any
variables. Let us first shift the variable x by z and ¢ by 7 (at given z
and 7) and then change the order of integration:

(V3,0) = 4mz/ / //f$—y,t—7‘) (z,t) dzdtdS.dr

|z|=cT T

:4m2// (2. 1) / / Mo =2027) 45 dr bt

|z|=ct

Define a variable y € R?® such that in spherical coordinates dy =
r?dSdr where dS is the measure on the unit sphere |y| = 1. Setting
r = cT, so that

dS,dr = (c7)*dSdr = %rzder = %d?’y, r=lyl <ct

the integrals over 7 and the sphere are converted into the integral over
a ball:

f l’-’y, |y|)
(Va,0) = 47‘(‘62// (x,t) / Py d®z dt

lyl<ct

fly )
— 4%02// (x,t) / |x—y| Py dPz dt

ly|<ct

which completes the proof.
As note before, the wave potentials are unique classical solutions
to the corresponding wave equations with zero initial conditions if the

inhomogeneity f is sufficiently smooth. The following theorem can be
established

THEOREM 43.2. (Classical wave potential)
If f € C*(t > 0) when N = 2,3 and f € C'(t > 0) when N = 1,
then the wave potential Vi is from class C*(t > 0) and satisfies the
following conditions

~
no

[Vn(z,8)] < 5 max [f(y,7)[, N=1,2

Ty (x,t)

T N

5 @ax |.f(y>7-)| ’
Cy (,t)
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and the initial conditions
B A%N:

Nz — ot
The proof is limited to the case N = 3. The cases N = 1,2 can be
proved in a similar manner. Put y = z 4 ctz. Then
12 x+ctz,t(l— |z
oy - B[ fardzi = |2

4 |z|<1 |Z|

t=0

3z

Since f € C?*(t > 0), f and its partial derivatives up to order 2 are
bounded on any bounded region. The singularity of the integrand at
z = 0 is integrable. Therefore V3 € C?(t > 0) by the theorem about
differentiation of functions defined by an integral. Put

M = max |f(z + ctz,t(1 — |z]))| = max |f(y,7)]|
|z[<1 Cy (z,t)

o (@t
The upper bound also follows from the above representation:

t*M a3 t*M
Va(z,t) < —— as_
4m |z|<1 |Z| 2

Properties of the surface potentials. For every t > 0, Gy (z,t) is a dis-
tribution from D'(RY). Let us investigate the limit properties of Gy
in D'(RY) and its partial derivatives with respect to t as ¢ — 0. The
following relations can be established

2
lim Gu(z,8) =0, Tim 29880 sy iy LGN

=0
t—0+ t—0+ ot t—0+ ot?

where the limits are understood in the distributional sense in D'(RY).
Consider the case N = 3. The other dimensions can be treated in
a similar way. For any ¢(z) € D'(R?), one has

(Gg(x,t),go(x)) — ﬁfgt /| |:t¢(g;) ds, = % /| |:1g0(ctz) ds.
= A0,

where the function

h(t) = /| _ oletz)ds.

is from class C*. Indeed, | £ o(ctz)] = c|(z, V)Pp)| < ¢|DP¢| on the
sphere |z| = 1. Since all partials DP¢ are bounded, h(t) € C* by
the theorem about differentiation of a function defined by an integral.
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Since h is even, h(—t) = h(t), all its odd derivatives vanish at ¢t = 0,
that is, A'(0) = A”(0) = 0, etc. It is concluded that

lim (Gg(at,t),gp(at)) ~0

t—0+

for any test function. Similarly, for £ > 0

) 0G3(x,t) . dth(t) h(0) B
tlir(% ( ot ’SD(:E)) N tlir(% dt 4m  4m #(0) = (0,%)
Finally,
. (0*G3(x,t) . AP th(t) . /R(t)  th'(t)
tl—1>r(?+ ( ot? ’SO(:E)) N tl—1>r(?+ dt? Am tl—1>r(?+ ( 2 + 4 ) =0

For every ¢t > 0, the support of Gx(z,t) (as a distribution in
D'(RY)) is in the ball |z| < ct. Therefore for all 0 < ¢t < T, the
supports of G (z,t) are in one ball |z| < ¢T'. Owing to the theorem
about continuity of the convolution of distributions one of which has a
bounded support, it is concluded that

lim V]\(,O)(x,t) = lim Gn(z,t)*xui(z) =0,

t—0+ t—0+
lim % = Jim 2D 0 = ) (0) = ),
tim Vi, 1) = lim P ) = (5 wg) () = (o).
gy P iy PO i <o

Thus, the surface wave potentials are distributional solutions in the
spatial variable x to the homogeneous wave equation

(DCV(O’I)(x,t), gp(z)) =0, ¢cDRY)

that satisty distributional initial conditions for any choice of ug; €
D'(RY).
For example, consider the generalized initial value problem

Oeu(z,t) =0, wu(x,t)=0, t<O0

ou
Y =0 T Ot li=o (z)

Its solution is unique and given by the surface potential

u(z,t) = VI = Gu(z,t) % 0(z) = Gy (. 1)
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Let N = 3. Then the wave equation can be used to describe sound
waves where u(z, t) is a deviation of the pressure from a constant back-
ground pressure (e.g., atmospheric pressure) at a point x and time
t > 0. An explosion at x = 0 creates an instant change of the pres-
sure at © = 0 with respect to time, modeled here by §(x). The sound
wave created by a point explosion is a spherical wave propagating out-
ward from x = 0 with the speed ¢ and whose amplitude is decreasing
inversely proportional to the distance traveled:

In reality, an explosion cannot occur in a point. So, a classical (smooth)
solution can be obtained by a regularization of d(x), e.g., by a hat
function w,(x). In this case, the solution

1
nie.t)= g [ s,

has a support in a spherical layer of width 2a with the central sphere
of radius ct. The solution is from C*(t > 0). Clearly, u,(z,t) —
u(x,t) in D'(RY) as a — 0F. So, characteristic physical properties of
the distributional and physical solutions are similar, even though the
former does not have values (it is a singular distribution).

Let ug and uy be regular distributions defined by locally integrable
functions. By evaluating the convolution, one infers that

o(t
V0w =50 [ wwa
y—z|<ct
VO (3. 1) = o(t) / u(y) d*y
2 ’ 27c ly—z|<ct \/02t2 — |'y — l’|2 ’
o(t
%(0)(55,0 = 47r(cgt/| | tul(y) ds, .
Yy—x|=c

The surface potential V]\(,O) is obtained by replacing u; (y) by uo(y) with
the subsequent differentiation of the right-hand sides with respect to
t in the distributional sense. The following theorem establishes condi-
tions on g ; under which the surface potentials are classical solutions.

THEOREM 43.3. (Classical surface wave potentials)
Ifug € C3 and uy € C* when N = 2,3, and ug € C? and v, € C' when
N =1, the surface wave potentials are from class C*(t > 0), satisfy
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the homogeneous wave equation in t > 0 and the initial conditions

(0)
. 0) . . 8VN (ZL’, t)
t1—1>r(?+ Va'(@: 1) =0, t1—1>r(?+ ot

oV (z,t)
. 1 . )
i Vie,t) = wole), - Jim =5

= u1($)>
=0.

Let us prove the result for V})(O). It is convenient to rewrite it in the
following form by shifting and scaling the integration variable so that
fort >0

(0) 1 _ 1
Vs (o) = dmct /|Z/—:E|:ct u() 45, dmc?t /|y|=ct u(@ty) 45y
t
= 0 - uy(x 4 ctz)dS,

If u; € C?, then it is bounded on any bounded set, and by the Lebesgue
dominated convergence theorem, V})(O) (x,t) — 0 as t — 0". Further-
more, its partial derivatives Du; and D?u; are also bounded on any
bounded set. Therefore by the theorem about differentiation of a func-
tion defined by an integral, v € C*(t > 0) and

Dng;}(o) = i D%y (x + ctz)dS,, a=1,2,
47T |z]=1
(0)
1
M _ L / uy(z + ctz) dS. + a (z, Vo ui(x + ctz) dS, ,
at 47T T |2|=1
|z|=1
82‘/3(0) c
o2 - % (Z> Vm)ul(l' + CtZ) dSZ
|z|=1
c?t?
+E (2, V) ?ui(z + ctz) dS.,
|z|=1

By the Lebesgue dominated convergence theorem, the integrals of u; (x+
ctz), (z,Vi)ui(z+ctz), and (z, V,)?ui(z + ctz) are continuous in ¢ > 0
because u € (C? and the integration region is compact. Therefore

©
ax(;i — wui(x) as t — 07. Furthermore, the integral of (z,V,)ui(x)

over the sphere |z| = 1 vanishes by symmetry (the sphere is symmet-

ric under z — —z, while the integrand is skew-symmetric). There-

271,(0)
fore 88% — 0 as t — 0% as required. The latter also shows that

Vi e 2t > 0).
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43.5. Solution to the classical Cauchy problem for a wave equation. Owing
to the properties of the wave and surface wave potentials, a solution
to the classical Cauchy problem is obtained by taking the sum of wave
potentials for ¢ > 0. For N = 1, the solution is given by the d’Alembert
formula

t x+c(t—7) x+ct
1 1
wet) =5 [ [ fwnaars o [ wway
0 z—c(t—7) z—ct

_|_% (uo(x + ct) + up(z — Ct))

by the Poisson formula for N =2

™ / / —7) —2 —
I’t
- 2ne Vel [z —y|?

ly—z|<c(t—T)

N w(y) dy
me ) AR yP

ly—z|<ct

1 0 uo(y) d*y

_l___
2me Ot \/02t2—|1’—y|2
ly—z|<ct

and for N =3 by the Kirchhoff formula

f t— |mcy|) 3 1
ulz,t) = 47r02 / |z — y y+47rczt / urly) dSy

ly—z|<ct ly—x|=ct
1 01
— = as
+47T62 ot t / uo(y) dSy
ly—|=ct

If ug € C% uy; € O, and f € CH(t > 0), then u(z,t) for N =1 is twice
continuously differentiable as one infers from the fundamental theorem
of calculus. It solves the wave equation by construction (as a solution
of the generalized Cauchy problem) and satisfies the initial conditions
by the limit properties of the wave potentials.

43.6. Hyugens principle. Suppose a wave process was initiated by an
external source f(t,x) and the source was terminated after some time,
f(t,x) = 0, t > to. If the source is localized in space (that is, the
support of f(¢,z)) is bounded, then the solution given by Kirchhoff’s
formula also has a bounded support in space:

suppVs(t,r) C Bg
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for any finite t. The wave propagation for ¢t > ¢y can be described by a
homogeneous wave equation

Oeu(t,z) =0, t>tg,
with the initial data

ul  =Vs(to,z) =uo(z), wy| = Va(to,r) =ui(x)
t=tg t=to
The boundary of the support of u(t,z) for a given t is called the wave
front. The question arises, given the wave front at a time ¢, can one
infer the shape of the wave front a later time?

In what follows the time is counted from ¢y so that the wave prop-
agates freely (no sources) for t > 0 and has the initial data specified
above at t = 0. A free wave propagation is described by the surface
potentials. Fix a point x in space that is not in the support of the
initial data uw;. Then the surface integral in V})(O) vanish if the sphere
of radius ct centered at z is not intersecting the support of u;:

/ ur(y)dS, =0 if suppu; N Se(z) =10

le—yl=ct

In turn, this implies that the support of V})(O) for a given moment of
time t is given by the union of spheres of radius ¢t with centers being
points of the support of u; at a time ¢t > 0:

suppV;” = | Sal(y)

yEsuppuy

This shows that every point reached by the wave by t = 0 becomes
a source of a spherical wave expanding with speed ¢, and the region
occupied by the wave process in time ¢ > 0 is a "superposition” of such
waves. A similar conclusion holds for the other surface potential (by
the same reasons).

Thus, if a wave process was occupying a region {2 in space at a time
t =0, then at a time ¢t > 0, the process will occupy the region

O = U Set(y)

yeN

being the union of all spheres of radius ct that are centered at all points
of €1 as if each point of €2 emits a spherical wave that expands with the
speed c. This is known as the Hyugens principle for wave propagation.
It allows to reconstruct the wave front at any later time if it was known
at some initial time.
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43.7. Exercises.

1. Define a contour delta function by the rule

(5c, ) = / o(x)ds, ¢eDERY)

where C' is a smooth curve in RY. Consider the generalized Cauchy
problem

Oeuw(x,t) =0, u(z,t)=0,t<0, zcR?,
ou

“lio T Ot =0 c(@)
(i) Let C be a straight line segment connecting points A and B of
length [. Sketch and/or describe the support of the distribution u(zx, t)
for some 0 <t < 1/(2c), 1/(2¢) <t < l/c, and t much greater than [/c.
(i) Let C be a circle of radius R. Sketch and/or describe the support
of the distribution u(z,t) for some 0 <t < R/c, R/c <t < 2R/c, and
t much greater than 2R/c.

2. Fourier method for the wave equation. In acoustics, a solution u(x,t)
to a wave equation defines the acoustic pressure (the local deviation
from the ambient pressure) p(z,t) and the velocity vector field v(z, )
(a velocity of a particle in the medium at a point x and time ¢) by the
relations

pz—p%, v =Vu

where p is the mass density. The energy of an acoustic disturbance in
a spatial region €2 is defined as the sum of the potential (compression)
and kinetic energy densities integrated over that region, respectively,

P’ 1
Eq(t) = / d*x + —/pv2 dz
Q 2poc? 2 Ja

where pg is the ambient mass density (without any acoustic distur-
bance). A total energy of any acoustic disturbance should be finite.
This implies that partial derivatives of the solution wu(x,t) must be
square integrable (possibly with some weight). So, if a solution to the
classical Cauchy problem exists, that is physically acceptable, then it
should be a temperate distribution. This distribution can be found by
the Fourier method similarly to the Cauchy problem for the Schrodinger
equation.
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In the Cauchy problem for the wave equation, assume that the
inhomogeneity and the initial data are temperate distribution:

flz,t) e S'(t>0), wupi(r) €S(R?)

Suppose that the distribution f(x,t) is continuous in the variable ¢t > 0,
that is, for any test function ¢(z), the distribution

9(t) = (f(z,1),¢(@)) € C(t 2 0)

is a continuous function in [0, 00). A solution to the generalized Cauchy
problem is sought as a temperate distribution that is continuously dif-
ferentiable in the time variable t > 0,

u(z,t) € S'(t > 0), (u(a:,t), gp(at)) cCYt>0), ¢eSRY

that satisfies the wave equation and initial conditions in the distribu-
tional sense:

upy(z,t) — Agu(z,t) = fz,t), t>0,

. o . / _ : / 3
lim u(z,¢) = uo(z), lim wy(z,t) = w(z) inS(R)

(i) Use the Fourier transform in the variable = to show that if such a
solution exists, then it satisfies the initial value problem

2

(5 +IkP) Fulud(h 1) = E Ak 1), 150,
=P, A = Pk SE)

(ii) Show that under the said assumptions about the distribution f(z,t),
the problem has a unique solution given by

Folu] (k. t) = / Si“[CVZ:%_T)] FIf](k, ) dr

0
sin(c|k|t)
c|k|

Folul

+ cos(c|k|t) Fluo) (k) + Flus)(k), t>0.
where the integral denotes a particular distributional antiderivative
with respect to the variable ¢ that vanishes as t — 0T in the distri-
butional sense. Show that u(z,t) € S’(t > 0) and it is continuously
differentiable in the variable ¢ > 0 and satisfies the initial conditions in
the distributional sense.
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(iii) Use the Fourier transform of convolution to show that the solution
can also be written in as the sum wave and surface wave potentials

u(z,t) = Va(x,t) + V},(O) (x,t)+ V})(l)(a:, t)
1 t dr
=z [ Bsaal@) fa)

1 0 1
rozg 05 (2) * wa(@) + 5
where all the convolutions are taken in the variable x, and the integral
denotes a particular distributional antiderivative with respect to ¢ that
vanishes as ¢ — 07 in the distributional sense.

+ 05, () * uo()

(iv) Show that if f, ug, and w; are regular temperate distributions,
then the solution is given by the Kirchhoff formula.

3. Cauchy problem for the telegraph equation. Consider the following
Cauchy problem:

ufy(z,t) + 2yuy(z, t) — Culy(z,t) = fz,t), t>0,

ul  =wug(r), u =ui(z), zeR
t=0 t=0

where v is a positive constant. It describes a propagation of an electric
signal in a conducting wire. A position along the wire is defined by the
variable x. The term with a parameter v models Ohmic losses in the
wire. For this reason, this equation is often called a telegraph equation.
(i). Find the generalized Cauchy problem in D’'(RR?).

(ii). Use the Fourier method to find the causal Green’s function for the
telegraph operator

2

52 ot , 0
(555 + 215, — 55 ) Gla) = 0(0) - (), Gla,t) =0, 1 <0.

(iii). Show that the solution to the generalized Cauchy problem exists
and is unique. Express the solution as the sum of wave and surface
wave potentials (by analogy with the solution to the wave equation).
Show that the necessary convolutions exist in D'(R?).

(iv). Find integral representation of the wave and surface wave poten-
tials if f, ug, and u; are regular distributions.

(v). Find smoothness conditions on the functions wug1(z) and f(z,t)
under which the solution is from class C?*(¢t > 0) N C'(¢t > 0).
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44. Cauchy problem for Maxwell’s equations

In this section, vectors in R? will be denoted by boldface letters,
unless stated otherwise. For example, a vector field that depends on
space-time variables is denoted by F(x,t), the spatial gradient of a
function f(x) is V f(x), the dot and cross products of two vectors are
denoted by (a,b) and a x b, respectively, the divergence of a vector
field is divF = (V,F), and the curl of a vector field is curlF = V x F.

Let E(x,t) and B(x,t) be electric and magnetic fields, respectively,
J(x,t) be the electric current density, and p(x,t) be the electric charge
density. The total electric charge in a spatial region € is given by

Q) = / px, 1) dz

The rate of change of the total charge is determined by the outward
flux of the electric current field

aQ _ _
o=/ a2 /aQ(J,n)ds

where n is the unit outward normal on the boundary of Q2. If p and J
are from the class C!, then it follows from the divergence theorem that
the charge conservation law can also be written in the local form

dp

5 (V. =0.

Maxwell’s equations define the electromagnetic fields in the pres-
ence of external electric charges whose motion obeys the charge con-
servation law. In Gaussian units convention, they read

E

B v«B- 4],

ot

0B

E‘FCVXE: 0,
(V,E) = 4mp,
(V,B) =0

where ¢ is the speed of light in the vacuum. Note that the divergence
of the electric field is determined by the density of electric charges.
Electric charges are sources of the electric field as its outward flux across
the boundary of a spatial region is determined by the total electric
charge in that region (by the divergence theorem). This is known
as the Gauss law. The magnetic field has no sources, meaning that,
there are no magnetic charges (magnetic monopoles) in nature. The
last two equations are constraints on the electromagnetic fields that
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must be satisfied at any moment of time ¢. This implies that the time
derivatives of the constraints must vanish for any solution. This is
indeed the case. For example,

0 0
2 (V,E) = (V, (cV x B — 47TJ)) = 4n(V,)) = 42
ot ot
where the first equality is obtained from the first Maxwell’s equation
and the second follows from the charge conservation law. Thus, the
charge conservation is necessary for the consistency of Maxwell’s equa-
tions.

Energy conservation. Consider electromagnetic fields occupying a bounded
spatial region {2 that has no sources. The integral

1
Eolt) = 8—7T/Q<|E|2+|B|2) '

is called the energy of electromagnetic fields. It changes with time. Let
us find the rate of change. Assuming that the field are from class C*
and using Maxwell’s equations, one has

a0 = 3 [ [(B5) + (8. 5)]

— i [(E,Vx B) + (B,Vx E)} Az
Q

- —% Q(V,EXB)d3x

- —ﬁ . (ExB,dZ)

The vector field S = ~E x B is called the Poynting vector. Its outward
flux across the boundary 0f2 defines the rate at which the electromag-
netic energy is decreasing in (2.

If sources have bounded support and 0f2 is a sphere enclosing the
sources and its radius is much larger than a diameter of the support
of sources, then the field should fall off inversely proportional to the
distance from the sources in order to create a constant flow of electro-
magnetic energy. Such fields are called radiation or far fields generated
by the sources. The fields whose strength falls off faster are called near
fields. The near fields do not create any energy flow across a sphere of
an arbitrary large radius.
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44.1. The Cauchy problem for Maxwell’s equations. The Cauchy prob-
lem for Maxwell’s equations is to find the electromagnetic fields that
satisfy Maxwell’s equations for ¢ > 0 and the initial conditions
E = E(](X) 5 B = B(](X) s
t=0 t=0

for given a given external sources J and p that satisfy the charge con-
servation law and are smooth enough in order for a classical solution
to exist in the class C1(t > 0) N C°(t > 0). The Cauchy problem must
also be well-posed, that is, it should have a unique solution and depend
continuously on the initial data and sources.

44.2. Vector-valued distributions. A vector-valued distribution is a lin-
ear continuous functional of the space of test function whose values
are vectors. Any vector field F in RY whose components Fj(y) are lo-
cally integrable functions in RM and are defines a regular vector-valued
distribution by the rule

(%, w)=/Fj(y)w(y)dMy, o€ DRM), j=12..N.

Partial derivatives of a vector-valued distribution are defined in the
same way as for scalar-valued distributions:

(5 =~ (550).

Other operations like the direct product or the Fourier transform or
convolution are defined in the same component-wise fashion.

44.3. The generalized Cauchy problem. Let E and B be solutions to the
classical Cauchy problem. Define regular distributions from D'(R?) by
extending the solutions to the half-space t < 0 by zeros:

E(x,t)=0, B(x,t)=0, t<0, xcR?

Similarly, the electric current density and the charge density are also
extended by zeros for ¢t < 0 thus becoming regular distributions too

J(x,t) =0, px,t)=0, t<0

The distributional densities satisfy the distributional charge conserva-
tion law that follows from classical one

% )60+ {2 4 (v.3))

O (V.I) =
5(t) - (V. Eo).

5(t
(44.1) = ﬁ
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It follows from the relation between the distributional and classical
derivatives that

0E 0E
o = Eo(x)-60) + {5}
0B

0B
o =B o)+ {5}
The spatial partial distributional derivatives are equal to the corre-
sponding classical ones. Therefore any classical solution is also a solu-
tion to the distributional problem:

aa_]i)_CVxB:—47TJ+5(t)'EO(X)>
aa_]?+cV><E:5(t)-Bo(X)>

(V7E) :4ﬂ-p7 (V7B) :07
E(x,t) = B(x,t) =0, t<0.

where Eg and By are vector-valued distributions from D’(R3) such that
(V,Byp) = 0, the distributions J(x, t) and p(x, t) are from D'(R*). They
vanish in the open half-space ¢t < 0 and satisfy the distributional charge
conservation law (44.1) The problem can be further generalized.

A generalized Cauchy problem for Maxwell’s equations is to find
vector-valued distributions E and B that vanish in the half-space t < 0
and satisfy the equations:

OE 0B
E—CVXB:—ZLTFJQ, E—I—CVXE:—Jm,

(V>E) = 47Tp6> (V>B) = pmw

for any vector-valued distributions J. and J,, and any scalar distri-
butions p. and p,, that vanish in the half-space ¢ < 0 and satisfy the
electric and magnetic charge conservation laws:

Ipe _ Dpm _
8t +(V>Je)_0> 8t +(V>Jm)_0

The conservation laws are needed for the consistency of the problem.
The last pair of equations in the generalized Cauchy problem should
hold for any ¢ so they are distributional constraints, and hence the
time derivatives of their left- and right-hand sides must be equal for
any distributional solution, which is guaranteed by the conservation
laws.

It should be emphasized that in the generalized Cauchy problem,
the distributions pe ,, are uniquely determined by the conservation laws
because pem(x,t) =0 for t < 0. A general solution to the conservation
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law is given by pem = —D; 1(V, Jem). A distributional antiderivative
is unique up to an additive constant in ¢ which is a distribution of x.
This constant distribution must be chosen so that the corresponding
particular time antiderivative vanishes for ¢ < 0. Let us denote this
particular time antiderivative by using definite integral notations:

Pem (X, 1) = —/0 (V,Jem(x,7))dr

So, the electric and magnetic currents, J.,,, are the only indepen-
dent inhomogeneities in the generalized Cauchy problem for Maxwell’s
equations.

A classical solution is contained among solutions when the electric
and magnetic currents are

(44.2) 3, = I(x.1) — %5@) Bo(X). pe=p.
(44.3) Jm = —0(t)-Bo(x), pm=0

with distributions J, Eg, and By being smooth enough. In this case,

p(x,1) = —/0 (V. J(x, 7)) dr + ﬁ@(t) (V. Eo(x)).

The last term describes a possibility that the initial electric field has
sources that are unrelated to external electric current J that was turn
on at t = 0.

44.4. Solving the generalized Cauchy problem. Distributions can be dif-
ferentiated any number of times and partial derivatives obey Clairaut’s
theorem. Let us differentiate the first pair of equations with respect to
time and combine them to get the second-order equations separately
for E and B. For example,

o°E 5B 83,
W:CVXE—ZL’]Tat
Vx%—]?:—Vx (chE+Jm)

=cAE - cV(V,E) —cV x J,,
= cAE — 47¢Vp, — ¢V x J,,

and similarly for the second time derivative of B. In doing so, it is
concluded that the distribution E and B are solutions to the generalized
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Cauchy problem for the wave equations:

0 2 2 0Je _
<@—CA)E:—47TC Vp. =V x I, —dnSf = H,,
(@—CA)B_—C Vpn +47cV x 3.~ S = H,,

Note that the vector-valued distributions H, and H,,, vanish for ¢ < 0.
Furthermore, the distributional wave equation holds for each compo-
nent independently. So, these are equations are nothing but six scalar
generalized Cauchy problems for the wave equation. Its solution exists
and is unique and given by the convolution

E(l’,t) = (G3*H6)(X>t)> B(l’,t) = (G3 *Hm)(X,t),
o(t)
Gs(x,t) = chttssct (x).
A substitution of H.,, with the electric and magnetic currents given
in (44.2) and (44.2) yields the following distributional solutions

10A 10A,
44.4 E=-Vd_-— -2 _VxA
( ) v c Ot ¢ Ot VX A,
10A,
44.5 B=VxA+VxA, ——
( ) XATV X c Ot

where the distributions ®, A, A., and A, are called the scalar poten-
tial, vector potential, surface (electric and magnetic) vector potentials,
respectively. They are given by the convolutions

(44.6) d(x,t) = 4nc*(Gs * p)(x, 1),
(44.7) A(x,t) = dme(Gs = J)(x, 1),
(44.8) As(x,t) = —cGs(x,t) * Fo(x)

where f is either e or b when Fy is either Eq or By, respectively. Before
studying classical solutions, let us investigate properties of some special
distributional solutions that are often used in applications of Maxwell’s
equations.

44.5. Waves generated by initial distributions of electromagnetic fields.
Suppose that

J(x,t) =0

Then the electric charge conservation (44.1) requires that

p(x,1) = 1 0(1) - (V, Eg(x))
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Note that this is the only distributional solution to (44.1) that vanishes
for t < 0. In this case, the electromagnetic fields are uniquely deter-
mined by their initial configurations. Let us evaluate the convolution
Gs * (0(t) - h(x)) for any h € D'(R3). Using the theorem about the
convolution of a distribution with supports in the future light cone,

@r <9<t> - h()), p(x. t))
:/0 v ) x+y,t+7))d7d5mdt

/ = / / (X +y,s ))dSmdsdt
0 |x|=

o(x+y,5))dS, dt ds
/0 /0 4t /|x| =ct ))
/ / 47m~/ (X +y,s ))dSmdrds
0 0

A3z

/ /|| X*-"’”) Trezl]

0(ct — |x|)
(Tcw h(y), p(x+y.1))

The second equality follows from a change of the integration variable
s = t 4+ 7. The third equality is obtained by reversing the order of
integration. The fourth one is deduced by setting r = c¢t. The fifth
equality follows from that dS,dr = r?dSdr = d®z where dS is the
measure on the unit sphere. The final equality is by definition of the
direct product of distributions. It also shows that

o(ct — |x|)

A c?|x]|

Gy x (0(1) - (X)) = g3(x, 1) * h(x),  gs(x,1) =

where the convolution in the right-hand side is taken with respect to
x. It is interesting to note that the third equality shows that the
distribution gs is the time antiderivative of G that vanishes for ¢ < 0:

O galet) = Gylx, ), lx =0, 1<0,

so that using the integral notation, the only solution to this equation
reads
O(ct — |x|)

A c?|x]|

gs(x,1) = /Ot Gi(x,7)dr =
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By construction g5 is continuous in ¢ (because G is continuous in ¢ as
was shown earlier), and

lim g3(x,t) =0 in D'(R?).

t—0+

Thus, the solution to the generalized Cauchy problem has the form

E(x,t) = —c*Vg3(x,t) * (V,Eg(x)) + %Gg(x, t) x Eg(x)
+cV x (G3(x,t) * Bg(x))
B(x,t) = %Gg(x, t) * Bo(x) — ¢V x (G3(x, 1) * Eg(x))

Owing to the continuity of g3 and GG3 in the variable ¢, the distributional
solutions are also continuous in ¢. The initial condition holds in the
distributional sense in D'(R?)
lim E(x,t) = Eq(x), lirri B(x,t) = Bo(x),
t—0

t—0t

thanks to the limit properties G3 — 0, %Gg — 0, and g3 — 0 in D/

as t — 0% (that were established in the previous section), and to the
continuity of the convolution of distributions of this type.

A decay of an electric string. Define a line delta function dc that is
supported on a smooth curve C' of length L which connects points x;
and x5 by the rule

(etxixix). o)) = [ olx)ds

c

Let e be a unit tangent vector to the curve C. Put
Bo(x) =0, Eo(x) = edc(x;x1,X2)

If x = x(s) is a natural parameterization, then e = x'(s), and

(%@%M@}i[?%M@®M& €D,

For example, if C' is a line segment from x; to x5, then

L — _
x(5) = Sx+ L0, 0<a<L, emx(s)= X

So, at the initial moment of time there is no magnetic field and the
electric field is confined into a smooth curve, it is tangent to the curve
and has a unit magnitude. A single flow line of the initial vector field
originates from the point x; = x(0) and terminates at xy = x(L).
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Therefore this field should have sources (charges). To find their density,
let us compute the distributional divergence of Eg:

(VB0 ¢) =~ (B0.99) =~ [ (5, Dot s

— _/0 %gp(x(s)) ds = p(x1) — ¢(x2)

This means that
(V,Eg) =d(x —x1) — §(x — x2)

So, the sources are two point-like opposite charges located at the end-
point of the electric string. Define the surface scalar potential by

do(x,t) = gs(x,t) * (V,Eo(x))
O(ct — |x —x1|) Ot — |x — x2|)

4m|x — x4 4m|x — Xo|

Then it follows from (44.4) and (44.5) that the electric string decays
according to the distributional solution

E(x,t) = —V&y(x,t) — %%Ae(x, t), B(x,t)=V x A.(x,t).

Recall the properties of surface wave potentials discussed in the
previous section (the Huygens-Fresnel principle). The support of the
terms containing the distribution A. is the union of spheres of radius ct
and centered at all points of support of Eq. If C'is a line segment, then
the union of the spheres form a solid without any cavity for ¢t < L/2.
For L/2 < ct < L, a cavity appears. It is symmetric under rotations
about the line C' and has the largest radius in the plane perpendicular
to the line C and passing through its midpoint. It is the intersection of
two balls of radius ct that are centered at x; . For ¢t > L, the cavity
contains the whole line segment C'. Eventually, the cavity expands to
the whole space for ¢t > L. The cavity is never empty. It contains
the Coulomb field of two opposite charges at x; and x5. Note that &
is a Coulomb potential of two such point charges, but the support of
® is the union of two balls of radius ct centered at x; and x5. So, the
Coulomb field occupies only these balls. As ct becomes larger than L/2,
the balls have a common region that is exactly the cavity in the support
of the other terms in the solution. So, the cavity is always filled with
the Coulomb field of two opposite charges. As the cavity expands,
the Coulomb field fills out the whole space, which is the asymptotic
stationary state of the electromagnetic fields as t — oo.



44. CAUCHY PROBLEM FOR MAXWELL’S EQUATIONS 559

44.6. Wave generated by external electric currents. Let Eg = By = 0. In
this case, the surface vector potentials vanish and the electromagnetic
fields are determined only by the scalar and vector potentials and given
in (44.4) and (44.5) with A, = A, = 0. This solution describes an
electromagnetic radiation generated by external electric currents. As
an example, let us solve the radiation problem for an electric dipole
that is often used to model the electromagnetic radiation by simplest
antennas.

An electric dipole radiation. Let p(¢) be a vector-valued distribution of
the time variable that vanishes for ¢t < 0. Put

J(x,t) = =p(t)d(x), p(x,t) = (p(t), V)i(x), p(t)=0,1<0.

Here a common convention to use a dot to denote the time derivative is
used for distributions that depends only on time, that is, p(t) = <p(t).
The product of distributions is understood as the direct product (the
dot notation is omitted for brevity). The charge conservation law is
satisfied for any p(t).

Let us calculate the potentials. For any test function (x,t)

(A, p) = —4%0/000 ! /|z|:cr (p(t),gp(x,t—l—f)) dS, dr

drer
1 1

Y B x| 3
-/ (B0 et + 2

det 1 (p(t - %)

el x|

s p(x, t))

The first equality readily follows from the theorem about the convolu-
tion of distributions supported in the future light cone and the explicit
form of Green’s function GG3. The second equality is obtained by setting
r = cr and using the volume measure dS,dr = r?dSdr = d*z where
dS is the area measure on a unit sphere. The last equality serves as a
definition. Recall the definition of a shifted distribution. Here p(t) is a
distribution of a single real variable ¢, whereas a ”shifted” distribution
p(t— %) becomes a distribution of four variables and, hence, its action
on a test function of four variables should be defined. If p(¢) is a reg-
ular distribution, then the function p(t — %) is a regular distribution
of four variables. So, the last equality is a definition only if p(¢) is a
singular distribution. The scalar potential ® is calculated in a similar
fashion. Since the convolution exists, the gradient operator V can be
applied after calculating the convolution of G3 with p(t)d(x), leading
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to

p(t — )
clx]

B(x, 1) = (v, p(%“ﬂ)) L A ) = —

To find an explicit form of ® and the electromagnetic fields, one has to
express spatial derivatives of the shifted distribution p in terms of its
time derivatives, and for that a few properties of the shifted distribution
p need to be established.

Additional properties of p(t — %) Let us investigate smoothness prop-
erties of the function

P() = (pt) w(@t+12)), peDL(R), ¢eDER™)

that is, the distribution p(¢) vanishes for ¢t < 0. One can see that
P(z) = g(z,|x|) where

g(@.s) = (p(t). w(a.t+5)) = (p(t), n()plr,t + )

and n(t) = 1 for t > —a, n(t) = 0 for t < —b for any 0 < a < b,
and n € C'. By the consistency theorem, g(x, s) is a test function in
the variable x for any real s. It is also continuous in s because p is a
continuous functional. If s, — s as n — oo, then the sequence of test
functions converges in D: ¢, (z,t) = p(z,t + s,) — @(x,t + s) and,
hence, g(z, s,) — g(x, s). Similarly, g is differentiable in s:

dg(z, s)
0s

_ lim (p(t), oz, t+s+e€)— oz, t+ s))
e—0 €
0
= (p(t), &SO(ZEJ + S))
The partial derivative is continuous by the continuity of the functional
p because all derivatives of a test function are tests functions. This

argument holds for partial derivatives of any order. Thus, g(z,s) is
from class C°°(R¥*! with bounded support in the variable  and

D3 Dlg(x,5) = (p(t), DE Dl b+ 5)) = (D]p(t), Dol t 4 5) )
Therefore

P(z) =g(z,|z]) e C®(x #0)NC°, Px)=0, |z|>R



44. CAUCHY PROBLEM FOR MAXWELL’S EQUATIONS 561

for some R > 0. The derivatives of P(z) are calculated by the chain
rule for z # 0

0P _dgles)| | Oglws)| x
a[L’j a[L’j s=|z| Jds s=|z| |[L’|
_ Op(z,s) z; 0p(, )
N (p(t)’ a[L’j s=t+|z| |[L’| 0s s:t+|m|)
— Op(x, 5) (5 j
= (0. =5, L) — (0wt e+ 1eh) 2

where the latter equality follows from the definition of the derivative
p(t). So, P(x) and its first partial are bounded functions. Classical
higher order derivatives are obtained similarly. But it should be noted
that they are not bounded in a neighborhood of x = 0 and, hence, not
locally integrable in general.
For small |z|, P has the following asymptotic behavior
99

P(x) = ¢(0,0) tTin |
j lz=0,5=

dg
+ |g;|% . + O(|z[)

z=0,5=

It follows from this consideration that the vector fields
Pa(x) = (Dip(t). wlx,t + )

are continuous and have bounded supports for any test function .
Their asymptotic behavior near the origin has the form

P, (x) = P,(0) + M,x + b, |x| + O(|x|?)

for some 3 x 3 matrices M, and constants b, and for any o > 0.
Let us calculate first partial derivatives of P,. Put 0; = % for
J

brevity, and for any test function ¢(x,t)

IXI) def

¢;(X>t+7 - jQO(X,’T)‘

%]
c

that is, first the partial derivative is computed and then the time vari-
able is shifted. Define

Po;(x) = (DFP(). ) (x,t + )

These vector fields have the same smoothness properties as P,. The
following identity follows from the chain rule:

X X x Zj
Dyp(x, t+ ) = o (x, ¢+ By 4 o (x, 1+ B2y L

clx|



562 5. APPLICATIONS TO PDES

where ¢} denotes the derivative of ¢ with respect to t. Using this
identity to express gp} in the definition of P,; and the chain rule for
derivatives of P, established above, one infers that
.
0P.x =P,(x) — =P,

J X j(x) C|X| +1 (X)
This identity is helpful for calculating the distributional electromag-
netic fields.

Calculation of the electromagnetic fields. Then

x|

(0,22 i) = (=2 i)

x| ]

T
:—/i<p(t),g0;(x,t—l—%)) dszv:—/PL(X)d?’x

x| ]

= — lim (i ajP(](X) + L Pl(X)) dsl’

0% Jigoa \IX] P

— _/ (ﬁPO(X) + C|ij|2 Pl(x)) d*x

[x[?

The first equality is by the definition of a distributional derivative. The
second one is by the definition of the shifted distribution p. Then the
field P,; was used to obtain the third equality. The fourth equality
follows from the continuity of the Lebesgue integral and the equation
for derivatives 0;P,. The last equality is obtained by integration by
parts. Since the functions P, were shown to have a bounded support,
the integration region is limited to a ball of a sufficiently large radius.
The integrand is from class C*°(|x| > a) for any a > 0. However it has
a singularity at x = 0 so that the divergence theorem does not apply
in the whole integration region. The singularity is locally integrable.
So, it was necessary to use the continuity of the Lebesgue integral by
removing a ball B, from the integration region and then taking the
limit a — 0% after integrating by parts. One can show that the surface
integral over the sphere |x| = a is proportional to a and, hence, vanishes
in the said limit. This technical detail is left to the reader to verify.
The integrand is locally integrable after integration by parts because its
absolute value behaves as |x|~2 near the origin due to the asymptotic
properties of P,. Therefore the regularization can be removed, thus
leading to the final result:

SR=2)  wpt—) b )

; - _ _

] [x[? cfx[?
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If p(t) is a smooth function, then this relation is nothing but the chain
rule. It follows that

(x,p(t) _ (x,P(t))

d(x. 1) = — -
(1) [? o]’
x X p(t;)  xx p(t,)
B(x,t) =V x A(x,t) =
where
t,=t— X

[

is called the retarded time.

To compute E, note that the scalar potential ® has an integrable
singularity |®| ~ |x|72 if p(¢) is a bounded function. Therefore its
distributional gradient is no longer a locally integrable function and,
hence, it is a singular distribution. This can already be anticipated
because the electric field satisfies the Gauss law:

(V,E) =4mp = 4n(p(t), V)i(x) .

The gradient of the first term in ® produces a singular distribution.
Using the vectors P, the distributional gradient of ® can be written
as follows

. (x,Poj)  (x,Pyj)\ 5
)< (v0) -t | (505
(aj 14 ajSO af(% |x|>a |X|3 + C|X|2 ¢’z
— lim ((X> 0Po)  (x,0,P1)  x;(x,P1)  w;(x, Pz)) B
a—0* Jixjsa \[X[3 c|x|? clx|* cx|3

One has to express this integral only in terms of P, in order to find
the distributional derivative via the shifted p and its time derivatives.
Therefore the first two terms are transformed by integration by parts.
The surface integral arising from integration by parts in the second is
proportional to a and vanishes in the limit. This technical detail is left
to the reader to verify. The surface integral arising from integration by
parts in the first integral has the form (after the scaling transformation
x = ay where |y| = 1)

[ ity Palay)ds = = [y byds — [ u(y.Polay) - b)ds
ly|=1 ly|=1 ly|=1
where b = P((0) is a constant vector and n; = —y; is the outward

normal on the unit sphere. The second integral is proportional to a in
the leading order for small a thanks to the asymptotic properties of Py
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and, hence, vanishes in the limit. Using a parameterization of the unit
unit sphere by spherical angles, it is not difficult to infer that

47
/ YiYn dS = ?5yn
lyl=1
Therefore
. 47 47
Tim [ ys(y.Polay)) dS = <0y = = (pit) - 5(x), o(x.1))

ly|=1
Finally, one should see if the limit exist for the all four volume integrals
after integration by parts. Owing to the asymptotic properties of P,
the integrands in the last three volume integrals are locally integrable
and their limits exist. Let (Fp), stands for the nth component of Pj.
Then the first integral reads

S, PE
a<|x|<R

where a ball of radius R contains support of Py. If one adds and
subtract b,, then the integrand with the factor (F), — b, is locally
integrable owing to the asymptotic properties of Py and, hence, the
regularization can be removed for it. It turns out that the most singular
part vanishes for any a > 0. One has in spherical coordinates

2. o R d
a<|x|<R |X| a T Jy=1

because the surface integral vanishes. Thus, the limit exists for all
four volume integrals. The limit offers a distributional extension of the
most singular term to x = 0. This extension will be denoted by P (the
spherical principal value).

Collecting all terms, one infers that

E(x,t) = - V&(x,t) — %% A(x,t)

T 60 — Psx(x,p(u')i - Ix?p(t,)

3
3x(x, b)) — [xIPP(t)  x(x, B(tr)) — [x|*B(tr)

cfx|* *[x[?

where ¢, is the retarded time introduced earlier. Since p(t) = 0 for
t < 0, the electromagnetic fields are supported in a ball |x| < ct, and
its boundary is expanded with the speed of light ¢. Any perturbation
of the source p at a time ¢ can be observed with the delay of |x|/c at
a point x which is the time needed for the wave to travel the distance
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from the point source to the point x. This explains the name "retarded
time”.

Radiation far-fields. In the asymptotic region, |x| — oo, the leading
contribution comes from

x*D(t,) — x(x, P(t,)) 1
EIME + O<|x|2)

Bix.t) = 252U (L)

c?[x[? [x[?

E(x,t) =

If p(¢) is a smooth function, then the far-fields are smooth despite that
the sources are singular distributions in space. Note also that the far
fields at a point x are orthogonal to the position vector of the point
x relative to the source. Therefore, the leading contribution to the
Poynting vector is parallel to x and has the form

B(tr)* — (%, B(t))* 1 x

ofil). x
maxe . O\mxE) TR

S:

Let us find the rate at which the dipole radiates electromagnetic energy
to th. Its outward flow across the sphere |x| = R so that d¥ = xR?dS,
where dS is the area measure on a unit sphere, reads

/m(S,dE) - (|f)(t — &) — (%,p(t - %))2) ds + 0(%) .

= e
me” Jiyi=

Using spherical angles to parameterize the unit sphere so that the
zenith angle ¢ is counted from p(¢,), the integral is easy to evaluate:

orlp(t— B [T ot By
| (suam) = TR [inio)ap - SR

The flow is positive so that the dipole generates a steady flow of
electromagnetic energy carried by electromagnetic waves. The rate
at which the dipole sends electromagnetic energy is positive but de-
pends on time. In applications, for a monochromatic source, p(t) =
0(t)po cos(wt), one is often interested in the average rate per one cycle
T =2r/w:

I w?
= _ M dt = — |pgl?
([ ) =5 [ ] sama= il

Remark. If p =0, then the charge conservation law requires that the
electric current density is divergence free. The simplest system of this
type is a magnetic dipole:

p=0, J=V x pt)sx)
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where p(t) is a vector-valued distribution of time that vanishes for
t < 0. It is called a magnetic dipole moment.

44.7. Regular solutions. Let J, p, Eq, and By be regular distributions.
Then their convolutions with the causal Green’s function GG3 are com-
puted in the same as in the case of a scalar wave equation:

_ =yl
d = —4rc* (G x p)(x,t) = — / M

|z =yl
ly—z|<ct

&’y

J(y,t — =
A:47TC(G3>1<J)(X,t):—l / Md?’y,

c |z =yl
ly—=z|<ct
1
Af = —CGg(X, t) * FO(X) = _Fct / Fo(y) dSy
ly—z/—ct

where ¢t > 0 and the index f is either e or b when Fy is equal to either
Eq or By, respectively. If the sources and the initial data are smooth
enough so that the above convolution are from class C?(¢t > 0), then
the fields are from class C''(t > 0) and solve Maxwell’s equations:

10A 10A,
_ _vo 92108 g A
B ve c Ot ¢ Ot VX A,
10A,

B=VXxA+VxA, ——
c Ot

It follows from Theorem 43.3 that if the initial data Eq and By are
from class C?, then the surface vector potentials A., are from class

C?(t > 0) and

lim( 1aAe—V><Ab):E0,

t—0~t B E 8t

10A
lim (V % A, — —Q) — B,
t—0+ c Ot

It follows from Theorem (43.2) that, if J and p are from class C?(t > 0),
then the scalar and vector potentials & and A are also from class
C?(t > 0) and

lim (V x A) =
t—0+

This analysis shows that the electromagnetic fields are from class C1(t >
0) and satisfy Maxwell’s equation and the initial conditions. They give
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a classical solution to the Cauchy problem. The problem is well-posed
because the solution is unique and Theorems (43.3) and (43.2) show
that the solution depends continuously on the sources and initial data.

44.8. Helmholtz decomposition of a vector field. A vector field that is
sufficiently smooth and falls off sufficiently fast in the asymptotic region
can be represented as a sum of divergence-free and curl-free vector fields
in R3. The curl-free part is also a conservative vector field (it is the
gradient of a scalar function called a potential):

F=-V&4+VxA.

PROPOSITION 44.1. Let §2 be open and bounded region and a vector
field F be from class C*(Q). Then the Helmholtz decomposition holds
i Q and

o = L [(TE L[ F W) g

Cdr Jo Jx -yl AT oo [x -]
A(x):i VXF(Y)d3 1 nny(y)dS
i Jo |x—y| A Joq x—y| Y

where ny is the outward unit normal at a point'y on the boundary OS2,

To prove this proposition, consider an extension of F to the whole
R3 by zero. Then F is a vector-valued regular distribution with a
bounded support being 2. Therefore its convolution with the regular
distribution ﬁ exists in D', and the following chain of equalities holds
in the distributional sense

FY5«F2 i(A ! )*F@—iA(i*F)

4\ x| 4 \|x|

O_L(Liar)2 Ll (Vv -v(v.F)

47 \|x| :E|X|

6) 1 1 1 1
= VX (m*(VxF)) _EV<M*(V’F))
Here (1) holds by the properties of the delta-function; (2) follows from
an explicit form of the fundamental solution of the Laplace operator;
(3), (4), and (6) hold because the convolution of any distribution with
a distribution having a bounded support exists; (5) follows from the
identity
Vx(VxF)=-AF+V(V,F).

that is valid for any vector-valued distribution (it is established by the
“bac-cab” rule for the double cross product). This calculation shows



568 5. APPLICATIONS TO PDES

that the Helmholtz decomposition holds in the distributional sense with
the scalar and vector potential given by the following distributions

1 1 1 1
@(X)—Em*(V,F), A(X)—Em*(VXF).
To find the classical Helmholtz decomposition in €2, one should calcu-
late the distributional divergence and curl of F' in terms of the classical
divergence and curl of F in €. Let D; denote the partial derivative
with respect to x;, 7 = 1,2,3. It was shown in Section 21.5.1 that a
distributional derivative of a piecewise smooth function is given by

DjF = {DjF} — njF 589 5

where n; is the jth component of the unit outward normal on the
boundary 0f) and vdsq is a simple layer distribution with density v
which is a continuous function on 0f2. Therefore the distributional
divergence and curl of F' are related to the classical ones as

(V>F) = {(V>F)}_V589> V= (H,F),
VXxF={VxXxF}—pdpa, p=nxF
Since the classical divergence and curl are continuous in Q and vanish
in the complement of €2, and the densities ¥ and p are continuous on

0% (or piece-wise continuous for a piece-wise smooth 0f2), the needed
convolutions have the following integral representations

P(x) = o @ « (((V, F)} — vion)
L[ (VFY) o L[ (0, F(y)
CA4m Jq x—y] d AT Joq |xX—Y] A5y,
AG) = = (0 % F) = i)

:i V><F(y)d3 1 nny(y)dSy‘
Ar Jo  Ix -yl Ar Joo X =l

Owing to the theorem about differentiation of potential-like integrals,
the integral representation of the vector and scalar potentials define
functions from class C*(Q) and, hence, their distributional derivatives
in (2 are equal to the classical ones so that the Helmholtz decomposition
holds in the classical sense in (2.

Extension to the whole space. Let 2 be a ball of radius R, then in the

limit R — o0, the surface terms vanish in the Helmholtz decomposition

in Q2 if |F| tends to zero faster than ﬁ as |x| — oo. This observation
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leads to the conclusion that if F is from class C? and falls off sufficiently
fast as |x| — oo, then the Helmholtz decomposition holds in the whole
space and the potentials have the form

=

A proof of this extension would be similar to the previous case if one
makes a simplifying assumption that the classical convolution

x| x—y

exists. Clearly this is true if F' has a bounded support. This is also
true if the following limit exists

F
hm/ F(y)| Py <
R—0o0 Jiy|<R x -yl

A sufficient condition for the latter reads

[F(y)l < p>2

L+ |yl
However, this condition is too restrictive. One might notice that it is
sufficient for the assertion to hold if the classical convolution of the
divergence and curl of F with ﬁ exists. A sufficient condition for the
latter has a similar form but it is less restrictive: p > 1. However, the
proof used in the previous case is false if the convolution ﬁ x F does
not exist.

An alternative proof is based on the Fourier transform. Since F
is continuous and falls off to zero at infinity, it is a bounded vector
field and, hence, defines a regular temperate distribution whose Fourier
transform exists in the distributional sense. A vector F[F] has a unique
orthogonal decomposition into the sum of a vector parallel to k and a
vector perpendicular to k. Recall that k x a is perpendicular to k for
any choice of a. In particular, one can always chose a to be orthogonal
to k, that is, (k,a) = 0. So, by analogy with the vector algebra, put

FIF](k) = —ik g(k) + ik x G(k), (k,G)=0.

If G and g exists in &', then the Helmholtz decomposition holds in the
space of temperate distributions with ® = F~![g] and A = FG].
If the potentials are continuously differentiable, then the classical de-
composition holds as well.
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Taking the dot and cross products of the decomposition equation
with k, it is concluded that the problem is equivalent to finding condi-
tions on F under which the equations

k[2g = i(k, F[F]), kx (k x G) = —ik x F[F]

have solutions in the space of temperate distributions. The first equa-
tion is nothing but the Fourier transform of the Poisson equation in &’
with the inhomogeneity being the divergence (V,F). It has a unique
solution in the class of temperate distributions which have a convolu-
tion with the fundamental solution for the Laplace operator:

1
47 |x]|

A&(x) =0(x) = &(x)=

Therefore, if the convolution &(x) * (V, F) exists, then g exists, and
the scalar potential is ® = F~![g] = —&;(x) * (V,F). The convolution
is a classical one if |F| ~ |x|™, p > 1, in the asymptotic region. It
defines a continuously differentiable function owing to that F € C? and
(V,F) ~ |x|™7! in the asymptotic region.

The second equation is also reduced to the vector Poisson equation
by expanding the double cross product and using the orthogonality of
G and k so that

k]°’G =ik x F[F] = A=F'G]=-&x%(VxF)

provided the convolution exists in S” which is the case under the stated
condition on the asymptotic behavior of F. The convolution defines a
continuously differentiable vector potential under the stated smooth-
ness and asymptotic conditions on F.

Helmholtz decomposition of a vector field with bounded support. Let F
be a vector field with bounded support D. Then its divergence and
curl, (V,F) and V x F, are also supported in D. However the scalar
and vector potential in the Helmholtz decomposition do not vanish in
the complement (2 = D¢ of D as they are given by the convolution
integral. Since F vanishes in {2, one has

(44.9) VXA=Vd, z€Q.

There is no contradiction in this equation. By taking the curl and
divergence of this equation and using that (V,A) = 0, it is concluded
that the components of the vector potential and the scalar potential
are harmonic functions in €2

AA(x)=0, A®(x)=0, z€Q.
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A harmonic function in an open region €2 is uniquely determined by
its values on the boundary 02 = dD. Clearly, the convolutions that
define A and ® do not vanish on dD. Therefore the external Dirichlet
problem for the said harmonic functions has a non-trivial solution.

Note however that equation (44.9) has trivial solution if Q = R3
(with suitable asymptotic conditions on A and ® at infinity). In this
case, A and ® are temperate distributions and the Fourier transform
of (44.9) leads to k x F[A] = kF|®| which is possible only if F[A] and
F[®] have a point support k = 0. By the theorem about distributions
with point supports, the distributions A and ® are polynomials. If A
and ® are required to vanish at infinity, then A = 0 and & = 0 are the
only solutions.

The scalar and vector potentials of electromagnetic fields. Since the mag-
netic field is divergence-free, it is the curl of a vector potential A. In
general, the vector potential can have an additive potential part (as the
gradient of some scalar function). The magnetic field is independent of
this part as only the divergence free part of A contributes to the curl

of A. Put

B-VxA, E—-vo_L22
c Ot

The Helmholtz decomposition for E was chosen so that the second
Maxwell’s equation is fulfilled identically:

0B 0A 0A
E%—CVXE—VXE—VXE—O

So, the vector and scalar potentials are to be found by solving the
first Maxwell’s equation and the Gauss law. This representation allows
one to reduce twice the number of equations. However, the scalar and
vector electromagnetic potentials are not unique. The electromagnetic
field do not change under the so-called gauge transformations

1 ow
c ot’
For example, one can chose w so that the transformed vector potential
is divergence free. In other words, the gauge freedom can eliminated
by imposing a gauge condition on the potentials. For example, the
Coulomb gauge requires the vector potentials to be divergence free

b — P, =0 — A—-A,=A+Vuw

(V,A)=0
In the relativity theory, one often uses the Lorenz gauge
1 0d
— +(V,A)=0

c ot
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The electromagnetic field are independent of the choice of a gauge, they
are said to be gauge invariant.

44.9. Exercises.

1. Static solutions. Suppose that the sources p and J are static, that
is, they are independent of time.

(i) Use the Helmholtz representation of the electromagnetic fields to
solve Maxwell’s equations if p and J are distributions with bounded
support. Prove the uniqueness of the solution.

(ii) Assume that p and J are regular distributions. Find integral rep-
resentations for the static electric and magnetic fields. Find conditions
of the smoothness of the sources under which the solution is a classical
one.

2. Monochromatic solutions. Assume that the electric current density
is monochromatic

J(x,t) = “'Jo(x).

and the distribution Jg has a bounded support.

(i) Find the charge density p(x,t) alternating in time for which the
charge is conserved.

(ii) Assume that the electromagnetic fields are monochromatic and de-
rive equations for the amplitudes of the fields.

(iii) Find a solution to Maxwell’s equations for the amplitudes if the lat-
ter satisfy the Sommerfeld radiation conditions using a suitable Green’s
function for the Helmholtz operator.

3. Radiation of a magnetic dipole. (i) Formulate the generalized Cauchy
problem for a point-like magnetic dipole (see Remark at the end of Sec-
tion 44.6).

(i) Solve the Cauchy problem and calculate the explicit form of elec-
tromagnetic fields as vector-valued distributions in the same fashion as
in Section 44.6 for the electric dipole.

(iii) Find the far fields, calculate their Poynting vector, and find its
outward flux across a sphere of an arbitrary large radius. Put p(t) =
0(t)py cos(wt) (a monochromatic magnetic dipole) and caculate the
average rate per one cycle T' = 2w /w at which the dipole emits electro-
magnetic energy.
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4. Liénard-Wiechert potentials. A charged particle moving on a smooth
trajectory x = r(t) creates the following charge and current densities:

p(x,1) = go(x— (1)), J(x,t) = qi(t)o(x —r(t))

where ¢ is the electric charge of the particle. These distributions are
defined by the rule

(h.¢) = g / pe(t) t)dt, (3.9) =g / () (x(t), 1) d

(i). Show that the electric current is conserved. Formulate and solve
the generalized Cauchy problem with the zero initial initial conditions
E¢; = By = 0. Find the far fields.

(ii) Find the corresponding scalar and vector potentials. They are
known as the Liénard-Wiechert potentials.

(iii) Suppose a particle moves with a constant speed on a circular tra-
jectory. Find the far fields. The electromagnetic radiation generated
by such a particle is called a synchrotron radiation (after the name of
a device (synchrotron) in which a charged particle can move with a
constant speed on a circular trajectory).

5. Solving Maxwell’s equation using electromagnetic potentials.

(i) Formulate the Cauchy problem for Maxwell’s equation using the
scalar and vector electromagnetic potentials in the Coulomb gauge.
(ii) Formulate the generalized Cauchy problem for the potentials and
solve it by Green’s function method.

(iii) Calculate the corresponding electromagnetic fields and compare
them with the solution of the Cauchy problem for Maxwell’s equations
in this section.

(iv) Repeat the analysis for the Lorenz gauge.

6. The Cauchy problem for the Klein-Gordon-Fock equation. Consider
the Cauchy problem

0%u ) 5
—— —Au+mu=0, x>0, r€R’,
oxg

ou
umo:o—uo(x), a—zomozo—ul(z)

A solution to this equation is a wave function that describes a free
relativistic scalar particle of mass m.
(i) Formulate the generalized Cauchy problem.
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(i) Let G(xo, x) be the retarded Green’s function for the Klein-Gordon-
Fock operator

2
(8 - A, —I—m)G(x,zo)zé(zo)-é(x), G(r,z0) =0, z0<0,
Oz’

Show that if it exists as a temperate distribution, then for any € > 0
Ge(xg,7) = e G (v, 7) €S’ and G. -G inS

as ¢ — 0T, and G, satisfies the equation

[(i - 5) — A, +m?| G, 20) = §(x0) - 0(x).

8:1:0
(ii) Show that F[G.] — F[G] in &" as ¢ — 0T and that
1
FlGe (o, )] (ko, k) = —— € Oy

|k]2 +m? — (ko + ic)?

that is, the Fourier transform of G. is a regular temperate distribution
and for any test function (g, z) from S

—zkgmg
—i(k,x), . 337, 74
(Geagp) 27T4R1—r>20///R1/2 k0+i€)2dk0€ QOd kd*x

where d'z = d*zd% for brevity and v = (|k|? + m?)'/2.

(iv) Use the residue theorem to evaluate the integral over ko, calculate
the limit R — oo by justifying interchanging the order of integration
and taking the limit. Next convert the integral over k to spherical
coordinates so that (k,x) = |k||z|cos(¢) where ¢ is the zenith angle
and evaluate the integral over the spherical angles (justify changing the
order of integration). Finally, show that

' . ooNdp
_ vz Iz AN
(G p) = 167T2 a—>oo/ r 87’/ <6 ¢ ) v pd

where r = |:17| p= k|, and v = (p? + m?)'/2.

(v) Let s = x3 — r?. Justify the following parameterization of z and r
1o = /scosh(&), r=+/ssinh(&), s>0
xo =+ —ssinh(§), 7 =+—scosh(§), s<0

Reduce the integral over p to a standard form by means of the substi-
tution

p = msinh(¢) ,
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and evaluate the limit a — oo using the following integral representa-
tion of cylindrical functions
1 b 1
= lim [ eFimvE cosh(EHeo) ge — —(Jo(m\/g) + z'No(m\/E))
211 b—oo |y, 2

2 lim etimv—s sinh(€+£0) J¢ — i Ky(my/—s)

27 b—oo b T
where J,, N,, and K, are Bessel, Neumann, and Bessel functions of
the third kind of order p, respectively. Note that integral converges
conditionally and, hence, a justification for interchanging the order of
integration with respect to x and taking the limit a — oo is required.
(vi) Use express the derivatives of cylindrical function of order p = 0
via cylindrical functions of other orders and show that

Gz, o) = 9(930)5(:162 — |z*) - ﬁe(;po - |x|)J1(m\/m) .

or 0 47 22 — |22

(vii) Show that for any test function p(x) € D'(R?), the function

g(ao) = (Gla,20). ()

is from class C?(xo > 0) and find the limits of g(zo), ¢'(x0), and ¢"(zo)
as g — 0T.

(viii) Show that the solution to the generalized Cauchy problem for
arbitrary distributional initial data, ug; € D'(R?) is given by

u(z, xo) = G(x,z0) * uy(x) G(x,x0) * up(x) .

+ 8:1:0
Use the result of Part (vii) to show that the solution wu(z,zg) is a
distribution from class C'(x¢ > 0) in the variable xo, and u(z, zo) and
its partial derivative aa—z“o converge to the distributions ug(z) and u;(x),
respectively, in D'(R?) as zg — 0.

(ix) Show that if uy and u; have a bounded support, then the solution to
the generalized Cauchy problem has a bounded support in the variable

x for any xo > 0.

7. The Cauchy problem for the Dirac equation. The Dirac equation de-
scribes a quantum relativistic free particle with spin % and mass m. Its

solution is a wave function v (z, xg) that has four complex components
(it is from C*):

(z’v“% — ml)w =0
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where pn = 0,1,2,3, I is the 4 x 4 unit matrix, [;; = d;;, and 7* are
Dirac matrices defined via Pauli matrices:

o_ (o0 O 1_( 0 o o (0 o2 s5_( 0 o3
’7 _(0 _0.0) 77 _(_0.1 0) 77 _(_0.2 0) 77 _(_0.3 0 9
and the Pauli matrices are
(10 (01 (0 —d (10
%0=101)> T \10) 27 \io)> " \o-1)"

(i) Formulate the generalized Cauchy problem for the Dirac equation

(m“ai%—ml)w:o, 20 >0, Ozwo(x)

(ii) Use the multiplication property of Pauli matrices

ro=

0u0p = 1€qpcTc, a,b,c=1,2,3

where g4 is the Levi-Civita symbol, to show that
2

(z’v“ai% — mI) (z’v“ai% —I—mI) = _I<8a—z3 - A, —|—m2)

(iii) Show that the matrix-valued distribution

0
Gp(z,x0) = — (z’v“— + mI)G(x, xo)
Ox,,
where G(z,xg) is the retarded Green’s function for the Klein-Gordon-
Fock operator, is the retarded (or causal) Green’s function for the Dirac
operator

0

(z’v“a— — mI)GD(z,ato) =d(wo) - 0(x) I, Gplr,x0) =0, 20 <0.
Ly

(iv) Show that for any test function ¢(z) € D'(R?), the matrix-valued

function

9(a0) = (Gl 20). ()

is from class C%(x¢ > 0) and find the limit of g(x¢) as zo — 0.
(v) Show that the solution to the generalized Cauchy problem for ar-
bitrary distributional initial data, ¥y € D'(R?) is given by

Y(x,t) = —iGp(x, o) * Y%o(x) .
The convolution of matrix-valued and vector-valued distributions is
defined by the usual linear algebra rules in which the multiplication of
components is replaced by the convolution. Use the result of Part (iv)
to show that the solution 1 (x, z¢) is a distribution from class C°(x¢ >
0) in the variable g, and 1 (xz, o) converges to 1o(z) in D'(R3) as
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Tog — 0+.

(v) Show that if 1)y has a bounded support, then the solution to the
generalized Cauchy problem has a bounded support in the variable x
for any xo > 0.

8. The Cauchy problem in elastodynamics. Elastic waves in an isotropic
and homogeneous media are described by the Navier-Cauchy equation

Pug s o Oy
012 - CSAIUU« - (Cl - CS)a[L’aa[L’b - fa($>t) ’

where a,b = 1,2,3 enumerate components of the displacement vector
field u4(z,t), and ¢? and ¢ are wave speeds for the shear and compres-
sion modes. The vector field u,(z,t) defines a displacement vector of a
point x of the media when an elastic disturbance occurs at x and time
t.

(i) Consider the Cauchy problem in elastodynamics. One has to find
a solution to the Navier-Cauchy equation for ¢ > 0 that satisfies the
initial conditions:

Oug
= 'Ua(l') ’ at

=we(z), z€R
t=0

Uq

t=0
Formulate the generalized Cauchy problem.
(ii) The causal Green’s function for the Navier-Cauchy operator is a
matrix-valued distribution that solves the equation

92
0x,0xy,

o2
(&1&;@ - ciéabAm - (cl2 - ci)

Gab(l’,t)zo, t<0.

)Gbc(az, £) = 8acd (1) - 8(2)

Show that the Fourier transform of the Green’s function in the variable
xz has the form

FulGas) (ks t) = go(k, t) Pas(k) + gi(k, t) Pl (k)

where the matrices P+ and P!l are orthogonal projectors of any vec-
tor onto the plane orthogonal to the vector k and onto the vector k,

respectively:

koky kqoky
ab — 2 P¢|1|b = 2

|| ||
that is, they satisfy the relations PP+ = P+ PlIpl = Pl and
PIPL =0, and g,; are temperate distributions that satisfy the equa-
tions

Pi(k) =90

a

2

d
<ﬁ+0%|k|2)gﬁ(k‘>t)=5(t), gs(k,t) =0, t<0, B=s,l
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(iii). Let hy(x) be a vector-valued temperate distribution. Then by
the Helmholtz theorem it can uniquely be expanded into the sum of a
divergence-free distribution A and a conservative vector distribution

hll so that h, = b + hll. Show that

Flht) = P Flh),  FIhl) = PLF(h),
and
W = Plh, = 0,0, Esxhy, ht

L= Pthy = hy—0,0,Esxhy, O.ht =
where 0/0x, = 0, for brevity, and & (x) is the fundamental solution
for the Laplace operator in R? that vanishes in the asymptotic region
|x| — oo. In other words, the operators Pt oand P! project any vector
field h, (that vanishes fast enough as |x| — oo to ensure the existence
of the convolution & x h,) onto its rotational and conservative parts.
Use these relations to show that the following problem

% 5
(&ﬂ)@ - CgaabAm - ( —C ) )Ub(l’,t) = ha(t,l')

s 8%8 Ty

ug(z,t) =0, t<O0,

where h,(t, x) is a vector-valued temperate distribution that vanishes
for t < 0, has a unique solution given by

Ua(t, z) = Gy(t, ) * hX(t,z) + Gy(t, ) x hl(t, z)

where (G5; are causal Green’s functions of the 4D wave operator with
wave speeds cs, respectively,
o(t)
2
dmegt
(iv) For brevity, put 0, = 0/0t. Assume that the initial data v, and
w, and the inhomogeneity f, are decreasing fast enough at infinity to
ensure the existence of their convolution with £. Show that the solu-
tion to the generalized Cauchy problem is unique and can be written
in the form

Gg(l’, t) =

Segt (I) :

Wa(z,t) + Vo(z,t) + Uy, t),

Gi(w,t) * Prw,(2) + Gy, 1) % Plw,(x),
Va(z, 0,Gs(x,t) % Prug(z) + 0,Gi(x, ) % Plog (),
Ua(z,t) = Gy(,t) % P fo(x,t) + Gi(z, t) * Pl f,(x,1),

where the convolution in the surface potentials W, and V,, is taken with
respect to z (for fixed t).

ug(x,t

)
Wa(z,1)
t)
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(iv) If v, and w, are vector-valued distributions from D’ and their
convolution with &5 exists, show that the surface wave potentials V,
and W, are from class C*(t > 0) in the variable ¢ and satisfy the limit
properties in D'(R3):

: - OVa(x,t)
tl_lgi %(x>t) _Ua(x)> tl—lgiT _0>
, - OW,(x,t)
tli%a+ Wea(z,t) =0, tli%a+ —a = we () .

(v) Suppose that v, and wp have a bounded support. Show that the
surface wave potentials have a bounded support.

(vi) Use the Helmholtz decomposition theorem for the initial data v,
and w, and for the inhomogeneity f, to find out the speed at which
elastic waves propagate if they are generated by divergence free fields
Vg, Wg, and f, and by conservative fields v,, w,, and f,. Formulate the
Huygens principle for elastic waves.



