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Preface

This section of the course deals with the properties of special functions arising in
solving problems of mathematical physics. These solutions, even for comparatively
simple physical problems which admit exact analytical solutions, often cannot be ex-
pressed in terms of elementary functions. Therefore special functions form the basis
for constructing solutions to problems of mathematical physics, and this base is con-
tinuously extended in studying new, not treated earlier physical and mathematical
problems. The main learning aims here are the following: The first one is to make the
reader acquainted with the most usable special functions (Bessel functions, classical
orthogonal polynomials, and the like). The second one is, based on the knowledge of
various properties of specific functions, to gain an understanding of common methods
and techniques suitable for investigating special functions which are not involved in
the given course. The third one is to make the learner skilled in utilizing common
methods in specific cases through the selection of proper problems. These aims just
determine the content of this section of the textbook.
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PART III
SPECIAL FUNCTIONS

CHAPTER 1
The Sturm—Liouville Problem for Ordinary
Differential Equations

In a narrow sense, by special functions are meant the functions that arise in solving
partial differential equations, for instance, by the method of separation of variables.
In particular, when using the method of separation of variables in cylindrical and
spherical coordinates, we arrive at cylindrical and spherical functions.

A characteristic feature of these functions is that each of them is as a rule a solution
of the equation

d dy

~ kO] = qltyy =0
with singular points, such that the coefficient k(¢) vanishes at one or several points of
the interval of variation of the variable . The solution of equations of this type has a
number of specific properties some of which are considered in this chapter.

In a broader sense, by special functions in mathematical physics is meant a family
of separate classes of nonelementary functions arising when solving both theoretical
and applied problems in various fields of mathematics, physics, and engineering.

1 Boundary value problems for ordinary
differential equations

Consider the nonhomogeneous linear differential equation

2"+ p(t)r’ + q(t)x = f(1), (1.1)
where p(t),q(t) are functions continuous on the interval [a,b]. From the course of
higher mathematics it is known that the general solution of Eq. (1.1) is

{L‘(t) = 01171(75) + ngfg(t) + fl’(t), (12)

where C and Cj are arbitrary constants and x(¢) and 25(t) are solutions of Eq. (1.1)
defined on the interval ]a, b| and linearly independent on this interval at f(¢) = 0, and
Z(t) is any partial solution of Eq. (1.1), defined on |a, b].

To select a certain solution from the general solution (1.2) of Eq. (1.1), it is
necessary to specify some additional conditions. In Sec. “Differential Equations” of
the course of calculus, the Cauchy problem was solved. At some point ¢y €]a, b[, values
of the unknown function and its first derivative were specified:

x(ty) = wo, 2 (to) = xp. (1.3)

With that, it was noted that there exists one and only one solution of the problem
(1.1), (1.3). However, in some particular physical problems it is often required to select
from the set of solutions (1.2) such ones which satisfy at the ends of the interval [a, b]
the following conditions:

az(a) + agr'(a) = 4,

Brz(b) + [o’(b) = a, (1.4)
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where aq, ag, (1, P2, T4, and x;, are constant numbers such that at least one of them
in the pairs a; and «ay, f; and 5 would be other than zero (i.e., |a1| 4 |az| # 0 and
|61] + |52] # 0). In these problems, values of the sought-for function are specified at
two end points of the interval on which the solution is to be found.

An example may be the problem on a material point of mass m moving under the
action of a given force F'(t,z,2’). In such a problem, the law of motion is often to be
found if at the initial time ¢ = ty the point was at the position xy and at the time
t =ty it should arrive at the point x = x;. The solution of the problem is reduced to
the integration of the Newton equation

d*x ,
m—s F(t,x,z")
with the boundary conditions z(ty) = xo, z(t;) = 1.

Note that this problem, generally speaking, does not have a unique solution. If
we deal with a ballistic problem, a body can arrive at one and the same point when
moving along a plunging or a flat trajectory and, moreover, if the initial velocity is
very high, having circled around the earth one or several times.

¢ If the general solution of a differential equation is known, to solve the boundary
value problem, it is necessary to find the arbitrary constants involved in the general
solution from the boundary conditions. In this case, a real solution does not always
exist, and, if it does, it is not necessarily unique.

Example 1.1. Solve the differential equation
y'+y=0 for  y(0)=0, y(t)=u.

Solution. The original equation is a second order linear ordinary differential equation
with constant coefficients. The general solution of this equation has the form

y = Cicost+ Cysint.

From the first boundary condition it follows that C; = 0. Then y(t) = Cysint. If
t1 # mn, then from the second boundary condition we find

Y1 = y(tl) = 02 sintl, i.e., 02 = .yl .
sin ty

Hence, in this case there exists a unique solution of the boundary value problem:

If t; = mn and y; = 0, then all the curves of the bundle y = C5sint are solutions of
the boundary value problem.
For t; = mn and y; # 0 this problem has no solution.

In applications to the problems of mathematical physics we shall be interested in
the main in homogeneous boundary value problems, that is, in finding solutions to
homogeneous linear equations with homogeneous boundary conditions.

4 Boundary conditions are called homogeneous if from the fact that functions
x1(t), ..., x,(t) satisfy these conditions it follows that any linear combination of these

n

functions z(t) = > Cyuxk(t) also satisfies these conditions.
k=1
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¢ Conditions (1.4) are homogeneous if z, = z;, = 0.

¢ In what follows we shall not be interested in the case of trivial (i.e., identically
equal to zero) solutions.

¢ An equation of the form

Lot (1)) — a(0)2(t) = (1) (15

is called a selfadjoint differential equation. The functions f(¢) and ¢(¢) are assumed
to be continuous on the interval [a,b] and ¢(t) to be continuous together with its
derivative.

Statement 1.1. Equation (1.1) can be written in selfadjoint form.

Take the function .

o) = x| [ pirya]

0
and note that ¢'(t) = p(t)p(t); hence,

P12 (1) + Plt)o0)e' (1) = [ (1) (1]
Multiplying (1.1) by ¢(t), we obtain
() ()] — a(e)2(t) = J0), (1.6

where §(t) = —(t)q(t) and f(t) = f(t)¢(t). Thus, we have reduced Eq. (1.1) to a
selfadjoint equation.
Example 1.2. Write the equation
x"+%x'+<1—];—22)x:0, r = x(t)
in selfadjoint form.
Solution. Multiply the left and the right sides of the equation by the function

t

o(t) = exp(/ g) =1,

to get
2

ta" + 2’ + <t— 7>x:0

or p )
v

Ly (= D)o =o

dt[ z'] + )@
Example 1.3. Solve the boundary value problem

2 —x =2t x=uxt), z(0) =0, =z(1)=-1. (1.7)
Solution. 1. Find the general solution to the homogeneous equation

2 —x=0.
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Write the characteristic equation

k*—1=0,
Hence, k = £1, and the general solution of the homogeneous equation has the form
z(t) = élet + 62€_t =(C,cht+ Cysht.
A particular solution of the nonhomogeneous equation is the function
z(t) = —2t.
Thus, for the general solution of Eq. (1.7) we obtain
x(t) = Cycht + Cysht — 2t. (1.8)
2. Choose the constants C'; and C5 from the boundary conditions. Substituting

(1.8) into (1.7):

C, =0,
Cichl+4 Cyshl—2=—1,

we obtain ]
Cl - 0, 02 - ﬁ
Finally,
sht
t) = — — 2t
z(t) sh1

2 The Sturm-—Liouville Problem

An important case of homogeneous boundary value problems are the so-called
eigenvalue problems. A typical eigenvalue problem for a linear differential equation is
the Sturm-Liouville problem. Consider the linear second order ordinary differential
equation

%Mt)x'(t)] —q(t)z(t) + Ap(t)x(t) = 0 (2.1)
with the boundary conditions
a12'(a) + agz(a) = 0, Bz’ (b) + Gox(b) = 0; (2.2)

lan] +]ag| #0,  |Bi] + (62| # 0.

Assume that the functions ¢'(t), ¢(t), and p(t) are continuous on an interval [a,b].
Further we believe that ¢(t) > 0, p(t) > 0, and ¢(¢) > 0. The number A is the
parameter of the equation and ay, g, (1, and (3, are preassigned constants.

4 The problem of finding the values of the parameter A at which there exist non-
trivial solutions x(t) of Eq. (2.1) which satisfy the boundary conditions (2.2) is called
the Sturm-Liouville problem. The values of the parameter A at which there exist so-
lutions of the Sturm—Liouville problem (2.1) and (2.2) are called the eigenvalues and
the corresponding solutions x,(t) are called the eigenfunctions of the problem. The
boundary conditions (2.2) are called the Sturm boundary conditions.

¢ The set of all eigenvalues of the Sturm-Liouville problem is called a spectrum.

The eigenfunctions of the Sturm-Liouville problem have a number of remarkable
properties which are widely utilized in solving boundary value problems not only for
ordinary differential equations, but also for partial differential equations.
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Properties of the eigenvalues
and eigenfunctions of the Sturm—Liouville problem

Property 1. There ezists a sequence of eigenvalues {\,}, n = 1,00, and the corre-
sponding sequence of eigenfunctions {x,(t)}, n = 1,00, of the Sturm—Liouwville problem
(2.1), (2.2), and all eigenvalues can be ordered so that

Ml < el <o <Al < (2.3)

Proof will be given below in Sec. “Characteristic numbers and eigenfunctions” of Ch.
“Integral Equations” of [2].

Property 2. To every eigenvalue corresponds, up to a constant multiplier, only one
ergenfunction.

Proof. Assume that an eigenvalue A is associated with two eigenfunctions z(t) and
y(t). Then from (2.1) it follows that

d

Sl ()] = a()z(t) + Ap(D)(t) = 0,
d

POy (] = a)y(t) + Ap(t)y(t) = 0.

Multiply the first equation by () and the second one by z(t) and subtract the latter
from the former to get

(1) S (1) (1)) — 2(0) S0y (1] +
+a'(L)p(t)y'(t) — ' (t)p(t)y'(t) = 0.
The last equality can be written

%[y(wt)f’(t) — z(t)p(t)y'(1)] = 0,

which yields
o) y()2'(t) — x(t)y'(¢)] = const, t € [a,b]. (2.4)
From the boundary conditions (2.2) it follows that
arz(a) + aga’(a) = 0,
ary(a) + azy'(a) =0,
and, by condition (2.2), we have |a;| + |ag| # 0. Hence,

yla) y'(a)

v(a) «'(a) ’ = x(a)y'(a) - y(a)o'(a) =0,

and, since the right side of (2.4) is independent of ¢ and the left side vanishes at the
point a, then the constant in the right side is equal to zero. As a result, the Wronskian

Wit u(6)] = v’ /0 = | W0 50

for t € [a,b], that is, the functions z(t) and y(t) are linearly dependent and, hence,
z(t) = Cy(t), Q. E. D.

=0
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4 The functions z(t) and y(¢), defined and integrable on an interval |a, b[, are called
orthogonal on this interval with weight function p(t) if

b

((0)]y(0)), = / £(t)y(t)plt)dt = 0, (2.5)

a

where p(t) > 0 is defined and integrable on |a, b|.

¢ The number assigned to each pair of real functions z(¢) and y(¢) by the rule
(2.5) is called by a scalar product of the functions x(t) and y(t) with weight function
p(t) >0 on |a,bl.

¢ The quantity

[zl = =@ = 1/ (@] ()), (2.6)
is called the norm of the function x(t).

Property 3. The eigenfunctions of the Sturm—Liouville problem corresponding to dif-
ferent eigenvalues are pairwise orthogonal on the interval |a,b| with weight function

p(t).

Proof. Let zx(t) and x;(t) be the eigenfunctions corresponding to eigenvalues \; and
A (k#1). Then

%[gp(t)x;(t)] — q(D)zr(t) = —Nep()ai(t),
Lo (0)] — atan(t) = —Np(t)a(0).

Multiplying the first equation by z;(t) and the second one by x(t) and subtracting
the latter from the former, we obtain

d

(1) [e(t) 2 (1)) — xk(t)di[w(t)wﬁ(t)] + () () (1) — () ()7 (1) =

t
= (N — M) p(t) g (t) 2 (2)

Lo ) (0) — mk()0]) = (— AolDa(Dya ().

Integrate the last equality with respect to ¢t from a to b and take into account the

relations
zi(a)zy(a) — zx(a)zi(a) = 21(b)),(b) — zx(b)zy(b) = 0,

which are true due to the condition that there exist nontrivial solutions of the following
systems of algebraic equations:

{alxk(a) + sy (a) = 0, and {ﬁlxk(b) + (o) (b) =0,
a1zi(a) + aery(a) = 0, Bra(b) + Pazy(b) = 0.

As a result, we obtain
b

(/\l — /\k;) /p(t)l’k(t)l‘l(t)dt =0.

a

Since \; # Ag, this proves Property 3.
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¢ From Property 2 it follows that the eigenfunctions are determined up to a con-
stant. This constant is often found from the condition that the norm of the function
xx(t) is equal to unity:

I = [ posiar=1. k=T, (2.7)

a

Equality (2.7) is called the normalization condition.
¢ A set of functions {z4(t)}, & = 1,00, is called orthogonal on an interval ]a, b
with weight function p(¢) if, for any k,1 = 1, 00, the relation (zy(t)|x;(t)), = 0, k # 1
is valid.
¢ A set of functions {xx(t)}, k = 1, 00, which are orthogonal on an interval |a, b[,
is called orthonormal with weight function p(t) if ||z (t)|| =1, k =1, cc.
The set of functions {xx(¢t)}, k = 1,00, which are orthogonal on |a, b[ generates a
set of functions {u,(t)}, which are orthonormal with weight function p(¢) = 1. Here,
p(t)an(t)
R FAGT =
O As a result, the completeness condition (see Sec. “The delta function and or-
thonormal systems” of [2]) for the orthogonal set of functions with weight function
p(t) will take the form

oo

S ZOnlT) oy sy, (2.9)

— (0]
where 6(¢ — 7) is the Dirac delta function.

Property 4 (Steklov’s expansion theorem). If a function f(t) is twice contin-
uously differentiable on [a,b] and satisfies the boundary conditions (2.2), it can be
expanded in a series in the eigenfunctions xy(t) of the Sturm—Liouville problem (2.1),
(2.2) absolutely and uniformly converging on [a, b]

F(t) =" Cranl(t), (2.10)
k=1

where
b
[ f(t)x(t)p(t)dt
e
' J 2 (6)p(t)dt

a

The series (2.10) is called the Fourier series of the function f(t) in the set of orthogonal
functions {xx(t)}, and the coefficients (2.11) are called the Fourier coefficients of the

function f(t).

Proof was given in Sec. “Hilbert—Schmidt theorem and its corollaries” of Chap.
“Integral Equations” of [3]).

Example 2.1. Show that the set of eigenfunctions of the Sturm-Liouville problem
(2.1), (2.2) satisfies the completeness condition (2.9) on an interval [a,b] in the class
of functions twice continuously differentiable on this interval if these functions satisfy
the boundary conditions (2.2).
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Solution. Consider the series (2.10) where the function f(¢) satisfies the conditions
of Steklov’s theorem. In view of (2.11), we obtain

(a(r)p(r) |

Interchange the summation and the mtegratlon. This can be done since the series
(2.10) converges uniformly. Hence,

/f{ Hx)IP( }‘“‘/f ot = m)d

Here, we have made use of the definition of the Dirac delta function. Thus, the
completeness condition is fulfilled.

Example 2.2. Find the eigenvalues and orthonormal eigenfunctions of the Sturm-—
Liouville problem

y'+ Ay =0, y=y), yO0)=yl)=0,  1>0
and write the orthogonality relationship for the eigenfunctions.
Solution. 1. Let A = 0. Then
y(z) = Ciz + Cy,

and the boundary conditions are satisfied only for the trivial solution C; = Cy = 0.
2. Let A < 0. Then the general solution of the equation y” 4+ Ay = 0 is the function

y(ZL‘) = C’le“/j‘ + Cge_m/j)\.

From the boundary conditions we find C; = Cy = 0, that is there exists only the trivial
solution.
3. Let A > 0. Then the general solution of the equation y” + Ay = 0 has the form

y(z) = Cysin VA + Cycos 2V

Substituting this expression into the boundary conditions, we obtain from the first one
C5 = 0 and from the second one

Cy sin(V/Al) = 0.

Thus, this boundary value problem has a nontrivial solution if

IVA=mn and /\n:<7TTn>2, n

1, 0.

To this values correspond the eigenfunctions
TN

yn(z) = CSIHT’ n=1,

4. Write the orthogonality relationship. To this end, calculate the integral

- / (@) a(2)pl2)de

8
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In our case, p(x) = 1 since the original selfadjoint equation (2.1) has the form y"”—\y =
0. Then

l l

[
I = /Ck sin ?Cn sin ?dm = 5knC,§/sin2 #dt = (5knC,§§.
0 0
Finally,
!
1C?
I = /yk(x)yn(x)d:c = Tkékn.
0

If we put C, = /2/l, the set of functions y,(x) will be orthonormal.

5. Consider a possible physical interpretation of 4y P<P
the problem. Let, for example, a homogeneous elas- * !
tic rod aligned with the Oz-axis is compressed along 1
the axis by a force P, and the rod ends located at
the points x = 0 and x = [ are fixed at the axis, but
may freely revolve around the fixation points (Fig.
1).

If we denote by y the transverse deviation of a
point of the rod from its initial (rectilinear) position, Fig. 1
it appears that the function y(x) satisfies, with a o
sufficient accuracy, the differential equation

=Y

" P o
(@) + Zu(w) =0

and the boundary conditions
y(0) =y(l) =0,

where E, Young’s modulus, and .J, the so-called “moment of inertia”, characterize
the rod material and its cross section [9]. It is natural that for small values of P the
rectilinear shape of the rod is stable. However, there exists a critical value P; of the
force P, such that for P > P; the rectilinear shape of the rod becomes unstable and
the rod is bounded. The critical values P, at which the rod takes a stable curvilinear
shape are given by the expression for the eigenvalues A,

or

2
P, = EJ(?) . n=To

In this case, the eigenvalues determine, up to a multiplier (amplitude), the correspond-
ing equilibrium states of the rod (see Fig. 1).

It can easily be seen that as the force direction (its sign in the equation) is reversed
(tension), it appears that the equilibrium state is represented only by the straight line
y(x) = 0, completely according to the sign of the eigenvalues \,,.

The simplest solution for n = 1 was found by Euler as early as 1757. It should
however be noted that the equation y” = Ay describes small deviations, while analysis
of a more exact equation which holds for any deviations (it appears to be linear)
shows that as P, is increased, the maximum deviation of segments of a rod being in
the equilibrium state from the straight line y(z) = 0 rapidly increases, and the rod is
destroyed.
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The above physical interpretation of the mathematical solution is not unique. Sim-
ilar problems arise in finding natural oscillations of strings, rods, etc.

¢ Eigenvalue problems arise in the main when solving mixed problems for partial
differential equations. If such a mixed problem admits separation of variables, it can be
reduced to the “spectral” eigenvalue problem (2.1) (see Secs. “Separation of variables
in Laplace’s equation”, “Separation of variables in Helmholtz’s equation”, “The Fourier
method for the heat equation”, “The Fourier method for the wave equation” of [3]).

In conclusion we consider some examples which illustrate the influence of the
boundary conditions and the equation coefficients on the solution of the Sturm-—
Liouville problem.

Example 2.3. Solve the Sturm-Liouville problem
" — X =0, r = x(t), (1) =2/(3) =0, (2.12)

write the orthogonality relationship for the eigenfunctions and orthonormalize these
functions.

Solution. 1. Find the general solution to equation (2.12). Let us construct a charac-
teristic equation:

E2—\=0.

Hence, we have k = +v/\ and, depending on the character of the values of A, obtain
the following general solutions:

(a) A>0 z(t)= CreV™ + Coe V™ = ) ch VAL + Cy sh VAt
(b) A=0 x(t) = Cy + Cst;
() A<0 a(t) = Cycos V=t + Cysin vV =\t
2. Consider the case A > 0. Then
2/ (t) = VA(Cy sh VAt + Cy ch VML),

and to determine the constants C7, Cy and A we obtain from the boundary conditions

{vﬁgamv§+oﬁh%®=0,
VA(C1sh 3V + Cych 3v/\) = 0.

From the first equation we find

h
O, = _CQﬂ.
sh v\

Substituting this expression into the second equation, we get

@(ﬂm%mﬁ+mﬁmw®:0
sh v\

In view of chashb+shachb=sh(a+0b), we find

Cysh(2V/X) = 0.

Hence, Cy, = 0 or VA = 0. The latter is impossible since A > 0. Thus, for A > 0 we
have C7 = Cy = 0, and there are no nontrivial solutions.
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3. Consider the case A = 0. From the boundary conditions we find C5 = 0. The
constant C; cannot be determined from the boundary conditions. For convenience we
redenote C; = Cy. Hence for A = 0 we have

z(t) = Cp. (2.13)
4. Consider the case A < 0. Similar to case 2, we obtain

2’ (t) = V=X(—=Cy sin V=t + Cy cos vV—At)

V—=A(=Cisin V=X + Cycos vV—A) =0,
V—=A(Cysin3v/—\ + Cycos 3v/—\) = 0.

Multiply the first equation by sin 3y/—A\ and the second one by —sin+/—\ and then
combine the resulting expressions to get

V—=A(cos V—=Asin 3V —\ —sin vV—XAcos3v—\)Cy =0
vV—=AC5sin2v -\ = 0.

Nontrivial solutions of the Sturm-Liouville problem exist if

and

or

k k
2vV—-A =7k and — Clsin% +Cgcos% =0, k=1, 0.
Denoting
k k
ClzC’kcos%, ngCksin%,
we finally obtain
k2
w=-(3)
mk mkt . wk .| wkt k
z(t) = Cy (cos 5 08—~ + sin 5 sin 7) = () cos ?(t —1), k=100 (2.14)
5. Combining (2.13) and (2.14) yields
kN2 k
A = —<%) () = Cu(1 + G0) cos%(t ~1), k=0,00. (2.15)

6. Write the orthogonality relationship. Equation (2.12) is written in the selfadjoint
form with p(t) = 1. Hence, the functions (2.15) should be orthogonal with respect to
the scalar product

(0(8), () = / () (t)dt.

In view of the integrals
3 3

k
/cos%(t—l)dt:O, /dtzZ,

1

1
/ k l

/cos 7T7(1& — 1) cos 7T?(t — 1)dt = by, k,l=1,00,

1
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we obtain the sought-for orthogonality relationship for the eigenfunctions (2.15)

3
/.’L’k(t)l'l(t)dt = 02(1 + (sk0)5k1, ]{],l = O, 0.

1

7. The orthonormal eigenfunctions are obtained from (2.15) by dividing it by the
norm of the eigenfunction (square root of the coefficient at dy; in the last relation):

;cosﬂ—k(t -1)
V1+ 0o 2 ’

¢ All statements in this section have been made under the assumption that ¢(t) > 0
for ¢ € [a,b]. They however remain valid if ¢(a) = 0 and/or ¢(b) = 0, and ¢(t) can be
represented as ¢(t) = (t—a)y(t) and 1p(a) # 0 and/or p(t) = (t—0b)1(t) and ¥ (b) # 0.

Then it is necessary to impose, at the corresponding boundary point, the condition

tl}gr}rox(t)’ < 00 and (or)

tgigox(t)) < 00. (2.16)

The condition (2.16) can be replaced by the condition that the function x(t) is square
integrable on the interval |a, b[. These statements will also remain valid for unbounded
intervals, i.e., a = —oo and/or b = co. Problems for which all above statements hold
true are called singular. For more details see the Sturm-Liouville problem for the
equations of Bessel, Legendre, Laguerre, etc.

Example 2.4. Solve the Sturm—Liouville problem

2
vy =0, y=yt),  0<t<l, (2.17)
[limy(t)] <oo,  y(l) =0.

Write the orthogonality relationship for the eigenfunctions of the problem and or-
thonormalize these functions.

Solution. Make in Eq. (2.17) the change

y(t) = —. (2.18)

Then
, 2z - z z
== = 92 4o
Y o YTy T
Substituting these expressions into (2.17), we obtain

" /

z z z 212 z z

Y o2 ai] 2[F 2=,

[t t2+ 13 +t t 12 + t
1mﬂQ<m, A _y
t—>0t l
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As a result, for the determination of the function z = z(¢), we have the following
Sturm-Liouville problem:

2+ A2 =0, 2(0)=2()=0, 0<t<l.
The solution of this problem, obtained in Example 2.2, is

2
A\p = (?) , zp(t) = Oy sin ?t, n=1,00 (2.19)

with the orthogonality relationship

8

l
l
/zn(t)zk(t)dt = 0,355,% kon=T1, (2.20)
0

From (2.19) and (2.20), in view of (2.18), we obtain the following solution of the
original problem:
™ C ™

Ap = <T>2’ yn(t) = Tn sin -t

and the orthogonality relationship can be written as

l
l
/ton(t)yk(t)dt = 0255%, n, k=T, o00.
0

The orthonormal eigenfunctions will take the form

(t)_\/§1.7mt
Yn(t) = ltsml'

The mathematical statement of the majority of physical problems involves Sturm’s
boundary conditions (2.2). However, there exists an important class of boundary
conditions — the so-called periodic boundary conditions:

y(t+1) =y(t), teR, 1>0,
or, in equivalent form,
yla) —y(b) =0, y'(a) —y'(b) =0, a€R, b=a+l
The principal difference of the periodic boundary conditions (the term is clear from
their explicit form) from Sturm’s boundary conditions (2.2) is that for second order
equations, two linearly independent eigenfunctions may correspond to one eigenvalue
A

Example 2.5. Find the eigenvalues and eigenfunctions of the problem

Y+ Ay =0,  y0)=y(), ¥(0)=y ).
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Solution. The general solution of the original equation has the form

y(ZL‘) = 016\/__)\90 + 026_\/__)\90.

Substitution of this equation into the boundary conditions yields the system of equa-
tions

Cr(eV M —1) 4+ Cyle VA 1) =
Ci(eV™N —1) = Cy(e VN —1) =

This system of equations will have nontrivial solutions if its determinant is equal to
zero. In this case, we arrive at the equation

(@ 1)V 1) =0,

from which

V=Ml = 2nmi, n =0, 00,

2 2
Ay = (ﬂ) .
[
Thus, two eigenfunctions, sin(27nz/l) and cos(27mnx/l), correspond to each of the
eigenvalues A, with n > 0 and only one eigenfunction, cos0 = 1, corresponds to the
eigenvalue A\g = 0.

¢ The other properties of a problem with periodic boundary conditions coincide
with those properties of the problem with Sturm’s boundary conditions (2.2).

and, hence,
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CHAPTER 2

Cylindrical Functions

3 Bessel functions of the first kind

Let us consider the equation

22y +xy + (2 =Py =0, Rev >0. (3.1)

4 Equation (3.1) is called Bessel’s equation of index v, and its solutions not equal
identically to zero are called cylindrical functions.

¢ Functions of this type arise in solving partial differential equations containing the
Laplacian operator in cylindrical coordinates by the method of separation of variables.
Therefore, they are called cylindrical.

Theorem 3.1. The function

> 2'T(v +1)Cy 2htv
ZO k'Fu+1+k)( ) o G70, (3:2)

is a particular solution of Eq. (3.1) with the series (3.2) converging uniformly in a
finite interval [0, a].

Proof. We seek a particular solution of Eq. (3.1) in the form of a generalized power
series

= Cratte, (3.3)
k=0

where o is some number and C) are some constants to be determined, such that
Co Z 0. Then

zy'(z) = Cooa” + Cy(o 4+ 1) °+1+chk+a) kto

7%y’ (2) = Coo (o — 1)27 + C1(o + 1o + Z cr(k+0o)(k+o— 1)z, (3.4)

k=2
00 ()
_ E CnanraJrZ — E Ck—Zkar
n=0 k=2

In the above equality, we have made the change n + 2 = k. Substitute (3.2) and (3.3)
into Eq. (3.1) to get

lo(c — 1)+ 0 —122°Cy + [o(c+ 1) + (0 + 1) — 27T Cy +

+a° i{[(k +o)k4+o—1)+ (k+0)—1?Cp + Cr_sya™ = 0.
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Equating the coefficients of the terms with identical powers of x, we obtain

Colo? —v*] =0 20,
Chl(o +1)* =v?] =0, z7t

Since Cy # 0, from the first equation we obtain o = +v.
1. Let 0 = v. Then from the second equality we find C; = 0 and

o G2 G2
T kv =2 kQu+ k)

Hence, for odd k (k= 20+ 1)

CZl-‘rl - 07
and for even k (k = 2I)
Gy
TR
that is,
Co
C2 = 2+ 1)1
Co
Ca= 221y + 1) (v +2)
Co
= (=1)} :
Co = (=1) 20w+ 1) +2)---(v+1)

It can easily be verified (e.g., applying the d’Alembert criterion) that the series
(3.3) converges uniformly in any interval [0, a], and, hence, the function y(z) (3.3) is
a solution of Bessel’s equation for any Cj.

In view of the relations

2'(z)=T(z+1), U!=T(1+1),
F(v+1)

(y+1)(1/—|—2)~-(u+l):m,

we obtain

(=)' (v + 1)C
22T (l4+v+ 1)1 +1)

Cy =

and a solution of (3.1) is

= S @
=

Iril+v+1)

which is the required result.
¢ It is convenient to use for Cy the number

1
Co = 2T(v+1)
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¢ The function

o0

1 N 2kt
me)::;;(_1ﬁkﬁxyﬁ—k+ﬂj(§) (3.6)

is called a Bessel function of the first kind (see Fig. 2). Here, the complex number v
is the order of the Bessel function and z is an independent variable.

¢ Since Eq. (3.1) does not change on changing v for —v, the function J_,(z) is a
solution of Eq. (3.1) as well.

Theorem 3.2. The relation
Jon(z) = (=1)"Jn(z) (3.7)
1s valid.

Proof. Consider the function

Tonlw) = kzzo KT (k +1 1-n) <g>%n

Note that

Then,
s L 1 N 2k—n
Toa(@) =2 (=1) Kk —n)! (5) '

k=n
Putting & = [ + n, in view of (3.6), we get

Jon(z) = Z(—l)lm% (g)QHn = (=1)"J,(2), (3.8)

— (I +n)!

proving the theorem.
Corollary. The relation

Jon(—2) = Jo(2) (3.9)
is valid.
Jy(z)
1
V= 0

08
0.6 v=1
0,4 v=2
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Proof. This relation follows from (3.8):

R ””m(%gg)m=§3<—1>3’””m(§)2l+n:Jnm'

=0 =0

Theorem 3.3. If v is not an integer, the functions J,(x) and J_,(x) are linearly
independent.

Proof. Write out Bessel’s equations for the functions J, and J_,:

%[:p(];(x)] + <ZE — V;)Ju(x) =0,

V2

Lt @) + (2= D)) =0

Xz

Multiply the first equation by J_,(x) and the second one by J,(x) and subtract the
latter from the former to get

d d
Jo(@) e (@)] = J(2) el (2)] + 22, (@) o (@) — 2, (2) T, (2) =
d d
= T Awl (@), (2) = L (@)L, ()]} = = A2 W[ (@), J-o(2)]} = 0,
where W[J,, J_,| is the Wronskian of the functions J,(z) and J_,(z). Hence,
W, (x), J_,(x)] = C.
From here, in the limit of z — 0, we can determine the constant C:

C = lim aW[J, (2), ()] = lim[aJ, (2) T, () — 2 ()], ()]

In view of the definition of a Bessel function (3.6) and the relation

(e o]

204+ v T 2V
, e
7 ?: ur1/+z-%1)<2> ’

we find

) 2k+21

o X Y21 = v) x
{E:E:MFy+k+1WF(u+l+U<§

k=0 (=0
i i —1)*(21 +v) <x> 2k+21
e II( V+k+1MTW+Z+D 2 '

Only the terms with & = [ = 0 are nonzero, and therefore (see [2])

C = -V v - 2v o -2 .
T T4+l -v) TA-v)(1+v) T -v) 7 sin .

Here, we have made use of the relation

™

)l —v)=

sinmy
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Thus,

and
W (@), ] o (2)] = —— sinm. (3.10)

™

From (3.10) it follows, in particular, that J,(z) and J_,(z) are linearly independent
for noninteger v, and thus the theorem is proved.

Corollary. If v # n, the general solution of Eq. (3.1) has the form
y(x) = C1J,(z) + Cod_,(z). (3.11)

Proof immediately follows from the fact that the functions J,(x) and J_,(x) are
linearly independent (see Eq. (3.10)) and are solutions of the second order linear
differential equation (3.1).

O Note that the Bessel functions (3.6) are defined not only for real, but also for
complex arguments and orders. Thus, for example, Fig. 3 shows the modulus of a
zero-order Bessel function of complex argument z and Fig. 4 presents plots of the real
and imaginary parts and the modulus of the Bessel function J;,,;(x) of complex order.

Example 3.1. Find the general solution of the equation

!
n Y 1)
V' + L (1——)y=0
y+x+< 9x2y

075|" i@ )
0.5
025

6 8 0\ Nz
025
05
L0751 m 1y i) Re Jiy i(x)
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Solution. Write this equation as

1
22y + zy + <x — §>y = 0.

This is Bessel’s equation with v = 1/3. Therefore, its general solution is
y(z) = CiJiss(x) + Cod_qy3(x).
Example 3.2. Find the general solution of the equation
2?y" 4+ xy' +4(2* — 2)y = 0. (3.12)
Solution. Make in Eq. (3.12) the change of variables 2? = 7, x = /7. Then,

, dy dr dy

y:% dl’dT 5_2\/_
2

d
=2 y—f \f —2—+4d—‘3

Substituting these expressions into Eq. (3.12), we obtain

dy & d
(2— +dr —y) +2\/?\/F% LA —2)y =0

d d 2
or d2 d
207Y Y 2

This is Bessel’s equation of an order v = /2. Its general solution has the form
y(1) = C1J 5(7) + Cod_ (7).
Returning to the original variable, we obtain

y(z) = C’lJ\/g(ﬁ) + C’gJﬂ/i(ﬁ).

4 Bessel functions of the second kind

As elucidated in the previous section, for integer v = n the particular solutions of
Bessel’s (3.2) equation (3.1)

2y +ay + (2 —nPy=0 (4.1)

are linearly dependent since
Jon(x) = (=1)"Jn(2),

i.e., in this case we have found only one particular solution of Eq. (4.1).
Consider Bessel’s equation with noninteger v. Its general solution has the form
(see Fig. 5)
y(x) = C1J,(z) + Cod_, ().
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Putting

we obtain the function
Jy(x) cosmv — J_,(x)
sin v '
¢ The function (4.2) is called the Neumann function.
¢ It was introduced by Weber and sometimes is called the Weber function and
often denoted by Y, (x). The function N,(z) is also called the Bessel (or cylindrical)

function of the second kind of order v of argument x (see Fig. 6).

¢ The Neumann function (4.2) is defined for noninteger v. However, its definition
can be extended to integer v by putting

N, (x) = lim N,(x).

N,(z) =

(4.2)

Statement 4.1. There exists the limit

—

n—

No(2) = lim N, (z) = <v +1In g) o) — %

v—n T

)

where v =~ 0,5772... s the Euler constant.

(n—Fk—1)! <x>n+2k_

k! 2

El
o

k+n 1
+3 o) (4.3)
m

m

1
m

H
Il
—

m=

The proof of this statement can be found, e.g., in [3].
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Statement 4.2. The functions J,(x) and N,(x) are linearly independent for any v.

To prove that the Neumann function N,(z) and the Bessel function of the first
kind J,(x) are linearly independent for any v, we consider the Wronskian

Jy(x)cosmv — J_,(x)

wio)=winian o= [0 N8 =] 1) e ol o 10 =
~ S [ |~ ey o) = s VI Ao
From relation (4.2) we obtain
1 1 2
Wl (), Ny ()] = sinmv (), T ()] = sinv ( a %) S
Thus,
W (), Ny(a)] = (14)

This formula has been obtained under the assumption that v is not an integer. How-
ever, in view of Theorem 4.1, it can be extended to integer v = n.

From relation (4.4) it follows that W[J,(z), N,(x)] # 0 for all values of v and z.
Hence, J,(x) and N, (x) are linearly independent, Q. E. D.

Statement 4.3. The functions J,(x) and N,(x) form a fundamental set of solutions
of Bessel’s equation for any, integer included, order. The general solution of Bessel’s
equation (3.1) of any order v is given by the formula

The validity of this statement immediately follows from the fact that the functions
J,(z) and N, (z) are linearly independent and are solutions of the second order linear
differential equation (3.1).

Example 4.1. Find the general solution of the equation
o2y + xy + <a2:p2 — 1/2>y =0, (4.6)
where a and v are some constants.
Solution. Put z = t/a, then
dy _ dy d*y _ ,d%y

de  Yat de2 " ar
and the equation takes the form
d*y | dy
P2 +t— <t2 — 2) =0.
az la AT )Y

Hence,
y(t) = C1J,(t) + CaN, ().

Returning to the original variable, we obtain

y(x) = C1J,(ax) + CyN, (ax). (4.7)



5 Recurrence relations for Bessel functions 29
5 Recurrence relations for Bessel functions

Theorem 5.1. The following recurrence relations are valid:

d. _ J,,+1(:E)
v, — 5.1
gy = 21, (5.1
d v v
i d(a)) = 2 (@) (5.2
Proof. From definition (3.6) we obtain
d —1)* DRk 2!
dx[ v ] dz [Z EC(k+v+1 22’””] Zk'F (k+v+1)2%+v
B oo (_1)k 1(_1) T 2(k—1)+1+4v 1 B (_1)J ( )
T DDk — 1]+ [+ 1] + 1) 22600 g~ g

Similarly,

d [ VJ( ) d Z ( 1)k; 2k+21/ B & (—1)k2(k—|—u) x2k+21/—1
dx dx FID(k +v+1) 220+ | L BID(k + v+ 1) 2%+

(_1)k p2k+=1)
B Z FIT(k + v — 1] + 1) 2Fin " = F Jy-1(2).

Corollary 5.1.1. The following recurrence relations are valid:

zJ,(x) =vd,(x) — xJ,41(2). (5.3)
zJ,(x) = —vd,(x) + xJ,_1(x). (5.4)

Proof immediately follows from relations (5.1) and (5.2).
Corollary 5.1.2. The following recurrence relations are valid:

2J, () = Jya(w) = Juia(2), (5.5)

v

QEJV(x) = J,1(x) + S (). (5.6)
Proof. Combining relations (5.3) and (5.4), we obtain (5.5). Subtracting (5.4) from
(5.3) yields (5.6).

O Put v =0 in (5.3). Then,
Jy(x) = —Ji(z). (5.7)

Hence, the zeros of the function J;(x) coincide with the maxima and minima of the
function Jy(x) (see Fig. 2).

Corollary 5.1.3. The following relations are valid:

CAVE- s o
<§%)m[g;v<]y(x)] AN (5.9)
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Proof. Apply the method of mathematical induction. Represent (5.1) as
11{#(%)} _ Jva(®)
vdrl v | gt

Thus, for m = 1 relation (5.8) holds. Assume that (5.8) is fulfilled for a certain m = k.
Check the validity of relation (5.8) for m = k+1. To do this, differentiate this relation
with respect to x and use relation (5.1) to get

L) [ - o[ 22)] - gt

Hence,

()22 ) ot
rdx/) \zdr zv avthtL 7
which proves the statement. Relation (5.9) is proved in a like manner.

Corollary 5.1.4. Bessel functions of half-integer order can be expressed in terms of
elementary functions (see Fig. 7)

: (5.10)

Y

cz) W

Tt jpem(x) = 212 [%%]m[ %Cf/s;} . (5.11)

Jifzim(@) = (—1)"a" V2~

Proof. Calculate J;o(x) and J_q9(2):

B s (—1)k x\2k+1/2
e =Y e la)

i (—1)k T 2k—1/2
Tap@) =Y mrirmla)

k=0

From the principal functional relation for the gamma-function I'(z + 1) = 2I'(z) and
from the fact that T'(1/2) = /7 it follows that

2k + 1)!!

Dl +3/2) = = (26 — 1)1

V7 and F(k+1/2):( o V.
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Hence,
1 k2k+1 2k+1/2
)= 5 e ()
k! 2k: + DH!y/m\2
and .
—1)~2 N 2k—1/2
Fapele Z K 2k - 1)”\/_< )
Note that
(2k)! (2k +1)!
E'(2k + 1N = o0 (2k+ 1N = o
(2k)!
El(2k — DI = TR
Then,
J1/2 Z 2k:+1 '\/_ QkH \/ sm:c,
2k _
Joaya(x ZO Qk \/E = Ecosx.
Hence,

2
Jija(x) = HE sine and  J_jp(x \/ cosx. (5.12)

Putting v = 1/2 in (5.8) and v = —1/2 in (5.9) and making use of relations (5.12), we
obtain formulas (5.10) and (5.11), Q. E. D.

Example 5.1. Calculate J3/5(x) and J_3/5(x).

Proof. Substitute m =1 into (5.10) and m =1 into (5.11). Then,

2 /sinw
J3pa(x) = %( P cosx),
(5.13)
J_gs0(x) = i<—sinx—cosx>
—3/2 T x /

Example 5.2. Prove the validity of the relations

Ja)==Ji(@),
To(z) — Jo(z) = 2J0(2), (5.14)

2] (x) = (n* —n — 2*)J, + 21 (7).

Solution. Applying the recurrence relation

for v = 0, we obtain the first equality.
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Differentiating the obtained equality and using the relation

T(@) = 31 (@) = Jura (o)

for v = 1, we arrive at the second equality.
From the identity

227 (x) + 2 J (z) + (2* — n?)J,(x) =0
and the recurrence relation (5.5) it follows that
x
T3 (2) = =5 [Taa (@) = Jua(2)] = (27 = %) Ju(2),
Eliminate .J,,_;(z) from this equality with the help of relation (5.6) to get

227" (z) = —g %”J,l(g;) — 2T (2)] = (@ = n?)J,(2)

or
22T (z) = (n* —n — %) J(2) + 2T (7).

6 Bessel functions of different kinds

¢ The functions
Hél)(:c) = J,(z) +iN,(x), H(z)(x) = J,(x) —iN,(z) (6.1)

14

are called, respectively, the first and the second Hankel functions or Bessel functions
of the third kind.

Making use of the definitions of a Neumann function N,(z) (4.2), we obtain

J () —e ™ ], (x)

Y () = — ,

7 S1n 7TI/ (62)
HO () = @) T ),

1S1 TV

¢ In formulas (6.2), the uncertainty of the type 0/0 appears as v — n, which can
be removed, for instance, by the L’Hospital rule.
¢ From (6.2) it follows, in particular, that

HY (z) = ™ HW (x) and H® (z) = e ™ HP ().
Example 6.1. Express the Hankel functions H'(z) and Hg’%

1/2 (x) in terms of ele-
mentary functions.

Solution. Since sin(7/2) = 1 and €™/2 =i, from (6.2), in view of (5.12), we obtain

Wn 2 ) 12
Hl/z(x)—_Z Tzl H71/2(x)— L
2

2 ; —iT 2 —iT
H{/)z@)zi azC H(_1)/2($): gy
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12

In(m) n=0
101 4
8l 3
6,

r 2
4,
o 1

1 2 3 4:8
Fig. 8.

¢ Comparison of formulas (6.1) with the Euler formulas shows that J,(z) is anal-

ogous to the function cosz, N, (z) to sinz, and HV(z) to €.
¢ The function A
L(z) =i7"J,(ix) = e” ™/ ], (ix) (6.3)

is called a modified Bessel function of the first kind of order v (see Fig. 8).
¢ The function

K, (z) = ¢V+1gH51>(m) (6.4)

is called a modified Bessel function of the second kind or the Macdonald function (see
Fig. 9).

¢ From the definition of the function J,(z) it follows that the function I,(z) can
be represented by a Taylor series of the form

i 1 T 2k+v
1(x) = g KD+ k+ 1) <§> ' (6:5)

¢ The functions K, (z) and I,(x) are related as

ml,(z)—1(2)
2 sin Ty '

K,(x) =

Theorem 6.1. The functions I,(x) and K,(z) are linearly independent solutions of
the equation

o*y" + ay — (22 + )y = 0. (6.6)

Proof. The change of variables z = iz reduces Eq. (6.6) to Bessel’s equation

d*y  dy
22@ o+ (2 —vhy =0,

whose particular solutions are the functions
y(z) = C1J,(2) = C1J,(iz) and y(z) = Cod_,(2) = Cod_,(ix),

where C, Cy are arbitrary constants. Choosing, in accordance with (6.3), C; = i7"
and Cy = ¥, we make sure of the fact that [,(z) and I_,(x) are particular solutions
of Eq. (6.6).
The Wronskian of the functions i~".J,(z) and i¥.J_,(z), according to (3.10), can be
written as 9
Wi J,(2),i" J_,(2)] = W[J,(2), J_,(2)] = —— sin7v

w4
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or, in expanded form,

i_”Jy(z)%[i”J_,,(z)] - i”J_V(z)dilZ[i_”J,,(z)] = —% sin 7v.
The latter equality, in view of definition (6.3) and the relations
: d 1d
S =
takes the form
I(2) dlzi”x(x) - fy(x)d[;;x) = WL (), Iy (2)] = ——sin o

which implies that the functions I, (z) and I_,(z) are linearly independent for v # n.
Calculate

WL (a), ()] = W1, (), T L))

2 sin v
T T 2 1
= WL (x), I, (x)] = (-=sinmr) = —.
2sin v [ (x) (x)] 2sin v T Sy T

Hence, I,(z) and K, (x) are linearly independent for any v, Q. E. D.

Corollary. The functions /,(z) and K,(x) form a fundamental set of solutions of Eq.
(6.6) and the general solution of Eq. (6.6) has the form

y(x) = C11,(z) + Co K, (). (6.7)

Proof follows from the fact that [,(x) and K, (x) are linearly independent for any v
and are solutions of Eq. (6.6).

Theorem 6.2. For Bessel functions of imaginary argument, the following recurrence
relations are valid: 5
v

Ly(z) = L (z) = ;Iu(x)’ (6.8)
I, 1 (z) 4+ L4 (x) = 21)(2).

Proof. Changing x by iz in the recurrence relation
2v
Joaa (@) + Jpa(2) = —Ju(2)

and multiplying this equality by i~ we obtain the first formula. To derive the
second formula, we use the recurrence relation

Jy-1(x) = Sy (x) = 2 ().
Example 6.2. Find the general solution of the equation

1 2 5
y"+<4+—>y'—|—(3+———2>y20. (6.9)
T [
Solution. Make the change of variables
y(z) = e *2(x). (6.10)

Calculate the derivatives:
y'(x) = [e7*z(x)] = e [22(x) + 2 (2)];
y'(x) = {7 ¥ [2z2(2) + 2 ()]} = e F[2"(2) — 42/ (2) + 42()].
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Substitute (6.10) and (6.11) into (6.9)

1 2 5
e[ (x) — 42 (x) + 42(x)] + (4 + —) e ¥ (x) — 22(w)] + <3 +-—— —)6_2’”z(x) =0.
x x
Dividing this by the exponential function and grouping similar terms, we obtain
222" (x) + 22 (z) + (—2* — 5)z(x) = 0. (6.12)

Equation (6.12) is Bessel’s equation (6.6) with v = v/5 whose general solution, accord-
ing to (6.7), has the form

z(x) = C1I 5(2) + CoK s5().

Finally, we obtain
y(z) = Cre 1 g(z) + Cae ¥ K s5()

7 The asymptotic behavior of cylindrical functions

Theorem 7.1. The function
() = 2 cos(ar + ) ()
x) = —=cos(x , .
Y NG ¥
where A and ¢ are arbitrary constants, is an asymptotic solution of Bessel’s equation

(3.1) for any v up to O(z~%?) as v — oco.

Proof. Consider Bessel’s equation

" 1 / V2
vy + (1= 5= (72
xr xr

Make in Eq. (7.2) the change of variables © = et, ¢ €]0, 1], € = const. Then for large
x, i.e., as r — 00, the parameter ¢ will tend to zero as well.
Equation (7.2) in new variables takes the form

1 . 1 . V2
i+ i+ (1 )y =0 (7:3)

Here, the dot denotes the differentiation with respect to the variable ¢, y = dy/dt.
We seek the solution of Eq. (7.3) in the form

y(t,e) = =5V f(t,e), (7.4)

where the function S(t) does not depend on ¢, the function f(¢,e) depends regularly
on the parameter w = 1/¢, i.e.,

1 1
f(t,e) :fo(t)+gf1(t)+€—2f2(t)+---, (7.5)
and fi(t), k = 0,00, are independent of . From (7.4) we find

(t '(t, g)eiES(t) + iES(t)f(t, g)eiES(t)’
(t,2) = F(t,€)e ™SO +2ie8 () (1, )50 — 2(S(1)*F (1, )=S0,

o
I
~

(7.6)

o
I
~
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Substituting (7.4) and (7.6) into Eq. (7.3), we obtain

{[-5’%) FAT2) 2 (2070800 + L1230+

—|—€1—2 [f(t,€) + %f(t,e) — :_2 (t, 5)} } =50 _ .

Substitute the expansion (7.5) into this equation and equate coefficients of terms with

like powers of 1/ to get
0o | 1-S%t)=0

From these equations we find

SW =%t folt) =

S

Hence, the function
Oy

y(t,e) = i exp(tiet) (7.7)

is an asymptotic solution of Eq. (7.3), up to O(1/e) as ¢ — 0. Equation (7.3) is a
second order linear differential equation with real coefficients. Hence, the real and the
imaginary part of its complex solutions are solutions of Eq. (7.3) as well. Thus, the
function

y(t,e) = i} coset + & sin et (7.8)

Vit Vi

is an asymptotic solution of Eq. (7.3) as well. Putting in (7.8)

A A
Cy, = —=cos p, Cy = —sinp

Ve Ve
and returning to the original variables, we come to the statement of the theorem.

It can be shown that as x — oo the following estimates are valid:

J,(x) = \/%COS($ — % — %) +O(z73/?), (7.9)

N,(z) = 2 sin(x -— - —) + O(x73/?), (7.10)

H,(z) = \/gexp [ii <a; - %’/ - %)} +O(Y?). (7.11)

O Note that the asymptotic estimates (7.9)—(7.11) are valid not only for = > 1,
but also for all |z] > 1, arg z < 7 — § with ¢ being an arbitrary small positive number.
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¢ Similarly, an asymptotic expansion can be obtained for Bessel functions of imag-

inary argument as r — o0:
1
I,(x) =1/—¢"[1+0(1 , 7.12
(2) = [ e[ + O(1/2) (712)

K, (z) = \/gex[l +O(1/x)]. (7.13)

Consider the behavior of cylindrical functions as # — +0. From definition (3.6) it
follows that

1 T\Y
J, :7<—) O(z"), 0, v>0. 7.14
@ =ty (3) 0@ 20w (7.14)
From definition (4.2) and relation (4.3) we get
T —v
N,(z) = — ET”) (g) LO@@™), T—0,v>0,
No(z) = 2InZ 4 01 0
0(1‘)—;n§+ (), Tr — U.

From (6.2) we find
H((]l’2)(:p) =+iln g,
T(v

H () = +i ) (g)_y, v>0, v — +0.
T

Similarly, for Bessel functions of imaginary argument we have

1 T\V
- - [z v > 0:
1,(x) F(VH)(Q) +0("), =40, v 0;
1 —v
K,(z) = 51“(1/)(%) +0(z™), x—+0, v>0;

Ky(x) = ln; +0(1), z—0.

Example 7.1. Prove that

/Jn(x)dx = /Jn+2(x)dx, n =0, 0. (7.15)
0 0
Solution. Consider the difference J,,(z) — Jy,12(z). From formula (5.5) for v =n+1
we find
Ju@) = Jusalw) = 210 (a).
Then,
J1nte) = stz =2 [ T (@)de =20
0 0
For Bessel functions, the asymptotic estimate
Jy(x) ~ (%)1/2 cos <x - % - %), T — 00 (7.16)
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is valid for large z. Hence,
lim J,(z) = 0. (7.17)

r—00

Taking into account that .J,11(0) = 0 for n = 0, 00, we obtain

7[Jn(:p) — Jppa(@)]dz = 0 or 7Jn(x)dx - 7Jn+2(x)dx,

Q. E. D.

8 Generating functions. The Bessel integral

¢ The function ®(z,t) expandable in a converging series in ¢

oo

O(z,t) = Y an(2)t" (8.1)

with coefficients a,(z) is called the generating function of a functional sequence {a,(2)},
n = —00, 0.
Theorem 8.1. The function
1 1
F(z,t) = exp bz(t — ;)] (8.2)
is generating for Bessel functions of integer order, i.e.,

exp[%z(t— %)] = _i Jn(2)t". (8.3)

Proof. Consider the function of complex variable ¢ (8.2). It has essentially singular
points ¢ = 0 and £ = oo and, hence, is expandable in a Laurent series on the complex
plane ¢ with the series coefficients being functions of the parameter z involved in
relation (8.2), i.e.,

o0

F(z,t)= Y an(2)t", (8.4)
where . ) 5 .
= /eXp[(z/n)ﬁl —1/n)] i, (8.5)

Yo

Here, 7y is an arbitrary closed contour enclosing the origin.
Perform the change of variables n = 2t/z, (z # 0), with vy — =, 7 also enclosing

the origin. Then,
1 n
an(z) = — <z> /tn16t22/4tdt,
271 \2
5
but

6722/47& . i (_1)k ZQk
a k! 22ktk’
k=0
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with the series converging uniformly for all |z| < co. Then,

an(z) = i (_kl,)k <g>2k+n{2im /t"lketdt}.

v

If n+ k < 0, the integrand is an analytic function and the integral is equal to zero. If
n+k >0, the point £ = 0 is a pole of order n + k£ + 1. Hence,

L = 1-k etdt = lim 1 dn-‘:—k [ e' n+k+1].
2mi t—0 (n + k)! dtrthk Lgntktl
g
Since ]
1 ——, n+k=0; 1
5 R dE = < (n - k)! U
) 0, ktn<o LTO+E+D)
we get
( 1)k ( )2k:+n
= Ju(2).
— BID(k+n + 1) \2 (2)

Corollary 8.1.1. The formula

—ZZblIl(p Z J —mcp (86)

is valid.
Proof. Put in formula (8.3) t = e~ to get

F(Z, eigo) —zzslngp Z J —mgo)

Q. E. D.
Corollary 8.1.2. The relations
1 f i(np—zsiny) 1 r :
Jn(z) = o | e v Pldp = — | cos(np — zsinp)dp, n =000 (8.7)
T T
-7 0

are valid. Formula (8.7) is called the Bessel integral or, with n = 0, the Parseval
integral.

Proof. Expand the function e~%*%% in a Fourier series in variable (:

e = 3 G, (8.8)

n=—oo

where
iy

1 . )
C - efzz sin cermcpd .
"oom v
-7
An expansion of a continuous function in a Fourier series is unique. Hence, the coeffi-
cients of the series (8.6) and (8.8) are identical and relations (8.7) hold.
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O The Bessel formula (8.7) is valid only for integer n. Otherwise it has the form

™

1
J(z) = - /cos(wp — zsin)dp—

_sinmy / evo=sshi g, (8.9)
0
(see, e.g., [3]).
Corollary 8.1.3. The relations
cos(z sin ) )+ 2 Z Jon(2) cos(2ny); (8.10)
sin(zsin ) = 2 Z Jon—1(2) sin(2n — 1)¢p; (8.11)
n=1
cos(z cos ) )+2 Z )" Jon(2) cos(2n8); (8.12)
sin(zsinf) = 2 Z D)™ Jyn_1(2) cos(2n — 1) (8.13)

are valid. The expansions (8.10)—(8.13) are called the Jacobi expansions.

Proof. Equating the real and the imaginary parts on both sides of relation (8.6), find
(8.10) and (8.10). (We leave this to be done by the student.) Make in (8.10) and
(8.10) the change ¢ = 7/2 — 6 to get (8.12) and (8.13).

From (8.10) and (8.11) it follows that

™

/ cos(zsin ) cos 2ny dp = Ty, (2), (8.14)

0
iy

/sin(z sin ) sin(2n — 1)p dp = mJo,_1(2). (8.15)
0

Example 8.1. Expand the functions cosz and sin z in a series in Bessel functions of
integer orders.

Solution. Put z = z in equalities (8.10)—(8.13) to get

cos(x sin ¢) )+ 2 Z Jo(x) cos 2k,

sin(zsin ) = 2 Z Jor—1(x) sin(2k — 1)¢.
k=1
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For ¢ = m/2 we finally obtain
cosx = Jo(x) + 2> Jop(x) coskm = Jo(x) + 22(—1)’“(]%@),
k=1
sine = 2) Jop_1(x) sin( 2k—1 Z DA Ty (2).
k=1 —
9 Lommel’s integrals
Theorem 9.1. Provided that Rev > —1, the relations
¢
/ZJV(ozz)JV(Bz)dz =
0
¢
= m{ﬁJu(@C)J{/(ﬁC) — ad,(BC)J,(aC)}; (9.1)
¢
= 7{QJV(5C)JV+1(04C) B (aQ) S (B} (9:2)
= v-1(6¢) () — ey (a€) -1 (BC); (9.3)
C 2 ¢ 2 v 2
> / _
/ 2J2az)dz = 2 {[JV(aC)] +(1- <2> (@O} (9.4)
0
are valid. Relations (9.1)—(9.4) are called Lommel’s integrals.
Proof. 1. Consider the equation
2y + 2y + (22 — 1)y = 0. (9.5)
Make in this equation the change of variables a?2? = ¢2. Then,
dy _ dy Py _ Ld?y
r_2J d n_ 29 _ 2_.
dz~ “ar MV T am T e
As a result we get
oLy dy s
=2 4 t—2 " — =0
T2 Tl T (E =)y =0,
and, hence,
y(t) = Clt]y(t) + CQN,,(f) = Cljy(CYZ) + CQN,,(O(Z) (96)

is the general solution of Eq. (9.5). In particular, putting Cy = 0 and C} = 1, we

obtain

d*J,(az) dJ,(az)
2 v v
T i dz

271,(B2) dJ,(Bz)
dz? Tz dz

+ (22 = 1) J,(az) =0

and

+ (3*2* — v*)J,(Bz) = 0.
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Multiply the first equation by 1J,(82) and the second one by 1J,(az) and subtract

the second from the first. Then,

d*J, d*J,
0D csutan) 2T |

dz?
dJ,(Bz)

+J,(82) —J,,((M)T = —(a® — %) 2], (az)],(82).

The left side of this equality can be represented as
v dJ,
d d‘]dﬂ (5 2)] — (o — B%)2J,(a2)J, (B2).

— [ZJ,,(BZ) ) _ zJ,(az) s
Integrate the left and the right sides of the equality in the limits from 0 to (:

2J,(Bz)
dJ,(az)
dz

dz

¢
(@) [ 2a0s) 1020 = [ 20 g oy PO
0
d v d . dJV d‘]’/
R R R R s Rl
2. Show that this limit is zero. Indeed,

Iolaz) = nz:% n!r(;_j ):+ 1) (%)my -

v oz v+2 o (_1)71 oz 2n—2
+ <7> ; nll'(n+v+1) (7) a

() 0

~ (%)

-~ (5)

R G Vi <a2>2n—2
@ilaz) = ; nl'(n+v+1)\ 2
is a series in positive powers of z. Similarly,
d L s —1)" 2n+vq/
zJ(ﬁz):Z[Z (=1 <&> }:
dz —nl'(n+v+1)\ 2

(=)™ (2n +v) <&)2n+ulé B
nll'(n+v+1)\ 2 2

w3 (3 S (2) -

where

I

“ Il
N
e =

where 00(12 8 /e int
n—+v AR
i (5z) = Zn'Fn+I/+1) (7)

n=1
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is a series in positive powers of z. Then,

tim = 1,02 2492 (0 PPAOD]
~in{[ g (5) + (3) T e [ (5) + (F) 7 i) -
[ () + (D) e [y (3) + (5) meal} -0

Here we have made use of the fact that Rev > —1 and lir% Q1(az) = liné Ri(6z) =0

since Q1(az) and R;(fz) are series in positive powers of z.
3. Note that

dJ,(B¢)  dJ.(B¢) ..,
Then, for o # § we have
¢
[ #0520 = (50T (a6) 80050,
0

and thus relation (9.1) is proved. Use in this equality the recurrence relation
J) v
H0€) = 2o (a0) = Jun(aC)

and a similar relation for J,(3¢) to get (9.2).
Using the other recurrence relation,

T (a¢) = —aiguao + Jy1(af),

yields (9.3).
4. Lommel’s integral (9.4) can be calculated from (9.1) by letting 5 — «. Indeed,

HCM

¢
[aztaniaz = tin {5 100000 1400 - ad(30) (a0}

Remove the singularity of type 0/0 appearing in the right side of this expression by
the L’Hospital rule:

P LB TLUBC) — adu(BO) T ()]}
/sz(ozz)dz :é1_r)r(11 %(Oﬂ 5 -
= lin %{ CIL(BO) T () — T, (a)TL(5C) — BCI, () JL(BC)).

At the same time, the function J,(8¢) satisfies the equation
(BT (BE) + BT (BC) + (B2¢ = v*) J,(B¢) = 0.
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Then,

" o I/2 1 /
T = = (1= gaa) o (5Q) = 5 T1(50),

B¢
and the original relation takes the form

V2

32¢?

< 2
[ ez = tim &g (a0 150 + B[t - 55| (5000} =

- %2{ [T (aQ)]* + |1 - O;;}Jy(ao},

identical to (9.4). Thus, the theorem is proved.

10 Roots of Bessel functions

The problem of finding the roots of Bessel functions plays an important role in
applications.

Theorem 10.1. If the order v is real and v > —1, then the function J,(z) has only
real roots, that s, if

Jy (o)) =0, then (o))" = «af. (10.1)

Proof. We use the rule of contraries.

1. By definition,
2V - (—1)k 2\ 2k
Ju(z) = <§> % KIT(v+k+ 1) (5) ' (10:2)

Assume that there are pure imaginary roots, i.e., z = i¢t. Then we obtain

Jutit) = (%)t l; HT(0 +1 k1) @%

where only positive summands are under the summation sign. Hence, J,(it) # 0 for
real ¢ other than zero. Thus, the function J,(z) has no pure imaginary roots.

2. Now assume that o« = a + @b is a complex root of Eq. (10.1) J,(«) = 0 and
a # 0. Since J,(z) is expandable in the power series (10.2) with real coefficients, a* is
also a root of this equation, i.e., J,(a*) = 0.

Now we make use of Lommel’s integral (9.1), putting & = v and § = o™

{0t (0) T (0"C) — ady(a*C) T al)}.

a? — (a¥)

j zJ,(az)J,(a*2)dz =

Put here ¢ = 1. Then, in view of J,(«a) = J,(a*) = 0, we obtain
1

/zJ,,(az)J,,((x*z)dz =0. (10.3)
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Since J,(a*z) = [J,(az)]*, then
1 1
/zJ,,((xz)J,,(a*z)dz = /z\J,,(az)|2dz > 0, (10.4)
0 0

since the integrand is positive. The resulting contradiction between (10.3) and (10.4)
shows that the function J,(z) has no complex roots for v > —1.

Theorem 10.2. All roots of the function J,(z), except for z =0, are prime.

Proof. Assume that 2y # 0 is a root of multiplicity n > 1. Then, J,(z) = J),(z0) = 0,
but

1/2

J"(2) = —ZiOJ;(zo) - (1 - Z—g)Jy(zo) —0.

Differentiating Bessel’s equation yields
2

) = {4 L - (1= )]}

= 0.
z 22

z2=2z0

Similarly, it can be shown that all derivatives of the function .J,(z) at the point 2,
vanish. Hence, J,(z) = 0, because all coefficients of the Taylor series at the point z
are equal to zero, and J,(z) can not have multiple roots, Q. E. D.

Theorem 10.3. Equation J,(z) =0 has an infinite set of solutions (roots).

Proof. The Bessel function J,(z) is a solution of Bessel’s equation and therefore it
admits, for large z, the following asymptotic representation (7.1)
() = 2 cos(ar + ¢) (10.5)
x) = —=cos(x .
y T ¥);

where A = /2/m and ¢ = —7r/2, and the function cosz has an infinite number of
zeros. Hence, J,(x) also has an infinite number of zeros, and the theorem has been
proved.

The following theorem describing the behavior of the roots of Bessel functions can
be proved (see [21]).

Theorem 10.4 (Bourget). The functions J,(z) and J,1m(z), m = 1,00, have no

common roots, except for z = 0.

11 Fourier—Bessel and Dini series

Here we consider Fourier—Bessel and Dini series which are important in applica-
tions.

Theorem 11.1. The sequence of functions
JV<04T%>,JV<QZ§>,...,Jy<oz2§> ce v>-—1, (11.1)

where oy, k = 1,00 are roots of the equation

Ju(z) =0, (11.2)
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form an orthogonal system of functions with the weight function p(x) = x, such that

l

/xJ,,(&Z?)J < l)dx— l;[J;(aZ)]%kj. (11.3)

0

Here, dy; is Kronecker’s symbol.

Proof. Put in Lommel’s integral (9.1) ( =1, a = of, and 3 = o for k # j. Since
Ju(af) = J,(af) = 0, we obtain

1
/ 1, (a2t) ], (2 )dt = 0. (11.4)
0

Putting in Lommel’s integral (9.4) ( =1 and o = af, we obtain

1

/ L2 (V) dt — %[J;(a;)]? (11.5)

0

Combining (11.4) and (11.5) and making the change of variables ¢ = x/l, we obtain
(11.3), as we wanted to prove.

Theorem 11.2. Let some function f(x) of real variable x can be represented by the
uniformly converging functional series

ZakJ < %) v> 1, (11.6)

where o denote the positive roots of Eq. J,(«) = 0, numbered in the increasing order.
Then,

l
ap = lJ’ o] /:L‘f )d:p. (11.7)
0

The series (11.6) with the coefficients (11.7) is called the Fourier—Bessel series.

Proof. Since the series (11.6) is uniformly converging, it can be integrated term by
term. Multiply equality (11.6) by zJ,(a%z/l) and integrate the resulting equality in
the limits [0, ] to get

[orirn o= S f o (o) o)

k=1

and, using (11.3), find
! 2 2
[ st (a7 )ao = Zak BRI RACH)
0

proving the theorem.
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Theorem 11.3 (Hobson’s theorem). Let the function f(x) satisfy the following
conditions:
1. there exists the integral

l

/ 121 £ (1) dt < oo

0
2. |f(z)] < o0 forxz € [0,1].
Then the series > apJ,(afxz/l) converges for v > —1/2, x €]0,1], and its sum is
k=1

S+ 0) + (e —0)]

For proof see, e.g., in [21], Chap. XVIII.
¢ If 4 are positive roots of the equation
xJ (x)+ HJ,(z) =0, (11.8)

where H = const independent of x and v, then the series

_ i b ], (7,;%), (11.9)
m=1

where

l

_ 2(7m)? o (o T
= [(v2)2 — 2| 2(vy) + [ Il (vs)]? 12 0/ f(x)d, (’Ym ] )d ) (11.10)

is called the Dini series of the function f(z).

Theorem 11.4. The functions J,(vox/l), m = 1,00, v > —1, where 4%, are roots
of Eq. (11.8), possess, on the interval |0,1[, the property of orthogonality with weight
function p(x) = z, i.e.,

l
2

[an(i7)s vkl)dx—g{[l—(V’;)Z]Js(vm[J;wm}akm. (11.11)

0

Proof literally repeats that of relation (11.3).

Example 11.1. Expand the function f(z) = z° = 1 in the Fourier-Bessel series

S ardo(adz), with af being roots of the Bessel function Jy(z), on the interval ]0, 1[.
k=1

Solution. Write .
2 [ 2 Jo(adx)dx
0

[Jo(ei))?

ajp =
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Since Jj(x) = —Jy(x), then the change of variables t = afx yields

0

Y
2 [ tJo(t)dt
0

Ak = 759 0 -
" (a2 (a)

Using the recurrence relation

d
%[Z”“Jm(Z)] = 2", (2),
with v = 0 we find
2 a0 2
ap = ——— ()| =
¢ = D) MO = Go e
Thus,
> 2hleie) g, <)o, 1[.

g Ji(ag)

12 The Sturm—Liouville problem for Bessel’s equation
The Sturm-Liouville problem for Bessel’s equation plays an important role in solv-
ing a broad class of partial differential equations. Its standard formulation is
Find the eigenvalues and eigenfunctions of the problem
22y + zy + (A\z? —v?)y = 0, v >0, (12.1)
lir% ly(x)] < o0, ly'(l) + Hy(l) =0, H >0, [>0.

Write the orthogonality relationship for the eigenfunctions of the problem.

Solution is performed by the scheme used earlier for other ordinary differential equa-
tions.
1. Let A = w? w > 0. The general solution of Eq. (12.1) has the form

y(x) = C1J,(wz) + CoN, (wx).

Tolw) = (g) kz% k!r((_ﬁ{: +1) @)%

0 v>0,

J0) = {1 v=0.

Hence, |.J,(0)| < oo for v > 0. Since

By definition

whence

lim [N, (2)] = oo,

then Cy = 0.

Counsider the second condition

ChwlJ(wl) + HJ,(wl)] = 0.
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The bracketed expression is equal to zero if wl = 7, k = 1, 00, where v} are roots of
the equation vJ),(v) + HJ,(y) = 0. Hence,

= (5w = A (h5). (12.2)

2. Let A = —w? w > 0. Then the general solution of the equation

2y + xy — (W + 1)y =0

has the form
y(x) = C11,(wx) + Co K, (wx).
Similar to the previous case,

| liH(l) I,(x)] < oo, and | lim K, (z)| = oo.

z—0

Hence,
Cy =0.
By definition,

b 1 T\ 2k+v
I(x) = g KD(v+k+1) <§> ‘

Then,

1T (wl) + HI(w) =
Wl (wl) + HIwl) £ FID(w+ ki + 1)

This equality is impossible since its left side is positive for wl # 0. Then,
C;=0 and y(x) =0, (12.3)

that is, only the trivial solution exists.
3. Let A = 0. In this case,

2k+v+ H (lw>2k+v _0
5 —

ny// 4 xy/ o I/2y — 0,

and it is necessary to consider two variants: v = 0 and v # 0.
(a) Put v = 0 and rewrite the equation as

d
vy 4y = e/ ()] =0,
whence
xy = C},
and the general solution is
y(x) =Cilnz + Cs.

From the first condition we have C'; = 0 and from the second one Cy = 0.
(b) Put v > 0. Seek a particular solution in the form y = z®. Substituting this
into the original equation yields

ala — 1)z + az® — v*z* = 0.

Hence, o = +v. Then,
y(ZL‘) = leL‘V + CQZL‘_V.
From the first condition of (12.1) we find
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and from the second one
Cy(vl" + HI") =0

it follows that
Cl - O

Thus, the solution of the Sturm-Liouville problem (12.1) is

e (5wt - ).

4. The orthogonality relationship for the functions (12.2), in view of (11.11), takes
the form

l l

/xyn(x)yk(x)d:c = CCy /xJ,, (7,’%%) Jy (’y,’;?)d:c =

0

[e=]

l2 2

= Chg{ [t = Gl 2 0m) + LGP . (124



CHAPTER 3
Classical orthogonal polynomials

13 Legendre polynomials

When studying the distribution of Newtonian potentials in a ball, Legendre in-
troduced polynomials of a special type, later called the Legendre polynomials, and
investigated their properties.

¢ Orthogonal Legendre polynomials can be defined by
) a generating function;
) a corresponding differential equation;
) an integral representation;
) an orthogonalization procedure for functions f(z) = 2*.
Note that Bessel functions of integer order can also be defined with the help of a
generating function (see Sec. “Generating functions. The Bessel integral”).
¢ The function

1
V1+12 =2tz

is called the generating function for the Legendre polynomials.
Putting

U(t,z) = <1, -1<z<1 (13.1)

x = cosb, 0<6<m,
we find A .
L+t —2tx =14t* —2tcosh = (t — ) (t — ™).
Thus, V(t,x), as a function of variable ¢ on the interval —1 < x < 1, has two singular
points at ¢ = 1 5 = exp(%i#). Both points lie on the unit circle |t| = 1. Hence, ¥(t, z),
as a function of ¢, is analytic inside the unit circle at any fixed real z, || < 1 and can
be expanded in this circle in a converging Taylor power series in ¢.

Theorem 13.1. The coefficients of the expansion of the function V(t,x) (13.1) in the
Taylor power series in t

U(t,z) = i Py ()t (13.2)

are polynomials of degree n in x.
The polynomials P,(x) are called the Legendre polynomials of degree n.

Proof. Obviously, we have

10"y
~on! ot li=o

On the other hand, the nth derivative of an analytic function is given by the Cauchy
integral formula

Po(x)

n! U(w, o"VU(t, x
nl W), ()
27 wntl atn
8!
where ~ is an arbitrary piecewise smooth closed path in the complex plane of w, which
encloses the point w = 0 and lies inside the unit circle.

Make the change of variables

V1—-2zw+4w?=1—wz, (13.4)

, (13.3)

t=0
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in the integral (13.3) to get

1 — 22w+ w? =1— 2wz + w?2?,
2(x — 2)
€Wz —2)=(22-1 = — 13.5
o= (P, we A (135

Upon this transformation, the point w = 0 maps into the point z = . Then
2(z — d —
dw:d<u>:2[ SE 2zdz| =
22 -1 22—1 (22-1)?
2(2% — 1 =222 4 2zx) 1+ 22— 222
= z2=-2————dz;
(@ —1p (@ —1p
Similarly, in view of (13.5), we obtain

(1—2%) —2z(x—2) 1+2°—2z

1— =
v 1—22 1—22
Thus,
dw 22—1  (=2)(1+ 2% —2zx) 2dz
v dw = = — dz = ——.
(@, z)dw 1 —wz 1422 — 22z (22—1)2 T
Hence,

2 n4+1 2 _ n
%W(w,x)dw:f[ 22 —1 ] 12z 1 (2 —1) i,
wntl 2(z —x) 22—1 20 | (z—a)nt!
g 7 gl
where 7 is a piecewise smooth closed path enclosing the point z = x. (In the last
integral, the integrand, as a function of z, is analytic everywhere except for the point
z = x. Hence, the closed path 7 is now arbitrary if it encloses the point z = x.) Thus,

11 (2
©2mi2n ) (z— )"t

P,(x) dz. (13.6)

2

Counsider

5 ¥
and note that . S
L JEED ey
271 Z—T
A"/
From here 1
P,(x) = — (2= 1) 13.7
() = o @® = 1) (13.7)

Hence, P,(x) is a polynomial of degree n, Q. E. D.

4 Formulas (13.7) are called Rodrigues’s formulas and relation (13.6) is called the
Schlaffly integral.

Corollary. The relation
Po(=z) = (=1)"Py(x)

is valid.
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Proof. By definition,

\/1—2x2+22 ZP

Replace z by —z and 2z by —z:

\/1—2:7cz+22 ZP

By comparing the two series, we obtain P, (—z) = (—1)"P,(x).
Example 13.1. Show that the relations

P,(1) =1, P,(-1)=(-1)"
are valid.

Solution. Actually, putting x = 1 and z = —1 in (13.1), we obtain

o i S
W(t,—1) ii Wﬁ::}jfz@—

The first equation yields P,(1) = 1 and the second one P,(—1) = (—1)".
Example 13.2. Find the value of P,(0) for any n.

Solution. Similar to Example 13.1, put # = 0 in relation (13.1) to get

m@ﬂy:Jém§:§:mmﬂ

On the other hand,

1 L2k — DI,
e 2V !

From here
L (2k — 1!
(2k)!!

Pypi(0) =0,  Py(0) = (—1) . k=0,00.

Example 13.3. Find the explicit form of the first six Legendre polynomials.

Solution. Putting n = 0,5 in (13.7), we obtain the functions

3 1 1
Py(z) =1, Pi(z) = =z, Py(z) = §ZL‘2 ~ 3 Py(z) = 5(5x3 — 3x),
1 1
Py(z) = g(35gc4 — 3022 +3),  Ps(z) = é(63gc5 — 702° + 152)

whose plots are given in Figs. 10 and 11.
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b,
1 n=0
n=1
0,5
n=2
1 :El
0 0.2 4 6 N, 1
0.5 n=3 n=4 n=3
Fig. 10. Fig. 11.
Example 13.4. Show that for Legendre polynomials the representation
[n/2]
2n — 2k)!
Pn _ -1 k ( n—2k
(z) kz%( R =i — 2
is valid.
Solution. According to Rodrigues’s formula,
1 dr
P,(x) = —(2* = 1)™.
(z) 2rn! dxn (v )
Since
-1 —1)(n—2
(22— 1)" = 2% — pa®2 4 ”(HQ' )xQn—Zl _ n(n 2)'(” )$2n—6 o (=)
that is,
(1,2 o 1)n _ Z(_l)kcrlfx%r%’
k=0
then,
dqn [n/2]
2 n __ _1\k Yk o o o . o n—2k
T =)= ;( DFCE(2n — 2k)(2n — 2k — 1) - (n+ 1 — 2k)z
or
[n/2]
prCERY ;;( oy o T T
Thus,

[n/2]
i (2n — 2k)! n—2k
Pal@) = 3 0 it = in — 21

k=0
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14 Recurrence relations for Legendre polynomials

Statement 14.1. The recurrence relations

(n+1)Pyp(x) —x(2n + 1)P,(2) + nP,—1(z) = 0; (14.1)
nP,(x) —zP!(x)+ P, _;(x) =0 (14.2)

are valid.

1. Differentiate the generating function W(t,z) (8.1) with respect to = to get

ov(t,z) t
ox (1412 —2tx)3/?’
Hence,
ov
1+ t* = 2te)— —t¥ =0, 14.3
1+~ 22) (14.3)
Similarly, differentiate this function with respect to ¢ to get
ov(t,z) 2t — 2x
ot (=2)(1+12 — 2tx)3/?’
which yields
Multiply (14.3) by (¢t — ) and (14.4) by t and combine the results to get
ovr oV
t— t— = 0. 14.5
(=25 T (14.5)

Substitute

= iPk(:c)tk and ZkP e
k=0

into (14.4). Then,

(1412 — 2tx) ZkP W 4 (t—2) ) Pu(a)th =0
k=0

k=1
Hence,
ZkP )tk 1+ka )kt — ZQkka )tk +ZP A Zka =
k; 0
k—1=n k+1=n k;rn k+1=n k=n

Change the summation index in the resulting sums by the rules given beneath the
parentheses:

o0

> (n+ 1) P (2)t” + Pi(x —i—Zn—l 1 (@)t —

n=1

_ i 2nx P, (z)t" + Z Poi(z Z zP,(x)t" — xPy(x) = 0.
n=1 n=1
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In view of the relation P;(x) = xzPy(z), we obtain

o0

D [+ 1)Poya(z) + (n = 1) Py (2) — 20 Py () + Py (z) — 2Py (2)t" =0,

n=1

Equating the coefficients of terms with identical powers of t to zero, we arrive at (14.1).
Perform similar manipulations with relation (14.5):

inP t”+ZP’ et — pr’
n=1

Put n +1 = n in the second sum. Then n varies within the limits n = 1, c0. In view
of Pi(x) =0, we obtain
> [nP,—xP,+ P, _]Jt" = 0.
n=1
Thus, the statement is valid.
Statement 14.2. The relations
(n+1)Pu(x) = Py (2) + 2B (x) =0, (14.6)
Brp(x) = Poy(z) = (2n 4+ 1) Py (2) = 0 (14.7)
are valid.
Actually, differentiating (14.1) with respect to z, we have
(n+1)F 4 (z) = (2n+ 1)Pu(x) — (2n + D)2 P, (x) + P, (x) = 0.
Eliminating P/ _, with the help of (14.2), we obtain
(n+1)F 4 (x) = (2n+ 1)Pu(x) — (2n + D)z Fy(z) + n(z by (z) — nP, () = 0
or
(n+1)Pyi(2) = (n+ 2P (2) — (n+1)°Py(z) = 0.

Thus, relation (14.6) is proved.
Combining (14.2) with (14.6), we obtain (14.7).

Statement 14.3. The relation

/Pn(x)dx = T:_l[PnH(x) — P, 4(x)]+ C, (14.8)

where C' 1s an arbitrary constant is valid.
Relation (14.8) immediately follows from Eq. (14.7).
Statement 14.4. The Legendre polynomials y = P, (x) satisfy the equation
[(1—2*)y] +n(n+ 1)y =0. (14.9)
Actually, let U(z) = (2? — 1)". Then,
U'(z) = n2z(x* — 1)"!
or
(2* — 1)U (x) — 2nzU(z) = 0.
Differentiate this relation n + 1 times with respect to x:

[(z® — DU ()] — 2n[zU ()] ™Y = 0. (14.10)
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By Leibniz’s formula
(n) [ (n=k)y/ (k)
(UV) Z i v®,

we have

(2% — DU ()] = (22 = HU"D(2) 4+ (n + 1)22U ") (z) + (n n

onfzlU(x)] ") = 20U (2) + (n 4+ U™ (x).
Substituting this into the relation (14.10) yields

(22 — U™ (2)]" + 22(n 4+ DU (2)] + n(n + 1)U™(z) —
—2n{2[U™ (2)] + (n + 1)U™(z)} = 0.
Denoting W = U™(z), we obtain
(2 = DWW = 2x(n+ D)W +n(n+ )W = 0.

This is a linear differential equation, and hence y(x) = CW (x), where C' = const, is
its solution as well. Put C'=1/(2"n!) to obtain

_ 1 2 n1(n) o
Q. E. D.
Statement 14.5. The recurrence relation
nin+1
(1 - 2)Pa) = P ) - )] (14.11)

18 valid.

Make use of the identity

From here
(1—2*)P! () = —n(n+1) / P,(z)dx + C
or

(1 - 2?)PLe) = n(n + 1) [Pos(@) = Pus(a)] + C.

2n+1
Putting x = 1, find C' = 0, and this completes the proof.

Statement 14.6. All zeros of the Legendre polynomials are simple and are localized
in the interval | — 1, 1].

This statement is proved in the book [3], in the section devoted to the general
properties of orthogonal polynomials.
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Example 14.1. Prove that

1
P/(1) = an(n +1).
Solution. We have
(1 —2*)P(x) — 2zP.(z) + n(n + 1)P,(z) = 0.

Put x =1 to get
—2P'(1) + n(n + 1)Py(1) = 0.

However, P,(1) =1 for any n. Hence,

Pl(1) = %n(n +1).

15 Orthogonality of Legendre polynomials

Statement 15.1. The Legendre polynomials of different degrees are orthogonal on the
interval [—1, 1] with weight function p(x) =1, that is,

/Pn(x)Pm(x)dx —0, n#m (15.1)
Actually, 7
L1~ ) Py 4 i+ )Py w) =
11— )Pl ()] + m(m + 1) Pulz) = 0.

Multiplying the first equation by P,,(x) and the second by P,(z) and subtracting the
second from the first we obtain

Po() o1~ a)Ph(@)] — Pal)~o[(1 — %) P (a)] +

+{(n+ 1)n — (m+ 1)m|P,(x)Py(x) =0
%{(1 — 2%)[P(2) P (x) = Po(2) Py ()]} — (n = m)(m +n + 1) Py (x) Py () = 0.

Integrate the both sides of this equality on the interval | — 1, 1[. Since
1

[ = PP Pife) - Pulo)Pr(o)] i =

={(1 = 2?)[Bn(2) B () — Pa(x) Py (2)]}| =0,

n m

then

This implies (15.1).
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Statement 15.2. For the norm of a Legendre polynomial, the relation

1

IR = [P =

-1

2
2n+1

(15.2)

18 valid.

By Rodrigues’s formula

1 1

-1 -1

Integrate this expression by parts n times and take into account the fact that the
terms outside the integral that contain (22 — 1)|!, are equal to zero. Then,

1

J= 2(2;(%2 / (2= 1) d‘f; (2 = 1)"|da.

Noting that

d2n )
et = 1) = (2n),
we obtain X
I G0l G20 L P S
Making the change of variables 1 — z = 2t, dx = —2dt in the integral
1 1
1= /@2 C)de = (—1)" /(1 ),
—1 -1
we find
1
I= (—1)"22n+1/t”(1 —t)"dt = (=1)"2*""'B(n+1,n+1) =
0
262n+1
— (_1)n22n+1r<n + 1)F<n + 1) — (_ n(n'> 2 * )
I'(2n+2) (2n + 1)!
Hence,
2
J =
2n+1’

which proves the statement.
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Theorem 15.1. The Legendre polynomials P,(x) are a solution of the Sturm—Liouville
problem.

d dy
= [(1 - x2)%] oy =0, (15.3)
‘ lim y( )| < 00, T € [_171]7

|z|—1
with eigenvalues A = n(n + 1).

¢ Equation (15.3) with any A is called Legendre’s equation and its solutions different
from the identical zero are called the Legendre functions.

Example 15.1. Solve the Sturm—Liouville problem
y'+etgay' + Ay =0, [|y(0)| <oo, [y(m)| < oo (15.4)
Orthonormalize the eigenfunctions of the problem.

Solution. Perform the change of variables

t = cosuz. (15.5)

Since dt/dx = —sinz and
dy dy dt s ﬁ
dr  dtde O de
&y _ d (dy) = i(—&nx@) = —cosx@ —sinx d—ﬁ = s'nzx@ — cosx@
dz? ~ dx\dz)  du dt/) dt dt2 dv dt? dt’
we obtain P p p

sin? xd—g — cos xd—i + (;)Ifi <— sin xd—y> +Ay=0 (15.6)
or » p

(1 — cos® 1)~ Y 9cosz? + Ay =0.

dt? dt
Eliminate z from Eq. (15.6) with the help of (15.5) in view of the fact that t|,—o =1
and t|,— = —1. Then, to find y(z), we have the following Sturm-Liouville problem:

&2 dy
(1- tQ)d—g - QtE + Ay =0, (15.7)
ly(D)] <oo,  [y(=1)] < oo,

Solutions of the problem (15.7) are (see Theorem 15.1) the eigenvalues A, = n(n + 1)
and the eigenfunctions y,(t) = C,, P, (t) with the orthogonality relationship

1

(g (8)lyst)) = / OO P, (1) Py (1)t

-1

202
2n+1

nk»

where n, k = 0, cc.
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Return to the original variable. Put

2n+1
Cn =1/
2

to obtain a solution to the problem (15.4):

Yn(x) =1/ 2n2—1— 1Pn(cos x), A =n(n+1) (15.8)

with the orthogonality relationship

™

(Yn(z)|yr(2)) = \/(Qn i 1)4(2k +1) /Pn(cos x)Py(cos ) sinx dr = Opy,

0

(see Theorem 15.1).

Example 15.2. Calculate the integral
5

I = /:szf(x/5)dx. (15.9)
0
Solution. Make the change of variables x/5 =t in the integral. Then,
1 1
I= /(5t)2P3(t)5da: = 125/[tPn(t)]2dt. (15.10)
0 0

In virtue of the evenness of the integrand, (15.10) can be rewritten as

1
= % [tP, ().
5
Use the recurrence relation (14.1)
(n+1)P,a(t) — 2n+ DtP,(t) + nP,1(t) =0

from which

tP,(t) = [(n+1)Pyya(t) + Py (t)].

2n +1
Hence,

1
125 1

2 ) (2n+ 1)2[

-1

I (n+ 1) Py (t) + 0Py (1)) dt =

1

- ﬁ / [(n+1)°P2,,(t) 4+ 2n(n + 1) Pop1 () Pay (t) +0° P2 ()] dt =
= A)z [(n—l— 1)2/Pj+1(t)dt + 2n(n + 1)/Pn+1(t)Pn_1(t)dt +n2/P3_1(t)dt].

2(2n + 1
1 -1 -1
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In view of the orthogonality relationship

1

2
P.()Pu(t)dt = || P||*0ps = ——— O,
[ PP = [P ok = 5%
-1
we obtain
T= 2t D)2 Pua ] + 02| Paca |2}
or
125 {(n+1)2+ n? }
S @2n+ 120 2n+3  2n—1J

16 The Fourier—Legendre series

O It can be shown that any function f(x) satisfying the Dirichlet conditions on the
interval [—1, 1] is expandable in a series in Legendre polynomials.

fo) =Y ahle), = %2“ / F(@)Pa(a)da. (16.1)

The series (16.1) converges to the function f(x) at each point where this function is
continuous and to the function f*(x) = $(f(x+0)+f(z—0)) at points of discontinuity.
¢ The series (16.1) is called the Fourier-legendre series.
O Recall that a function f(x) satisfies the Dirichlet conditions on the interval [a, b]
if
(1) it has a finite number of extremums on |a, b] ;

(2) it is continuous on [a, b] except, perhaps, for a finite number of discontinuity points
of the first kind.

¢ In the case of an infinite interval (¢ = —oo and/or b = o0), a function f(z)
satisfies the Dirichlet conditions if it obeys, besides conditions 1 and 2 which hold on
any finite interval, the additional condition of absolute (or square) integrability

/blf(x)ldx < 00.

Example 16.1. Find the coefficients of the Fourier series in Legendre polynomials
for the function f(x) = |z|.
Solution. We have .
|z| = ZCnPn(x), -1 <z <1,
n=0

where

C, = <n+ %) / |z| P, (z)dx.
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Obviously, Co,11 =0, k = 1, 00. Calculate

4k:+1

Cop =

/|x\Pk x)dr = (4k + 1) /xPQk k=1,00.
0

For k = 0 we readily find Cy = 1/2. For k = 1, 00 we perform integration by parts,
putting U = x, dV = Py (z)dx. Then

1
dU:de’, V: 4k+1[P2k+1(ZL‘) —ng_l(l‘)],
and we obtain
: 1
Cgk == {L‘[ng+1(ZL‘) - ng_l(l‘)] 0— ﬁP2k+1(ZL‘) - ng_l(l‘)]dl’ = (162)
0
Py io(x) — Poy(x) ‘1 Poy(x) — Poj_o(x) |
- _ = 16.
4k + 3 0 + 4k — 1 0 (16.3)
_ Pj2(0) — Py (0) B Py (0) — Poy—2(0) (16.4)
4k + 3 4k — 1 ’ )

Transform the obtained expression. From the recurrence relation
2n+ 1)zP,(z) = (n+ 1)Pyi(x) + nPy_1(x)

for x = 0 we find
(n+1)P,41(0) = —nP,_1(0).

Then,
2k +1 2k
P2k+2(0):_2k+2p2k(0)7 P2k72(0):_2k_1

Substituting these expressions into (16.4) yields

C%:[ 1 <_ 2k _1>+ 1 <—2k+1—1)]P2k(0)

Py (0).

Ak —1\ 2k—1 Ak +3\ 2k +2
o dk+1
=— Pay,(0).
Ca (2k — 1)(2k + 2) 2:(0)
Thus,
Ak +1)(2k — D!
—(—1 k+1 ( E=1
Coe = =0 g 2k 1 9y 2 0
or
— 2
C«% — (_1)k:+1 (4k + 1)<2k 2)' k= 17 0.

2%k (k — DIk + 1)V
Example 16.2. Expand the function

0 for —1<x<a
f(x):{l for Oé<:L‘<1

in a Fourier-Legendre series.
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Solution. The function satisfies the expandability conditions. Then,

=> CuPy(x)

where

C, = n—i— /f n =0, co.
We have

1

1 1 1 1
C, = <n+§>/Pn(x)dx: <n+§)2n+1[ w1(2) = Paa(@)]| =
1

__Q[Pn-l—l( )_Pn—l(a)]’ n=1,00

and

1 1
Co = i/Po(x)dx = 5(1 — ).

«

Here, we have made use of the fact that Py(x) = 1. The sought-for expansion is written

in the form
o0

Fr) = 51— 0) = 5 3 Para(a) = Pas(@)]Pal).

In particular, if

0 for —1<2<0,
f(x):{l for 0<x<1

we obtain

12 1(0) = Py (0)]Pafa),

MIH
o}

but

0, n=2k k=100

(2k)!(4k + 3) B B
P 1)1 n=2k+1, k=000

Pn-i-l(o) - Pn—l(o) =

(_ )k+1

Then,

Z%‘FZO ¢ 4k + 3)(2%) P2k;+1( ).

(b1 1)

Example 16.3. Expand the function f(z) = 2? —x+1 in a Fourier series in Legendre
polynomials on the interval | — 1, 1].

Solution. Since f(x) is a polynomial of the second degree, then in the expansion

= C.Py(x)
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the coefficients C,, = 0 for n > 2, that is,

f(z) = CoPy(z) + C1 Py () + CoPy(x).

The coefficients Cy, C7, and Cy can be calculated by the formula

Co=(n+ %) /f(:c)Pn(a:)da;

for n = 0,1, and 2 or directly, using the explicit form of the Legendre polynomials

P) =1, Piz) =z, Pg(x):%(BxQ—l),

that is,
1 3 C
ZL‘2—IL‘+1:Oo'1+01l'+02§(31‘2—1) = 5021‘2"—011‘—}-00—72.
Finally, we obtain
4 2
-z +1= §P0($) — Pi(z) + ng(x).
17 Associated Legendre functions
¢ The functions
P (x) = (1 — 2*)™2P™ (z) (17.1)

are called the associated Legendre functions (see Figs. 12 and 13).
O Note that for m > n the associated Legendre functions P!"(x) are identically

equal to zero and for m = 0 they coincide with the Legendre polynomials, i.e., P? =
P,(z).

Example 17.1. Find the explicit form of the Legendre functions P} (z), Ps ().

Solution. Actually, we have Py(z) = z, Py(z) = (32? — 1)/2. Hence, Pl(l)(x) =1,
Pél)(x) = 3z. Finally, we obtain

Plz) =v1—22, Plx)=3zV1- 2>

—_

SEN NESoEgo

Fig. 12. Fig. 13.



66 Chapter 3. Classical orthogonal polynomials

Theorem 17.1. The associated Legendre functions P satisfy the equation

% [(1 B xa);l_i] . [n(n+ D - T_”;]y = 0. (17.2)

Equation (17.2) is called Legendre’s equation of order m or an equation for the asso-
ciated Legendre functions.

Proof. Differentiate the Legendre equation
(1 —a2*)P! —22P) +n(n+1)P, =0
m times with respect to z and make use of the Leibniz formula. Then

(1-— xz)PT(Lm+2) — 2emP™tY 727”(”; — 1)P£m)—
—22 P —2mP™ + (n+ 1)nPM™ =0
or
(1 —2?)[P™]" — 22(m + 1)[P™] = [m(m + 1) — n(n + 1)]P™ = 0. (17.3)
Let y(z) = (VI — 22)"P{™. Then

P (@) = (1 2%) 2y (a),

[P(@)] = ma(l — a)" "D 2y(2) + (1 - 2) "2y (2),
[P (@))" = m(1 = 2?)" "Dy (2) + m(m + 2)2?(1 - 2?) "y (2) +

—f-leL‘(l —x ) (m+2)/2 /(ZL‘) + (1 ) m/2y//(l_).
Substituting these expressions into formula (17.3) we obtain

(1 — 22 [m(1 — 22)~F22y(z) + m(m + 2)z?(1 — 22)~ 02y () +
+2ma(l — 2?) "Ry () 4+ (1 — 2?) 72y ()] —
—2z(m + 1)[ma (1 — 2)~ 22y (2) + (1 — %) "y (2)] -
—[m(m +1) — n(n + 1)](1 — 22)"™2y(z) = 0.

—m/2 and collect similar terms to obtain

Reduce this relation by the multiplier (1 —z?)
2

m
1 — 22

(1 — 2%y —2xy +n(n+ 1)y — y =0,

proving the theorem.

Corollary. For the associated Legendre functions, the following recurrence relations
are valid:

2my m—1(.\ _
\/17—73;2]3” () + (n+m)(n—m+1)P" " (z) =0. (17.4)

[(1=2®)™2P ()] + (n 4+ m)(n —m+1)(1 = 2*) " D2Pr (@), (17.5)

PIH(z) -
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Proof. Changing m by m — 1 in relation (17.3), we have
(1 —2*)P{mt) — 2emP™ — [n(n + 1) — m(m — 1)]P™~V = 0.
In view of the equality
nn+1)—mm—-1)=n>-m*+n+m=0n+m)(n—m+1),

we can write

(1 —2*) P+ — 22mP™ + (n 4+ m)(n —m +1)PmD =0, (17.6)
Multiplying (17.6) by (1 — 22)(™=Y/2 we obtain the equation
2mx

(1 =) D2Pm Y () - (1—*)" 2P () +

Wosrs
+(n+m)(n—m+1)(1 —22)m=D2pim=D ) =,
which, in view of the definition (17.1), implies the recurrence relation (17.4).
Multiplying (17.6) by (1 — 2*)™!, we find

(1— x2)mP7§mH) —2mx (1l — x2)m—1P,§m) +
+(n+m)(n—m+1)(1 — x2)m*1P,§m‘” =0

or

(1 —22)™P™Y 4 (n4+m)(n —m+ 1)(1 — %)™t Pm=1 — . (17.7)
From here, in view of the definition (17.1), we come to the recurrence relation (17.5).

Theorem 17.2. Associated Legendre functions form on the interval | — 1,1[ a set of
functions orthogonal with weight function p(x) = 1 with the orthogonality relationship

1

/ P (2) P (x)de — <2n2+(’”‘1)+(:l_)!m)!5nk. (17.8)
Proof. Denote 7 )
A, = /P,:l(x)PTT(x)dx (17.9)

1
From the definition of the associated Legendre functions we then obtain
1
am am
mo _2ym | el
Ay = / (1= a?)" |2 Pa(w)| | T Pula) | da.
-1

Perform integration by parts, putting
U=(1-23)"P™(z), dV =P (z)dz,
to get
1

- / P (@)[(1 = 2" P (2)) dz. (17.10)

-1

1
A, = (1= 2" P (@) B )

—1

Obviously, the term outside the integral sign is equal to zero.
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By making use of the recurrence relation (17.7), expression (17.10) can be written

as
1

A, = (n—m+1)(n+m) / P,gmfl)(x)(l = x2)m_1P,§m_1)(x)d:c
1
or, according to (17.9),

A, = (n—m—I—l)(n—Fm)AZ’Zl. (17.11)
Apply formula (17.11) to AZ?;I, AZZQ, etc. to get
(n+m)! o
Al = —— Ay . 17.12
k,n (n _ m)| k.n ( )

In view of (17.9) and (15.2), we have

2
AL = I1Pa(@) ]P0k = =——06kn
kn = 1 Pa(@) 00 = 5= Ok,

proving the theorem.
It can be shown that the following is valid:

Statement 17.1. If a function f(x) satisfies the Dirichlet conditions on the interval
| = 1,1, then for this function the expansion

fla)y=>Y_crpr(), (17.13)

1s valid, where

m 2n+1(n—m)! "
cm = 5 (n+m)!/f(x)P (x)dx

are Fourier coefficients, and the series (17.13) itself is called a Fourier series in asso-
ciated Legendre functions.

Theorem 17.3. For the associated Legendre functions with 0 < k,m < n, the follow-
ing orthogonality relationship is valid:

m dx 1 (n+m)!
/Pf(a:)Pn (@)=~ En — m;!&”’“’ (17.14)
—1
18 Spherical functions
¢ The functions .
Y, " (6, p) = €™ P (cos ) (18.1)

are called spherical functions or spherical harmonics of the first kind (see Figs. 14-21).
Theorem 18.1. The functions Y, (0, ¢) satisfy the equation
1 0 < 8Y> 1 %Y

Z (sing=— - 77
smAag\"" " 90) " sin? 0 02

+n((n+1)Y =0. (18.2)
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Proof. Substitute Y'(6, ¢) = ¢"?y(6) into (18.2). Reducing the resulting relation by
e"? we obtain for the function y(#) the equation

1 d
sin 6 dO

dy m?
0 1 =0. 18.3
d9>+[ snZg Ty (183)

(sm&

Perform in this equation the change of variables cos@ = x. Then,

2 Y Gnes =1 2
o~ dodr T dx T
and finally we obtain
d dy m?
1- ] [ 1) - ] ~0. 18.4
dx[( x)dx + [+ 1) 1— 2] 0 (184)

Equation (18.4) is Legendre’s equation of order m. Hence, the functions y(z) = P*(z)
satisfy Eq. (18.4) and the functions (18.1) satisfy Eq. (18.2). Thus, the theorem is
proved.

It can be shown (see, e.g., [18], p. 684) that the following theorem is valid:

Theorem 18.2. The spherical functions Y, (6, p) with any ¢ are eigenfunctions for
the Sturm-—Liouville problem

10 oy 1oy
5965 0%) ooz T = (185)

Y0, )] < 0, Y(0,p+2m)=Y(0,9).

¢ Bounded solutions of Eq. (18.5) having continuous partial derivatives up to the
second order inclusive are called spherical functions.

Theorem 18.3. The functions Y. (0, @) possess the property of orthogonality:

2 ™

/dso/Ynm(H, )Yy (0, ) sin6 db =

0 0

Am  (n+m)!
2n+1(n—m)!

SO (18.6)

Proof immediately follows from the property of orthogonality of the associated Leg-
endre functions P*(x) (18.4) if one makes the change of variables © = cosf and takes

into account the condition
27

/ei(ml)‘pdgo = 270,

0
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19 Hermite polynomials

¢ The function ,
H(z,t) = >t (19.1)

is called the generating function for Hermite polynomials.

Theorem 19.1. The coefficients of the expansion of the function (19.1) in a Taylor
series in t

H(z,t) = ZHn(x)Z—T; (19.2)

are polynomials of degree n.
The polynomials H,(x) are called the Hermite polynomials or the Chebyshev—
Hermate polynomials.

Proof. Since the function H(x,t) is analytic in « and ¢, then
_ 0"H(w,1)
o

2

| 2wr—w
- i’,fe dw, (19.3)

=0 271 wntl
v

where « is an arbitrary closed path enclosing the point w = 0. But 2wz — w? =

r? — (r — w)?, and therefore

e?nl [ e~ (@w)?
H,(z) = 5z f o dw.
¥

Make the change of variables r —w = z, w = —(2 — ), dw = —dz. Then the arbitrary
contour v enclosing the origin will become an arbitrary contour ¥ enclosing the point

z = x. Then

22

Hy(z) = eri!(—l)”f(eidz (19.4)

2mi z — x)ntl
¥
or ,
ar r 1 e *
) = (Cayet LUy
(z) = (1) dxm™ 27?2’%2—:1: -
¥
According to the Cauchy integral formula,
1 6_22 2
. dz — ¢ ®
2m ) z—uw e
;}'/
Thus,
dr 2
H,(z) = (1) —e" 19.5
(1) = (-1 e (19,5

from which, in view of Leibnitz’ formula, it follows that H,(z) are polynomials of
degree n.
¢ Relation (19.5) is called Rodrigues’s formula for the Hermite polynomials.

Example 19.1. Obtain the explicit form of the Hermite polynomials Hy(x), Hy(z),
and Hy(x) and show that
Hy(—2) = (—1)" Hy(2). (19.6)
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) n=3 Solution. 1. From Rodrigues’s formula (19.5)
] Hy/n we have
° Hy(x) = (=1 (e7)" = e (—2ze™) =
. = e (2 1 da?)e " = 4a® — 2,
0 that is, Ho(z) = 42® — 2. Similarly, we find
B Hy(z) =1 and Hy(x) = 2x (see Fig. 22).
4 2. Since H(—z, —t) = H(x,t), we have
Fig. 22. ZH ntn N H(x)ﬁ
— n!’
which is true if only relation (19.6) holds.
Example 19.2. Calculate H,(0) for any n.
Solution. We have
Tl— 2 C 1 n
2t :ZEHH(W ,
n=0
Putting z = 0, we get
2 = 1 .
e =D —H0)
n=0
On the other hand,
t? S kt%
e =>"(-1) ol
k=0
Then . .
Hapy1(0) =0 ——Hy(0) = (=1)"—, k=0
or ok

k!
Example 19.3. Show that for the Hermite polynomials the following representation

is valid:
[n/2] |
n!

H,(x) = Z(—l)lm(%)”ﬂ- (19.7)

1=0
Solution. By definition
=1
p2wt— t2 -
=2 e

=0

3

On the other hand,
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Introduce a new summation index k +1 = n; then, k — = n — 2. Since [ = 0, k, then
n — 2l > 0, whence [ < [n/2]. Thus,

n/2]

o0

1
2wt 12 n—2l4n
—(2 t".
=22 (U (2
n=0 =0
Then,
1 [n/2] 1
_Hn — -1 l 9 n—21
(@) ;( T
in/2] )

Hy(x) = 3 (—1)lm&$>n_2l-

1=0
Example 19.4. Calculate the integral

J = / exp(2zy — o2 H, (v)dr, Rea® > 0.

Solution. By making use of formula (19.3), we obtain

" _ 2
J = o / exp(2zy + 20t — o’z — t*)dx o
Taking into account that
= 2
/ exp(28x — o*2?)dx = ﬁ exp ﬁ—Q, Rea? > 0, (19.8)
o o
we reduce J to the form
0T [y2 + 2yt — (o — 1)#}
o a O a? t=0
Introducing a variable ¢ as
ag =tvVa? —1
the condition ¢ = 0 leads to ¢ = 0) and we obtain
q
PR S
amtt 9q" ava?—1 g=0

Applying again relation (19.3), provided that Rea? > 0, we finally find

Vi 2,2 2 1)m? 2 /2
/ e2xy7a T Hn(l')dl' _ ﬁ(a - ) e¥ /o Hn( 7y2 1) (199)
am avao? —

Example 19.5. Show that a Hermite polynomial H,(z) can be represented in the
form p

H,(z) =b" -1, 13:235—% (19.10)
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Solution. From Rodrigues’s formula (19.5), by successive transformations, we obtain

o d"” 2
Hy(z) = (=1)"e” —e™* =
(1) = (=1’ e
332 d 71‘2 1‘2 d 7332 1‘2 d *332 I An
—<—€ s )(‘e P ) (—e P J1=b-1
nt\i;nes
- 2d o d
b= —e %e =2 T

which is equivalent to formula (19.10).

20 Recurrence relations for Hermite polynomials

Theorem 20.1. The relations
Hy1(z) —22H,(x) + 2nH,—; =0, (20.1)
H!(z) =2nH, 1(z) (20.2)
are valid.

Proof. Differentiate Rodrigues’s formula (19.5)

2

Hn(fﬁ) = (_1)nez (e_g;Q)(n)
with respect to x:
— H,(x) = (—1)"2we"™ (e7")"™) — (1) (e,
Thus,
H, (v) = 20Hy () = Hoga (1) (20.3)
Now consider

n n
n+1 _x2 d d

2 2/ d 2
)= o ) s ().
Since p
<_> .1'6712 = 2(—1)” [gj(e*xQ)(") _i_n(e*xQ)(nfl)]’

we obtain
Hyi(z) =22H,(x) — 2nH, (), (20.4)

which is equivalent to (20.1). Subtracting (20.4) from (20.3) we obtain (20.2). Thus,
the theorem is proved.

Example 20.1. Calculate H/ (0) for all n.
Solution. Use the recurrence relation
H!(z) =2nH, 1(x).
Put 2 = 0 to get H/(0) = 2nH,_1(0). From here
Hy,(0) =0, Hye1(0) = 2(2k + 1) Ha (0).
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In view of the results of the preceding example, we finally obtain

(2k +1)!
K

Theorem 20.2. Hermite polynomials y = H,(x) satisfy the differential equation
yr(x) — 2zy. () + 2ny,(z) =0 (20.5)

Hyy 1 (0) = (12 k=0,.

or, in selfadjoint form,

d (6_352 dyn(fv)) + 2ne~ "y, (z) = 0.

dx dz
Proof. Differentiate (20.2):
d*H,(x)
W = 27/LH;L71(33')
Expressing H, _,(z) from (20.3), we obtain
d*H,
T(x) =2n[2zH, 1(z) — H,(x)]
and writing from (20.2)
H/
1) = 22 (2,
we find 2
T;g(x) =22H) (x) — 2nH,(x).
The proof is complete.
¢ Equation
y' —2zy + Ay =0, x €] — 00, 0], (20.6)

is called Hermite’s equation.

Theorem 20.3. Hermite polynomials H,(x) are solutions of the Sturm—Liouville prob-
lem for Eq. (20.6), provided that the functions y(x,\) are continuous and square-

integrable on | — 0o, co| with weight function p(x) = e and eigenvalues \ = 2n.

21 Orthogonal Hermite polynomials

Theorem 21.1. For Hermite polynomials, the following orthogonality relationship is

valid: .

/ e H,(2)Hyp(2)dz = 2"nI\/T 0. (21.1)

Proof. Let n > m. Consider the integral

[e.9]

J = / ¢ Hy(2)Hyp (2)dz = (—1)" / H(2)(e )™ d.

— 00



76 Chapter 3. Classical orthogonal polynomials

Integrate by parts, putting
U= Hy(z), dU = H' (z)dz, dV = (¢ )™ dz, and V = (e*

2

)(nfl).
Then

T = U Hn)(e )| 1t [ (e Ve

Since lim H,,(x)e " =0, then

|z]—o00
J=(=1)""! / H (z)(e=*)" Vg,
Perform similar integration m — 1 times to get
J = (=1)"m / H (2)(e*" )™ dg.

In virtue of the recurrence relation H/, (z) = 2mH,,—1(x) and the condition Hy(z) = 1,
we have H{" (x) = 2™m!. Then

J = (—1)mmign / (=) (n=m) gy —
(671‘2)(n7m+1)}i000 — 0’ n>m
= (—1)"tmplom / e =2 R,

and finally we obtain

J = nl2"/T6pm,
Q. E. D.
It can be shown (see, e.g., [5]) that the following theorem is valid:

Theorem 21.2. If a function f(x) satisfies the Dirichlet conditions on the interval
| — 00, 00[, then the function f(x) can be expanded in a series in Hermite polynomials

flx) =" C.H,(z) (21.2)
n=0
with coefficients
o= [ ~*H,(z)d 21.3
== [ @ @, (213)

[e.9]

and the series (21.2) converges to the function

F*(x) = 3L+ 0) + f( — 0)].

The series (21.2) is called the Fourier—Hermite series.
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7

Example 21.1. Expand the function
|1 for |z|<a,
f(”’)—{o for |z| >a

in a series in Hermite polynomials.

Solution. Obviously, the conditions of expandability of the function in a Fourier

series in Hermite polynomials are fulfilled.
Since the function f(x) is even, the expansion has the form

flz) = ZC2nH2n($)a

where

1 [
an == W/@ Hgn(l’)dl’

Make use of the relation

— e Hy_1(2)] = —e* Hy(z), k=1,00.

Then,

1 rd.
9 - Lty —
22"(2n)!ﬁ/d:p[e 2n-1 ()]
0
B 2e~

=~ @)

Find the coefficient C, immediately as

1 2 [
Co = NG /e“QHO(x)dx = ﬁ/erdx =erfa,
—a 0

where erf z is the error function (see Sec. “The error integral” of [2]). So,

n =1, 00.

o0

f(x) =erfa— %eGQ Zl %H%(QE).

Example 21.2. Expand the function

—1 for x <0,
signx = 0 for z=0,
1 for x>0.

in a series in Hermite polynomials.

Solution. The function y = signx is odd, and, hence, Cy, = 0, n = 0, cc.

expansion has the form

SigIlfL’ = Z 02n+1H2n+1(ZL‘).

n=0

The
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Calculate the coefficients of the series. We have

1 [
Cloni1 = = Hypr () da.
21 22n(2n+1)!ﬁ/6 a1 (@) de
0

Make use of the relation

2 d 2
e Hoypir() = —%[e’x Hyp(x)].
Then,
1 2 o0 1
Cont1 = — " Hy, =(-1)" :
ot = oo ivae | Ae@| = Y e T E
So,

n H2n+1(9€)

1
i = — E ) —00 < 1 < 00.
sign x \/_n 0( ) @n + D22l 00 < x < 00

Example 21.3. Expand the function f(x) = €” in a series in Hermite polynomials.

Solution. The sufficient conditions of expandability of the function f(z) in a series
in Hermite polynomials are fulfilled. Actually, the function f(x) and its derivative are

continuous on any finite interval, and the integral [ e~ f2(z)dx has a finite value:

/ e f2(x)da = e / ey = e/
Then,
f(l') = ZCan(l'), —00 < <00,
n=0
where -
1 2
Cp=—— / e " e"Hy,(z)dr, n=0,00.
[ .

Integration by parts, in view of the relation

e Hy o (2) =~ Ho(2),

dzx
yields
/e . e“Hn(x)dx:—exe’xQHn,l(:c)’OO —|—/exex2Hn1(x)dx.

The term outside the integral sign is equal to zero. Actually,

H, ()
. _1/4 s n—1
o e ) = e ey

I—JPQ

=0.
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Using integration by parts n — 1 times, we arrive at the equality

1/4
(&
o~ @=1/2)2 g

— e"Hy(z)dx :
Q”n‘\/_/ o) Q”n‘\/_ 2nn

Ch =

So,
[e.9]
Hy()
x _ 1/4 n o
e =e Z2nn!, 00 < < 00.
O The function f(x) = e” can be expanded in a series in Hermite polynomials by
some trick, using the generating function.

Example 21.4. Expand the functions f(z) = e**, ¢(z) = shazx, and g(z) = chax in
series in Hermite polynomials.

Solution. Put z = a/2 in the equality

z
n!
n=0
to get
2 - a
ax a®/4
e =e Z 2nn'Hn(x)
n=0

In particular,

— Ha(z)
z _ 1/4 n
coony B

From the last relation, one can easily obtain expansions of the hyperbolic functions:

00 2n
. a2/4 a
char =e nEO 722"(271)! Hy, (),
o0 2n+1

o a2/4 a
shar =e ;)22”+1(2n+1)!H2n+1($)'

Example 21.5. Show that

[e.e]

/ 207" H2(2)dw = /72"n!(n + 1/2).

Solution. Use the recurrence relation
Hy1(z) — 20H,(x) + 2nH,_(z) = 0.
Then,

o0

—z2 n
/:E2e HS( ) - _H]{n—i—lH2 +n2||Hn 1”2 =2 '\/_

—0o0

2n+1
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22 Hermite functions

Hermite functions are often used in applications.
¢ A function of the form

up () = ||H \/ x)Hy( n = 0,00 (22.1)

is called a Hermite function (see Fig. 23). Here, ||H,||? = 2"n!\/T, p(z) = e,

Fig. 23.

Statement 22.1. Hermite functions u,(x) are orthonormal on the interval | — oo, 00|
with weight function p(x) = 1, that is,

/ Un(2)Upy () dx = Oy, (22.2)
Consider
r 1 o )
U ()t (2)dt = — [ e 2H, (2)e™ " /Qand:c:
[ wiumtors = e | (@) (@)

_ 2"n)\/T0pm, _5
which proves the statement.
Theorem 22.1. Hermite functions y = u,(x) are the eigenfunctions of the Sturm-—

Liouwville problem
y' + (A —a)y =0, |l|1m y(z) =0, (22.3)

corresponding to the eigenvalues A\=2n+1 and the normalization condition ||y(z)||=1.

Proof. Make in the equation the change of variables

y(z) = e 2().
Then we obtain for the function z(z) the Sturm-Liouville problem in Hermite poly-

nomials (see Theorem 20.3). In view of formulas (22.1) and (22.2), the theorem is
proved.

Example 22.1. Find a tree-term recurrence relation for Hermite functions and ex-
press the derivative of a Hermite function in terms of these functions.
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Solution. From formula (22.1) we have
H,(z) = (2"nl/7) 2 12U, (z). (22.4)

Substituting this expression into (20.1), we obtain the three-term recurrence relation

HnTHunH(x) — 2y (z) + \/gun_l(x) = 0. (22.5)

Correspondingly, from (20.2), in view of (22.5), we obtain

ul (1) = V2nu,_1 () — zu, (1) = zu, (2 \/Tl)unﬂ(x) _

1
\fun N ,/"Jr U1 (2 (22.6)

The first two relations from (22.6) can be written as

aun,(z) = vVn,_1 (), atu, () = Vn + lu,, (), (22.7)
where the operators @ and @™ have the form

d:%(w%), &+:%(a:—%) (22.8)

and are called operators of “annihilation” and “birth”, respectively. From (22.7) it
follows that
1 AT\ +

up(z) = W(a V'uo(x), a’au,(x) = nu,(x), (22.9)
aau,(z) = (n+ Duy(x),
that is, all functions w,(z) “are generated” by the function ug(x) under the action of

the “birth” operator a™ of the nth degree and are the eigenfunctions of the operators

ata and aa™. The operators a and a™ satisfy the permutation relations
aa* —ata=1, (22.10)

which can be verified immediately in view of (22.8).

23 The linear harmonic oscillator

The harmonic oscillator problem is of principal importance in theoretical physics.
In studying a complicated system, it is often possible to represent such a system, at
least in some approximation, as a set of harmonic oscillators. The harmonic oscillator
problem has played a key role, in particular, in developing the second quantization
method in quantum field theory, etc.
Consider a quantum system with the Hamiltonian
~2 2
P kx . L0
H=—" 4+ , = —ih— 23.1
om 2 b oz (23.1)
and the problem of finding the admissible energies of the system E and the correspond-
ing wavefunctions Vg(x) that are determined by the stationary Schédinger equation

HUp = BV (23.2)

(see also Sec. “Equations of quantum mechanics” of [3]).
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2

The squared modulus of a wavefunction |V g(x)|* can be interpreted from the phys-
ical viewpoint as the density of the probability that a particle can be detected at the
point z. Therefore, the wavefunction Wg(x) should tend to zero as |x| unboundedly
increase.

Substituting (23.1) into (23.2), we arrive at the Sturm-Liouville problem

v ka?

lim |[Ug(z)| = 0.

|z =00

Making the change of variables x = xyt, where

h .k
Ty = ) wO =
mwo m

Vv 2madE kmag
— t° ) = 0.
dt? < h? h? > 0

Denoting A = 2E/(hwy), we obtain the Sturm-Liouville problem for the Hermite
functions (22.3). Hence,

we obtain

A =2n+1, U, (1) = un(t).

Returning to the original variable, we get

By = hun(n + %) (23.4)

U, (z) = Lun<£> _ ;e—ﬁ/(%%)]—]n(i)'
VZo  \Zo 2nnly/Tag Zo

The presence of the multiplier 1/,/zq follows from the orthonormality condition.

Example 23.1. The probability for a harmonic oscillator to change from one state
to another (which are characterized, respectively, by quantum numbers m and n) is
determined by the integral

o0

/ ze " H,(z)H,(z)dz.

Prove that this integral is equal to
VT2 0 1+ VT2 (4 D)0,

that is, such a transition is possible only between two neighboring energy levels with
m=mn=x1.
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Solution. From the recurrence relation
Hy1(x) —22H,(x) + 2nH,—1(x) =0

we express £ H,(z) and introduce it under the integral. Then we obtain

[e.9]

/e‘x2 <%Hn+1(l‘) + an_l(:p)>Hm(x)dx =

1T : T :
=3 /Hnﬂ(x)Hm(:p)e_m dr +n /Hn_l(x)Hm(x)e_m dr =
=2"(n+ 1)/TOmns1 + 12" (n — 1)/ 1.

24 Laguerre polynomials

Define the Laguerre polynomials with the help of a generating function.
¢ The function 15,10

n=2

« 1 —x -
L (.I',t) = m@ t/( t), a > —1, (241)

is called the generating function of the Laguerre
polynomials of degree .

Theorem 24.1. The coefficients of the expansion
of the function L*(x,t) in a Taylor series in t,

Lz, t) = i Lo (2)tm, (24.2)

are polynomials of degree n. The polynomials L% (x)
are called the (generalized) Laguerre polynomials of
order « (see Figs. 24-26).

Proof. The function L*(z,t) is analytic in the re-
gion [t| < 1. Therefore, according to the Cauchy

integral formula
1 0"L¥(x,t) 1 L¥(z,w)
LO{ = - = — 7d
n(7) n!  otn t=0 27 7{ ot

Y
where 7 is an arbitrary piecewise smooth path en-

closing the point w = 0. Perform the change of
variables

T
w=1——.
z
Then,
X X TW Z—TZ Fig. 26.
dw = —dz, 1-w=—, =z — = z—x, &
22 z 1 —w z x
and we obtain
204—1—1
L¥(z,w) = ee ”?
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Since -
wfnfl — Z
(z — x)tl’
then N
ezl,fa ZTL aefz
LY (x) = d 24.3
n(7) 271 f (z — x)ntl Z ( )
¥
where 7 is a path enclosing the point z = x, or
fa z dn 1 ZnJraefz
LY (x) = dz.
n(®) = n!  dxn 2mi i—z ~
7
From Cauchy’s integral (I.12.1) we obtain
1 n+o ,—z
e R P
2mi Z—x
,’?
Hence,
dn
LY (x) = ntaeTe, 24.4
(o) = o e ] (2.0
Q. E. D.

{ The Laguerre polynomials of order zero LY (z) are often denoted as L, ().
¢ Formula (24.4) is called Rodrigues’s formula for the Laguerre polynomials.

Example 24.1. Find the explicit form of the Laguerre polynomials L§(x) and L§(x)
for any a > —1.

Solution. By Rodrigues’s formula (24.4),

Ly(x) =x %" (% ") =1,

LY(x) = o7 (2" e ) = o7 [(1 + a)z%e ™ — '™ "] =1+ a — .
Hence, L§(z) =1, LY (z) =1+ a — x.

Example 24.2. Show that for Laguerre polynomials the following representation is
valid:
DFC(n+a+1)

Fa+k+ Vk!(n — k)!

(24.5)

Solution. Perform in relation (24.4) differentiation by Leibniz’s formula to get

4
dx"

e —a: ch n-‘,—oc (n— k:( —x)( )

_ch k—za+n)(a+n_1)...(a+k3+1)xa+k.

Then,
N “(a+n)a+n—1)---(a+k+1) X

i
o
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and, multiplying the numerator and the denominator by I'(av + k + 1), in view of the
fundamental functional relation for the gamma-function, we obtain

o T(n+a+ ) (—a)
Ly(z) = % Klin —k)T(a+k+1)

Q. E. D.

25 Recurrence relations for Laguerre polynomials

Theorem 25.1. The recurrence relation
nLﬁ’l(x) =n+a-— 1)Lﬁj(x) — L (x) (25.1)
18 valid.

Proof. By the definition of the Laguerre polynomials,
1 e* d"

a—1 _ nta—1_—x71 __
L™ (@) = n! xo—1 dxm [» el =
_ ielefa ar—1 [_e,zanra,l + (n +oa— 1>xn+a72671] —
n! dxn—1
_ _iele—a [e—zxn—l—a—l](n—l) + n+a-1 [e—mxn—i—a—Z](n—l) _
n! n!
T n+aoa—1
— __La 7[10171
n nfl(x)_'_ n nfl(x%
Q. E. D.
Theorem 25.2. The recurrence relation
Lyt () = Lty () + Ly (x) (25.2)
18 valid.

Proof. Consider

1
Lg+1 (l’) _ _exl,fafl[ele,nJraJrl](n) _

n!
_ 1 z, . —a—1 —z, .n+aj(n) -z, n+talj(n—1)7 __
= e's {z[e 2" T 4 nle” 2" } =
_ iea}x—a—l-l—l[e—zxn-l—a](n) + 1 ea:l,—oc—l[ —zxn—l—l—a-‘rl](n—l) _

n! (n—1)!
= L2(z) + L2 (2).
This proves the theorem.
Corollary 25.2.1. The recurrence relation
(n+1)L5 4 (x) = 2n+1+a—z)Li(x) + (n+ o)Ly (r) =0 (25.3)
15 valid.
Proof. Change in (25.2) @ by a — 1 to get

Lot = L(z) — LY (2). (25.4)

n
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Change in (25.1) n by n + 1. Then,

(n+DLyH() = (n+ o)Ly (@) — 2Ly (x)
or, in view of (25.4),
(n+ 1) [Laa () = Li(@)] = (n+ o) [L7(x) — L4 (2)] — 2L7(x)

(n+ D)LY, (1) — 20+ 1+ —2)L3(2) + (n+ ) L3, () = 0.

Thus, the theorem is proved.

Corollary 25.2.2. The recurrence relation

d « o a+1 o n «

(n +a)

L2 () (25.5)
18 valid.

Proof. Differentiate relation (24.4) with respect to x to get

dLe(r)  d 1

o,z atn](n)
dr  denl " e a"]
_ 1 z, . —ar,—z, .at+n)(n) O o —a—1[, -z, .a+tn (n)
= je'e [e”Fa™] - et e ]
1
__'ea:l,—oc[e—w oz-l—n](n) + o _'_' nez —a[ —x a—l—n—l](n)
n. n:
In view of (24.4), we find
dL%(z) e n+a 4
—nv/ LY .
G0 oy
Substitution of (25.4) yields
dLS(x) a . n+a. N n_, nta_,

which proves the right side of relation (25.5). Putting in (25.1) a = a+ 1, we get
nLy(z) = (n+a)Ly i (z) — 2Lyt (2).

Using the relation obtained, eliminate nL&(x) from the right side of relation (25.5).
Then,

ALy (x 1 o
) _ o)z

Q. E. D.

(1) =L @)] = L) = L @),
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Theorem 25.3. Laguerre polynomials y = L (x) satisfy the differential equation
vy’ + (a+1—2)y +ny=0. (25.6)
Proof. Let U(z) = 2"t®e~*. Then,
U'(x) = (n+a)a" ™ e — g™t

or
zU'(z) + (x —n—a)U(z) = 0.
Differentiate this relation n + 1 times with respect to x. Using Leibnitz’s formula

n

(UV)™ = Z (ni!U(n—k)(x)V(k) (),

n — k)k!
k=0
we obtain
U™ ()] + (x +1—a)[U™ (2)] + (n+ 1)U™ (x) = 0. (25.7)

Make in this equation the change U™ = nlz®e~*y. In view of the relations

(U™ (2)] = n!:po‘e_’”{a — xy + y’},

x
—1 2
(U™ ()] = n!xo‘e*z{ [oz(ozi2) -2y 1]y +2 [g — 1} Y+ y"},
x x x

xT

dividing (25.7) by the common multiplier nlz*e™*, we obtain

ala—1 2 «Q
e | P L R
x xr X

+(:E+1—a){%y—ky'}—k(n—kl)yzo.

Collecting similar terms, we arrive at the statement of the theorem.

26 Orthogonal Laguerre polynomials

Theorem 26.1. Laguerre polynomials are orthogonal on the interval [0, co| with weight

function p(x) = e~ for a > —1. The orthogonality relationship has the form
/xo‘Lg(x)Lf‘n(x)e_md:c =
0

r 1
%%m. (26.1)

Proof. Write Rodrigues’s formula for the Laguerre polynomials

1
L (z) = Eezx’a [e~mgetn]™),

Without loss of generality we assume that n > m. Then,

oo o0

1
hn = [ L@ e e = [ L@l e
n.
0 0
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(a) Let n = 0. Then, according to the assumption, m = 0. Since L§(z) = 1, we

have
o

Ino = /xo‘e_xdx =I'(a+1). (26.2)
0
(b) Let n > 0. Integrate I,,, by parts, putting U = L% (x), dU = [L% (z)]'dx,
dV = [e7"z2t"| " dx, and V = [e "2+ ("D to get

[e.9]

/ St D[ (2)] da ).

0

By definition, & > —1 and n # 0. Therefore, « + n > 0, which yields z*™"|,—o = 0.
Hence, the term outside the integral is equal to zero. Further integration m — 1 times
yields

1
_ = « —x a+n(n 1)
I = —{ L&)~

/ —x oz—l—n (n— m)[La( )](m)dl‘
0

Calculate the derivative

L @] = e (@) = e (1) @ ()] = (~1)7,

where Q),,_1(z) is a polynomial of degree m — 1, that is,
(Lo ()] = (=1)™.
Then,
[e—zxa-l—n](n—m—i—l) }807 n 7& m

o (_1)n+m i —z,.a+nl(n—m) - (_1)n+m it o
In,m - T [6 x ] dr = ——— /e—mxn—f—adl,’ —

n! n=m

[e=]

0

(o, ntm _Tn+artl
Tl \I(nd+a+l), n=m Ténm' (26:3)

Combining (26.2) and (26.3), we arrive at the statement of the theorem.

Theorem 26.2. A Laguerre polynomial is a solution of the eigenvalue problem (Sturm-—
Liouwille problem)

vy’ +(a+1—2)y + Ay =0, a>—1, (26.4)

provided that the functions y(z,\) are continuous, limited at the point x = 0, and
square integrable on [0, c0] with the weight function p(x) = x*e*. Equation (26.4) is
called Laguerre’s equation.

27 Fourier—Laguerre series

Laguerre polynomials, as the above-discussed orthogonal polynomials, can be used
as a base for the expansion of a function f(z) in a functional series. For this case, the
following theorem can be proved:
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Theorem 27 1. If a function f(z) satisfies the Dirichlet conditions on the interval

[0,00

continuities of the first kind only, this function can be expanded in a series in Laguerre
polynomaals with coefficients

f [z dx’ < 00, 18 piecewise continuous on this interval, and has dis-

oo

Cy = /x“e‘mLo‘ x, a>—1, (27.1)
F(n+a+ 1
0

and the series converges:
Z CoL (z) = [f(x +0) + f(z—0)]. (27.2)

The series (27.2) is called the Fourier—Laguerre series.

Example 27.1. Expand the function f(z) = e (b > 0) in a Fourier series in
Laguerre polynomials.

Solution. The conditions of expandability of the function are fulfilled. Hence,

o0

ZC’O‘LO‘ g‘: /e_“”xo‘e_meo‘ x)dw.
n+&+1
0

Find C%, n = 0,00. By Rodrigues’s formula for Laguerre polynomials (24.4),

[} 1 —a xdn(xn-i-oze—x)
Ln( ) = n'l' e T

Then,

n n-‘,—oz )
Cy = / ——=dx.
n+&+1

Integration by parts yields

00
/ - n n+a :):) dx _ efba: dnfl(l,nJraef:v)
0

% dnfl (:L,nJraefz)
—bx
+b / e T dx.

dxn—1 0

0

For = oo the term outside the integral is equal to zero due to the multiplier e~**

(b > 0), and for x = 0 it is equal to zero due to the second multiplier

dn—l (:L,n+oz€—a:)
dxn—1 ’

since, if we calculate the derivative of the n— 1th order by Leibniz’s formula, we obtain
a sum with each term containing x to a positive power (with the lowest power equal
to a + 1). However, by the definition of Laguerre polynomials, & > —1 and hence
a+1>0.
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Integration by parts n times yields the equality

N dn n+a :1:
/ebz (l’ / (b+1)x n+adl,
dz™
0 0
Perform in the integral the change of variables (b + 1)x =t to get

b" N b"I'(n +a+1)
I, =—"— bntaqr = .
" (b + Dntot /e (b + 1)+t

0

Then,
1 o
co = n_
n P(TL +a+ ]_) (b + 1)n+a+1’ n

Find the expansion

1 b \»
—bx e
et = b 1o g <b 1) LY (), 0 <z <oo.
n=0

Consider a particular case of b = 1. Then,

1 1

I
E

(e 9]

6712 WZQ_TLLg(x)’ O<l’<OO
n=0
If « =0, then
I RN |
=3 > giln(@),  0<z<oo (27.3)
n=0

Example 27.2. Expand the function f(x) = 2P, x > 0, in a Fourier series in Laguerre
polynomials.

Solution. For the Fourier coefficients, we have the representation

n! r
C = —— [ e "z%2PLy(z)d =0
« F(n+oz—|—1)/€ x®aP LY (x)dz, n=0,00
0
or .
1 d"
Cy = P ") d =0, 00.
- F(n—ka—i—l)/x d:p”(x e ")dzx, n = 0,00

0
As in Example 27.1, integrate the last expression by parts n times to get

e = (_1) p(p - 1) e (p —n+ 1) /xpnanraezdx;

" T(n+a+1)
0
o D" -1)---(p—n+1)
ce = TntatD) Flp+a+1).
Then for 0 < x < oo
o X . 1
ptatl) Z s ont )y (27.4)

n+a+1)

n=
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Example 27.3. Expand the function f(z) = Inx in a series in Laguerre polynomials.

Solution. The sought-for expansion has the form

Z COLY (x
where

o e LY (r) Inxdr =
n+a+1

e ) In g d 27,
n+a+1 nzxde. (27.5)

oo
[

Consider the case n > 1. Integrate (27.5) by parts, putting U = Inz, dU = dx/x,
dV = (z"*e )" dx, and V = (2" )"~ to get

c* = /l n-‘,—oc —x (n Dd!L‘
" n+a+1 x
0
Repeating this n — 1 times, we obtain
1 ~DI(a+1
CTO;:_ (77/ ) /_:En+ae—zdx:_(n ) (Oé_'_ )
I'(n+a+1) I'(n+a+1)
0
If n =0, then
I '(a + 1)
;== e Inrdr = ———.
0 F(a+1)/x A YR
0
Hence,

Ma+1) = (n—1)!
Inx = 1) L% (x).
BT T T(a+1) Lo+ ;Fn—{—a—kl L)



PART IV
EQUATIONS OF MATHEMATICAL PHYSICS

This section is the core of the whole course of mathematical physics. The over-
whelming majority of physical problems can be formulated mathematically in the form
of various differential or integral equations. It turns out that physical problems which,
at first glance, are quite dissimilar can be described by formally identical mathemat-
ical equations. We have thought it useful to demonstrate this by a great number of
various examples illustrating not only the way of constructing equations, but also the
character of initial and boundary conditions. It is the most typical equations that
are the subject matter of the given part of the course. The properties of solutions of
these equations are formulated as theorems the proofs of which, with rare exception,
are given. The main properties of the solutions are illustrated by problems. In the
majority of cases, the solutions of the problems are followed by plots providing some
information about the character of the solutions.

CHAPTER 1
First order partial differential equations

Introduction

We shall consider the partial differential equations that describe mathematical
models of physical phenomena. It is these equations that are called differential equa-
tions of mathematical physics.

¢ An equation which contains, besides independent variables ¥ € R™ and the
sought-for function v = (), partial derivatives of this function is called a partial
differential equation.

Such an equation is written in the form

F(xy,To, .o Ty Uy Ugyy ooy Uy Uy s -+ s Uy - -+ ) = 0, (0.1)
where F'is a given function of its arguments. Here and below we use the notations

_ Ou u

Uy, = Ugpop, = A a5
F 8xk’ . 8xk8xl’

¢ The order of such an equation is equal to the order of the higher derivative
involved in the equation.

¢ Any function u = ¢(xy, ..., x,) which, being substituted into Eq. (0.1), turns it
into an identity is called a solution of this equation.

¢ The totality of all particular solutions of Eq. (0.1) is called the general solution
of Eq. (0.1).

Example 0.1. Find the general solution of the equation

ou

where u = u(z,y).
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Solution. Integrate (0.2) with respect to x to get
22
u(@,y) = zy + 5 + 2(y),

where ®(y) is an arbitrary function.

Example 0.2. Find the general solution of the equation
Pu(z,y)

Ox?
Solution. Integrate the equation one time with respect to the variable = to get

@%§Q:w@%

= 0. (0.3)

where (y) is an arbitrary function of the variable y. Integrating again with respect

to x, we find
u(r,y) = vo(y) + ¥ (y),

where 1 (y) is an arbitrary function as well.

¢ From the above examples it can be seen that the general solutions of Egs. (0.2)
and (0.3) involve arbitrary functions. Therein lies the difference between the general
solution of a partial differential equation and the general solution of an ordinary dif-
ferential equation which contains as a rule only arbitrary constants whose number is
equal to the order of the equation. For a first order partial differential equation, a gen-
eral solution depending on an arbitrary function commonly exists, while for a second
order partial differential equation, the general solution depends on two arbitrary func-
tions. However, for many partial differential equations of higher orders, it is difficult
to represent the general solution in terms of arbitrary functions.

1 Linear first order partial differential equations

¢ A first order partial differential equation is an equation containing an unknown
function and its partial derivatives of the first order only..
The general form of a first order partial differential equation is

F(xy,Ta, ooy Ty Uy Ugyy Ugyy -+ o Uy, ) = 0 (1.1)

or, in vector form,
F(Z,u,Vu) =0, 7 eR]. (1.2)
Here F'is a given function of its own arguments.

O Geometrically, the solution u = u(Z) of Eq. (1.2) can be interpreted as a surface
in an n + 1-dimensional space (Z,u) € R2!, which is the direct product of the space
R? by the space R, (R? x R,). This surface is called the integral surface of Eq. (1.2).

¢ An equation of the form

}:5ﬁm, ) + uap () = b(Z), (1.3)

where b(%) = b(xy,...,7,) and ax(ZT) = ar(zy1,...,2,), k = 0,n, are given functions,
is called a linear first order partial differential equation. Equation (1.3) is called
homogeneous if b(Z) = 0; otherwise it is nonhomogeneous.
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¢ An equation of the form
Z —ak = ap(Z,u) (1.4)

is called quasi-linear (linear Wlth respect to partial derivatives). If ao(Z,u) = 0, Eq.
(1.4) is called quasi-linear homogeneous; otherwise it is nonhomogeneous.
Let us consider in more detail quasi-linear equations with two independent vari-

ables:
P(IL‘,y,U)Um—f—Q(ZE,y,U)Uy = R(l’,y,U) (15)

The functions P, (), and R are assumed to be continuously differentiable in some
region D of the space ]Ri?y’u with P and () not vanishing simultaneously in the region
D.

The given functions (P, @), R) define in the region D a vector field @ = (P, @, R).

¢ A curve L is called the vector line of a field @ or the integral curve corresponding
to this direction field if at each point of this curve the tangent vector is parallel to the
vector d.

The vector lines of the field @ are determined by integrating the system of ordinary
differential equations

dx dy du
= = = dt. (1.6)
P(z,y,u)  Qz,y,u)  Rlz,yu)
We have already mentioned that a solution of Eq. (1.5) defines in the space z,y,u
some surface u = u(x, y) which is called integral. The normal to this surface is parallel
to the vector 7 = (uy, uy, —1). In this case, Eq. (1.5) expresses the condition that the
normal is orthogonal to the vector lines of the field of directions:

(,a) =0, 7= (Ug, Uy, —1), a=(P,Q,R). (1.7)
The system of equations (1.6), written as
(d
d—j =1 = P(z,y,u),
d
=i =Qlx,y.u), (18)
d
\d_z =u= R(x,y,u),

specifies in parametric form (with ¢ being a parameter) the vector lines of the field d.

4 The system of equations (1.6) or (1.8) is called characteristic and its solutions
are called characteristics of Eq. (1.5).

O If the surface u = u(z, y) is the geometric locus of the characteristic lines of Eq.
(1.5), that is, it is formed by the lines satisfying the system of equations (1.8), then
any plane tangential to this surface is orthogonal to the vector 7. Hence, the function
u(z,y), which specifies the surface, satisfies Eq. (1.5) and the surface u = u(zx,y) is
the integral surface of this equation.

Let us consider the first integral of the characteristic system of equations (1.8).

¢ A function W(xy, ..., z,,t) which is not identically equal to a constant, but holds
a constant value on solutions ¥ = Z(t) of Eqgs. (1.9), i.e., U(z1(t),...,z,(t ) t)=0C,is
called the first integral of the system of differential equations

;= fi(x1,..., 20, 1), j=1,n. (1.9)
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Theorem 1.1. Let

U(z,y,u)=C (1.10)

be the first integral of the system of equations (1.8), V(x,y,u) be differentiable with
respect to all its arguments, and

ov
%(x,y,u) 7& 0.

Then the function uw = @(x,y) implicitly defined by relation (1.10) satisfies Fq. (1.5).

Proof. The function V(z,y,u) = C is the first integral of the system of equations
(1.8). Hence,
d
%[\D(m,y,u) —C] =0,
that is,
ovdr 0Vdy OVdu
——+t——F+t -+ =0.
Or dt Oy dt Ou dt

Divide the obtained equation by 0¥ /0u. Taking into account the system of equations
(1.8) and the rules for the differentiation of implicitly specified functions,
ou_ 0V v ou_ 0w ou
Ox Ox/ Ou’ Oy oyl ou’
we obtain 9 5
g Pl -5

This proves the theorem.

Q(z,y,u) + R(z,y,u) = 0.

Corollary. Let
\Ijl(ua X, y) = Cla
Uy (u, z,y) = Cy

be two linearly independent first integrals of the system (1.8). Then the general
solution of Eq. (1.5) is implicitly specified by the relation

O(Vy (u, z,y), Ya(u, z,y)) = 0, (1.12)

where ®(Cy, Cs) is an arbitrary smooth function of two variables.

(1.11)

Proof is similar to that of Theorem 1.1.

Example 1.1. Find the general solution of the differential equation
Ju . ou
or Oy

Solution. Note that @ = (1,1,1). Hence, the characteristic system of equations has

the form dx = dy = du or

dl':dy, . . «T—y:Ch
{dx _ du, which yields {x =

1.

In virtue of the above corollary, the general solution is implicitly specified by the
equation
O(x —y,x—u)=0.
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Since the function u appears only in one first integral, the general solution of the
equation can be written in the form

S(r—y)+z—u=0

or

u(z,y) = @(x —y) + =z,

where ®(w) is an arbitrary function.

¢ The Cauchy problem for the differential equation (1.5) is formulated as follows:
determine the integral surface of Eq. (1.5) which passes through a given curve in the
space (u,x,y).

In implicit form, this curve is given by the system of equations

(I)l(ua x, y) = 07
lorn 0 11
on condition that
odb, 00, 09,
ou Ox 0 i
ang | 5o, Jb, OB, | = 2
ou Odx 0Oy

¢ The above theorems can readily be generalized for the case of the quasi-linear
equation (1.4) with an arbitrary number of variables. These generalizations are com-
pletely described by Theorem 1.2 and Theorem 1.3 prior to which it would be useful
to consider some examples.

Example 1.2. Find the general solution of the equation

0 0
xa—z — yza—z =0, u=u(x,y,z2) (1.14)
and select from the general solution a particular one satisfying the condition
ul _, =1 (1.15)

Solution. 1. In our case, Eq. (1.14) is represented in the form
P(x,y, 2)uy + Q(z,y, 2)uy + R(z,y, 2)u, = Z(z,y, 2),
where
P(z,y,z) =z, Qz,y,2) =0,
R(z,y,z) = —yz, Z(z,y,z)=0.
Hence, the system of characteristic equations

dx dy dz du

P(z,y,2)  Qz,y,2) R(x,y,2)  Z(z,y,2)
de dy dz  du
r 0 —yz 0
Here, the zero in the denominator is meant in the sense of proportion; that is, if we
write a/0 = b/c, then a = (b/c) - 0 = 0. From (1.16) we obtain

d:c_ dz
x _—yz

becomes

(1.16)

dy = 0, du = 0,
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and find the first integrals

1
y = Ch, u = Cs, lnx:——nz—l—lnCQ
4

or
Cy = 22"/ = 221,

Hence, the general solution of Eq. (1.14) is determined implicitly by the equation
@(y,le/y,u) =0, (1.17)

where ®(y,w, u) is an arbitrary function of three variables. Solving Eq. (1.17) for u,
we obtain

u= f(y’ w”w:zzl/y’
where f(y,w) is an arbitrary function of two variables. From condition (1.15) we find
u’z:l - f(y’w)}w:a: =’

Expressing the right side of this relation in terms of w, we obtain that

fly,w) = w'.
Hence, the solution of the problem (1.14), (1.15) is
u= wy}w:ml/y = (z2'/Y)Y = 2. (1.18)

Let us generalize the results obtained for a multidimensional case. Let us consider
a nonlinear system of first order differential equations

r=d(@u),  0=a(f u). (1.19)
Assume that the functions d@(Z,u) and ao(Z,u) are continuously differentiable in a
region D C R%"!and the vector @(&, u) is other than the identical zero in the region

T,
D.
O Further we will use the notation

for an Euclidean scalar product in contrast to a Hermitian scalar product

(@.0) = ajby.
k=1
Theorem 1.2. Let w(Z,u) be the first integral of the system of equations (1.19). Then
the function u(Z,t), which is determined implicitly by the equation w(Z,u) = 0, satisfies
the quasi-linear equation

(@(Z,u), Vu) = ao(Z,u). (1.20)
Proof. By the rule of the differentiation of composite functions we find
Vw
= — . 1.21
VU= S Tou (1.21)
Differentiate the first integral of the system of equations (1.20) with respect to :
d - 0 0
d—lf = (Vw,Z) + a—z{:u = (Vw, d(Z,u)) + a—zjao(f, u) = 0.

Making use of relation (1.21), we obtain (1.20), Q. E. D.
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Theorem 1.3. Let wi(%,u) and k = 1,n be independent first integrals of the system
of equations (1.19). Then the general solution of Eq. (1.20) is determined by the
relation

F(wi(Z, u), wa(Z, u), ..., wa(Z,u)) =0, (1.22)

where F(wy,we, ..., w,) is an arbitrary smoothly varying function of n variables.

Proof is similar to that of Theorem 1.1.

¢ The system of equations (1.19) is called the system of characteristic equations
for Eq. (1.20).

2 The Cauchy problem for linear first order
partial differential equations

Consider the equation
(@(F), V) + ao(@)u = (7). (2.1)

The Cauchy problem for Eq. (2.1) is formulated for a surface of dimension n — 1 in
the space RZ.
¢ A set in R”, which is specified by an equation of the form
f:@)(sla"'asnfl)a (Sla"'asnfl) EUa

where U is a region in the space R"™! and 3(sy, ..., s, 1) is a vector function contin-
uously differentiable in U and

Pi

ask

=n-—1

rang H

is called a smooth hypersurface ~.
4 The Cauchy problem for Eq. (2.1) is the problem of finding the solution to this
equation, which satisfies the condition

w(Z)|y = h(s1,...,Sn-1), (2.2)

where h(s1,...,s,-1) is a function continuously differentiable in U. The surface = is
called the Cauchy surface.
¢ The system of equations

I = (@) (2.3)

is called the characteristic system of equations for Eq. (2.1) and its solution is called
a characteristic.

Theorem 2.1. Assume that a hypersurface vy does not touch the characteristics. Then
the Cauchy problem (2.1), (2.2) is uniquely solvable within a certain neighborhood of
the hypersurface .

Proof. 1. Assume that from every point of the surface v comes a characteristic of
equations (2.3), that is, solve the Cauchy problem for the system of equations (2.3):

f|t:0 = (,5(81,...7871_1), (81,...,Sn_1) eU. (24)
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2. Let

—

f:X(t, 81,...,Sn_1) (25)
be a solution to the Cauchy problem (2.3), (2.4). Then along the characteristics
d .
d—;‘ = (Vu,©) = (Vu, d(7)). (2.6)
3. To determine the function u = U(t, sy, ..., S,_1), we have the Cauchy problem
for the characteristics of Eqs. (2.3)
du - -
E + CLQ(JZ(t))U = f(.T(t))) U|t:0 = h(Sl, ce Sn—l)- (27)
Solving this equation, we obtain u = U(t, s, ..., s,_1) as a smooth function of ¢, s1, . . .,

R T
4. Solve the system of Egs. (2.5) with respect to ¢ and sy, that is, find ¢t = T'(Z) and

sk = Sk(Z), k =1,n — 1. As a result, the solution of the Cauchy problem (2.1)-(2.5)
will be written in the form

u(@) = U(T (%), $1(Z), ..., Su_r (7).

It remains to show that U is a smooth function of the variable #. To do this, it suffices
to check that one can express t, sy, ..., s, from relation (2.5) as smooth functions of
z.
Actually, the Jacobian
10X 09X X
Lot 0s,7 T 05y
since, as agreed, the hypersurface v does not touch the characteristics. Thus, we have
proved the existence of a solution of the Cauchy problem.
5. Assume that the Cauchy problem (2.1), (2.2) has two solutions: u;(Z) and us(Z).
Introduce v = u; — us to get

(Vu,d(Z)) + ag(¥)v =0, v, = 0.

In virtue of Egs. (2.7), we have on the characteristics

or or

"0s1 T 08y laey

70,

t=0

()

dv
E + ao(t)’U = 0, ’U‘t:() = 0.

By the theorem of existence and uniqueness of the solution of a Cauchy problem
for ordinary differential equations, we have v(t) = 0. Hence, u;(Z) = us(%), and the
solution of the Cauchy problem (2.1), (2.2) is unique. This proves the theorem.

From this proof it follows that to solve the Cauchy problem (2.1), (2.2), it suffices
(1) to construct the characteristics of the system of equations (2.3), which pass

—

through the surface 7, and find © = X(¢, s1,...,s,_1), the solution of the Cauchy
problem (2.3), (2.4);
(2) to solve the family of Cauchy problems (2.7), i.e., to find u = U(¢, $1,...,5,-1);
(3) to find the solution of Egs. (2.5)

t=T(z), sk = Sk(T), k=1n-—1, (2.8)
(4) to calculate, using (2.8),
u(@) = U(T(E), 51(T), ..., Sn1(D)).
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Example 2.1. Making use of the above scheme, find the solution of the Cauchy prob-
lem

— Y
z:l—x'

T— —Yyz—=— =0, U
T =uz, y =0, Z=—yz. (2.9)
The equation of the Cauchy surface, z = 1, will be written in parametric form as
r=s5, y=sy, 2z=1, (s1,5)¢€R?
and the initial conditions will be
"E}tzo =51 y}tzo = 52 Z’tzo =L
From (2.9) we find

.T:X(t, 81782) :Sleta y:Y(ta 81782) = S,
z=Z(t, s1,80) = e 2,
2. The Cauchy problem (2.7) takes the form
—= S‘i27

=0, uf_

whence
u=VI(t, s1,s2) = s72.

3. Solve the system of equations
r = s€’, Y = So, z = e
with respect to ¢, s;, and s to get
S9 =1, 51 =e ‘x, sot = —1In 2,
whence
s1=S1(z,y,2) = 2eM™AV sy = Sy(z,y,2) =y,

1
t="T(x,y,2)= _nE
Y

4. Finally, we obtain
u=U(T(z,y,z),5(x,y, z), 5 (x,y, 2)) = [xe(lnz)/y]y: 2aY,

which coincides with (1.18).



CHAPTER 2
Reduction of second order equations
to the canonical form

3 Classification of second order equations

4 An equation relating independent variables x and y, an unknown function u and
its partial derivatives of up to the second order inclusive is called a second order partial
differential equation

F(‘rayvuauxauyauxmumyauyy) = 0. (31)
¢ Equation (3.1) is said to be linear with respect to higher derivatives if it can be
represented in the form

11Uy + 2012Ugy + 20Uy + F (2, y, U, Uy, uy) =0, (3.2)
where a;; = ai(x,y), i,k =1,2.
O If ay = ai(x,y,u), the equation is called quasilinear.
¢ A second order partial differential equation is called linear if it is linear both

with respect to the higher derivatives and with respect to the function u itself and to
its first derivatives:

11 Ugy + 2012Uzy + Q22U + by + bouy + cu+ f = 0. (3.3)

If f=0,Eq. (3.3) is called homogeneous.
Let us consider Eq. (3.2) which is linear with respect to the higher derivatives. Let
us perform the change of variables

$ We would like to choose o and 3 so as to make Eq. (3.2) in new variables as
simple as possible.
Let us find expressions for the derivatives of the function u with respect to the new
variables:
Uy = QU + Bﬂ?uﬁa Uy = OlyUg, + ﬁyuﬁ;
Ugy = aiuoca + QO[mﬁzuaﬁ + ﬁguﬁﬂ + Ug Qg + uﬁﬁzzv (35)
Ugy = OzpQylUag + (amﬁy + ayﬁw)uaﬂ'f_
+ﬁgﬁxUQg + UaOlzy + u5§zy;
Uyy = Qllaa + 200 Bytap + Byups + Ualtyy + ugBy,.
Substitute these expressions into Eq. (3.2) to get
a11Uaa + 2dl2uaﬁ + dgz’dﬁﬁ + F(OZ, ﬁa U, U, uﬁ) - 07 (36)
where

ajl = (IHOZi + 2&120@0@ + GQQO[:IQ/,
A1z = a11050, + ara(agfy + oy By) + azsay By, (3.7)
Qog = anﬁi + 2a123, 3, + a22ﬁ§-

Let us assume, for instance, that a;; = 0 (or ase = 0). Then, to determine the
functions a(z,y) and [(x,y), it is necessary to solve the following first order partial
differential equation:

a2 + 2a122y 2, + aggzs = 0. (3.8)
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¢ Equation (3.8) is called the characteristic equation for the quasilinear second
order equation (3.2), and the curve defined by z(z,y) = C, where z = z(z,y) is a
continuously differentiable solution of (3.8), is called a characteristic line, or a char-
acteristic, of Eq. (3.2).

Lemma 3.1. If z = z(z,y) is a particular solution of Eq. (3.8), satisfying the condi-
tion

0z
— #0
ay % Y
then z(x,y) = C is the total integral of the equation
andy? — 2a12dx dy + axnds? = 0. (3.9)

Proof. Let z(z,y) be a solution of Eq. (3.8) and the equation z(x,y) = C be solvable
for y, that is y = f(z,C'). Then, by the rule of differentiation for implicitly specified

functions
dy 2z

y:f(z,C)
Substitute this derivative into Eq. (3.9) to get

dy\? dy 22\ 2 2y
aiy <—) —2a10—— + ay = [a11< — —) - 2(112< — —) + a22}

dx dx 2y 2y

dx 2y

=0.
y:f(mac)

Since Eq. (3.8) holds for all z and y in the region where a solution exists, this proves
the lemma.
The converse lemma is also valid.

Lemma 3.2. If p(z,y) = C is the total integral of Eq. (3.9), the function z = ¢(x,y)
is a particular solution of Eq. (3.8).

Proof is similar.

Solving Eq. (3.9) for dy/dz, we see that this equation can be subdivided into two
equations

dy _ap+vVD dy an—VD

dzx an  dr ap D = af, — anas, (3.10)

which are called the differential equations of characteristics for (3.2).
By virtue of the lemmas proved above, the total integrals of Eqs. (3.10), ¢(x,y) =
Cy and Y(z,y) = Cs, specify two families of characteristics for Eq. (3.2).
¢ Direct check yields -
D - 6_1%2 - 6_1116,22 - DJQ,
where 3
Iz, y)

(J is the Jacobian of the passage to new coordinates). Hence, the change of variables
(3.4) does not change the sign of D.

4 Equation (3.2) for a point M is called

(1) hyperbolic if at this point D > 0;

(2) elliptic if at this point D < 0;

(3) parabolic if at this point D = 0.

J = azﬁy - ﬁmay -
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¢ Equation (3.2) is called hyperbolic (elliptic, parabolic) in a region G if it belongs
to the hyperbolic (elliptic, parabolic) type at each point of the region G.

¢ One and the same equation may belong to different types at different points of
the region of its definition (see Example 4.2).

4 The canonical form of a second order differential equation
with two independent variables

¢ Consider a region G at every point of which an equation of the form (3.2) is of
the same type. Then from (3.10) it follows that two characteristics pass through each
point of the region GG with the characteristics being respectively real and different for
the hyperbolic type, complex and different for the elliptic type, and real and coinciding
for the parabolic type.

1. Hyperbolic equations (D > 0)

The total integrals
p(r,y) =Cr1 and ¥(z,y) = C;
define a real family of characteristics. Let us choose new variables as follows:
a=op(ry), LB=1vy)

Then @y, = gy = 0 and D = al, = DJ? > 0. Divide the left and the right side of Eq.
(3.6) by a1z # 0 to get _
Uag + F(a, B, u, uq, ug) = 0. (4.1)
¢ Equation (4.1) is called a hyperbolic equation in the first canonical form.
Perform in (4.1) the change

_ &+ _ &=
p=20 a=t
hen + Ue — U u u
Ug +u - —
Uy = 52 n ug = 52 n Uop = 664 -
Thus, Eq. (4.1) takes the form
Uge — Uy + F(E,m, 0, ug, uy) = 0. (4.2)

¢ Equation (4.2) is called a hyperbolic equation in the second canonical form.

2. Elliptic equations (D < 0)

Equations (3.9) have two complex conjugate total integrals. Put
04:90(5579)7 ﬁ:¢*($>y)>
which gives

Uap + F =0.
Introducing the real variables
:§+m’ G S
2 2
we obtain
Pu  Ou
9E2 + o + F(&,n,u, ug,uy) = 0. (4.3)

¢ Equation (4.3) is called an elliptic equation in canonical form.
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3. Parabolic equations (D = 0)
Equations (3.10) coincide, and there exists only one total integral: ¢(z,y) = C.

Put
azap(:}c,y), B:@/)(l',y),

where 1 (x,y) is an arbitrary function independent of ¢(x,y). By definition a;; = 0,
and the condition D = 0 implies
D = afy — Gy1d99 = 0,

whence

(12 = v/anag = 0.

ugs + F(a, B, uq,ug) = 0. (4.4)

¢ Equation (4.4) is called a parabolic equation in canonical form.

¢ If F is independent of u,, then Eq. (4.4) is an ordinary differential equation
which depends on « as of a parameter.

¢ In the case of many variables, the classification of equations is not so simple.
Equations of the form

Thus, we have

= L. O%u , 9,
Z gl](x) ax ) + F(:E7 U, VU) Oa \% 817’ (45)
are called quasilinear second order equations with n variables.

Generally speaking, for n > 3 there is no change of variables which would reduce
the coefficients g;; to the diagonal form in the whole space R? (i.e., g;;(Z) = ¢:(Z)d;;,
where 0;; is Kronecker’s symbol). However, the reduction to the diagonal form is
possible at any preassigned point of the range of the variable #. In this case, the
number of positive, negative, and zero coefficients ¢;(Z) does not depend on the way
of reduction (due to the law of inertia for a quadratic form). This can serve as a basis
for the classification of Eq. (4.5) for different regions.

Below we will come across three types of equation:

(1) elliptic

(2) hyperbolic

(3) parabolic

Z F(Z,u,Vu) = 0.

In conclusion, we formulate a scheme for reducing Eq. (3.2) to the canonical
form:
v' determine the coefficients ai1, a2, and ag in accordance with the form of Eq. (3.2);
v' determine the regions of constant sign for the discriminant D = a3, — aj;a2; where
Eq. (3.2) retains its type and find the type of the given equation in each of these
regions;
v write down the characteristic equation (3.9) for the coefficients of the original equa-
tion a1 dy* — 2a1ody dx + assdr® = 0 and find its first integrals ¢(z,y) = C; and
w(l‘v y) = 02,
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v’ write down formulas for passing from the original variables (x,y) to new ones (o =
o(z,y), 6 = ¥(z,y)) proceeding from the solutions of the characteristic equation
taking into account its type features;

v express the derivatives with respect to the original variables in terms of the deriva-
tives with respect to the new variables, in accordance with (3.5), and substitute
them into the original equation;

v using (4.4), express the original variables in terms of the new ones, that is, find
z = @(a,3) and y = P(a, B);
v' in the expression obtained, eliminate the original variables by making use of (4.4)

and collect similar terms thereby reducing the original equation to one of the canon-
ical forms.

The above simplifying transformations of the original equation result in a canonical
form which allows one to find, in particular cases, a general solution. Particular
methods for finding a general solution are considered below for specific examples.

Example 4.1. Find the general solution of the equation

3ty + 14uyy, + Suy, = 0. (4.6)
Solution. 1. Compose a characteristic equation

3dy? — 14dy dx + 8dz* = 0

or

dy\? dy
3(50) —14f w8 =0,
dx dx -
Solving this equation for dy/dz, we obtain
dy 14+VD

= D =196 —4-3-8=100> 0.

dx 6
Thus, Eq. (4.6) is of hyperbolic type all over the plane. Integrate the obtained
characteristic equations to get

dy dy 2 2
dr ) dr 37 Ol Yy €z, 02 Y 31‘
2. Perform the change of variables
2
a=y—4dz, f=y-3z
to get
o, = —4, a, =1, gy = Oy = Oy = 0,
2
Bx - _ga ﬁy - 17 wa - Bxy - Byy =0.
Then

Uy = Ua Ol + uﬁﬁx = _4ua - guﬁa

Uy = Ua Oy + Uy = U + Ug,
Uy = Uaz Oz + UaQpy + uﬁxﬁx + uﬁﬁxax -
= Oy (uozaaa: + uozﬁﬁz) + U OQlpr + ﬁz(uﬁaaz + u,@ﬂﬁm) + uﬂﬁmm =
4

:16aa+_a+_ .
U 3U5 3Uﬁﬂ
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Similarly,

14 2
Ugy = —4uga — ?uaﬁ - guﬁﬁa

Uyy = Uaa T 2Uag + Ugs-

3. Substitute the obtained expressions for partial derivatives into the original
equation to obtain

or
UBa = 0.

Hence the general solution of Eq. (4.6) has the form
u(a, B) = plar) +q(B),
where p(a) and ¢(f3) are arbitrary functions. Returning to the original variables, we
can write
u(@,y) = ply —4x) + q(y — 22/3).

Example 4.2. Reduce to a canonical form and find the general solution of the equa-
tion

L y>0
SIgN Y Uy + 2Ugy + Uy, =0, signy = < 0, y = 0;
-1, y<O.
Solution. Since a;; = signy, a;o = 1, ass = 1, then
0, y>0;
Dza%z—anagg:l—signy: 1, y=0;
2, y<0,

and the original equation is parabolic in the upper half-plane (y > 0) and hyperbolic
in the remaining region (y < 0). By virtue of this, we have to consider these regions
separately. Cases of hyperbolic equations are considered like in Example 1. Consider
the case of a parabolic equation (y > 0, signy =1, a;; = 1, A = 0).

1) Reduction to a canonical form

According to (3.10), we have one characteristic equation with a total integral C' =
y — x that defines one of the two new variables, e.g., « = y — x. Then for the other
new variable 3 we can take any function of z,y, which is independent of @ = y — .
For simplicity, we choose § = x. Then, according to (3.5), we obtain a canonical form
of the equation in the region of parabolicity

Upp = 0.
2) Finding the general solution
Make use of the substitution v = ug to reduce the order of the equation. Then we

have an equation vz = 0 whose solution is an arbitrary function of a, hence v = p(«).
Integrating the last equation with respect to the variable (3, we obtain

u(a, f) = p(a)f + gq(a),

where ¢(«) is another arbitrary function of the variable a. Returning to the original
variables, we obtain the general solution in the form

u(z,y) = oply — x) + q(y — ).
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Note that in the region of parabolicity there is only one characteristic equation. There-
fore, only one variables can be determined uniquely, while the other can be chosen
arbitrarily. This arbitrariness gives rise to a set of solutions u(z,y). For instance, the
choice @« =y — x, B = y + x results in a general solution of the form
u(@,y) = (x +y)ply — ) + 4y — ).
Example 4.3. Find the general solution of the equation
Ugy + Uy + Uy +u = 0.

Solution. Since the equation is written in canonical form, the problem is reduced to
finding a general solution. The order of the equation can be reduced by introducing a
new function v = u, + u. Then the original equation will take the form

v, +v=0.

Its solution is written as .

v(z,y) = ey)e ™,
where ¢(y) is an arbitrary function of y. Returning to the function u(zx,y), we have
uy +u=e "oy, (4.7)

that is a linear equation in u, u,. By analogy with the Bernoulli method for ordinary
differential equations, we seek the solution of Eq. (4.7) in the form

u(z,y) = alz, y)b(z, y), (4.8)

where a(z,y) and b(x,y) are some functions one of which can be taken arbitrarily.
Substitution of (4.8) into (4.7) yields

ayb+ ab, + ab = e “p(y).

Putting
ay, +a=0,

we obtain an equation for the function b(x,y):

aby = e~ p(y)
From the first equation we have

a=e",

and from the second one .

by =" "p(y).

Integration yields
b(z,y) = / e “o(y)dy + g(x).

Here g(x) is an arbitrary function. Returning to the function u(zx,y), we find

u(r,y) = a(z,y)b(z,y) =e™? [e*x / e’o(y)dy + 9(:'3)]

or
u(z,y) = e “qly) + e Yg(z).
Here, instead of ¢(y), we have introduced a new arbitrary function

ay) = / Po(y)dy.



108 Chapter 2. Reduction of equations to the canonical form

Thus, the general solution has the form
u(z,y) = e "qly) + e Yg(x),
where ¢(y) and g(z) are arbitrary functions of the variables y and z, respectively.

Example 4.4. Find the solution of the Cauchy problem
Ugy + Uy + Uy +u =0,

U(xay)}y:&v =0, uy(x,y)}yzgz =e 4

Solution. The general solution of the equation was obtained in Example 4.3. It has
the form . B
u(z,u) = e “q(y) + e Vg(x). (4.9)

From the initial conditions we find the functions p(z) and ¢(x). To begin with we
calculate u,: L B

uy(v,u) = e "¢ (y) — e g().
Then, putting y = 3z and substituting v and u, into the initial conditions, we obtain
a system of equations to find the functions g(y) and ¢(x):

u(z, y)} = e %q(3x) + e *g(x) =0, (4.10)

y=3x

w,(@,9)],_,, = ¢ ¢(32) — e Hglx) = . (4.11)

Here the prime denotes the derivative with respect to the argument 3z, i.e.,

q(3z) = ijq((?)?f)) .

Combining Eq. (4.10) and Eq. (4.11), we have

e *[q(3z) + ¢'(3z)] = e *,

whence
q(3z) = e (32 + 0),

where C' is an arbitrary constant. Correspondingly,

q(z2) = (z+C)e " (4.12)
Substitution of (4.12) into (4.9) yields
g(x) = —e "3z + C]. (4.13)

Returning to u(z,y), in view of (4.13), we obtain
u(z,y) =e T (y+C) —e Ve (B +C) = e "W (y + C — 3z — O).
Thus, the solution of the Cauchy problem has the form
u(z,y) = e @ (y — 3x).



CHAPTER 3
Partial Differential Equations
in Physical Problems

5 The linear chain

Let us consider a transition from the mechanics of a system of material points to
the distributed mass mechanics.

Fig. 27.

As an example we imagine a linear chain consisting of /N identical material points
of mass m each, connected by springs. Let these springs have the same coefficient
of rigidity k. Assume that in equilibrium the chain has a length [ and the distances
between any two neighboring points are the same and equal to a. For the case where
equilibrium is violated, only one-dimensional motions along the segment are admitted.
The boundary points are assumed to be 1mmoblle The jth point is subject to the

action of counterdirected elastic forces F1 and FQ whose moduli, according to the
Hooke law, are given by (see Fig. 27) F} = k(u;j4+1 —u;) and F, = k:(u] uj_1), where
u; is the displacement of the jth point. As a result Newton’s second law for the jth
point has the form

muj = k(uj+1 — Uj) — k(uj — Ujfl), j = Q,N — 1, (51)
u, = uy = 0.

To pass to a continuous mass distribution over the chain, we consider the limit of
a — 0, m — 0 subject to the condition that the linear density p = m/a and Young’s
modulus £ = ka remain finite. Since the chain dimensions remain unchanged, the
number of points N will tend to infinity. In this limit, the number of the jth point is
replaced by a continuous quantity x which specifies the position of the point on the
segment, that is, j — x. The distance a between two neighboring points is replaced
by a differential: @ — dz. As a result the displacement w;(¢) becomes a function of
two variables: x and ¢. Thus, we have

ou
Uj g1 A
0u
(uj1 — uj) = (u; — uj1) — GQ@-

In the limit, the system of equations (5.1) transforms into the partial differential
equation for the function u(z,t)
0*u 0u
_:E—’ ’U/x: :’U/x::O. 52
Por Ox? le=0 o= (5:2)
This equation describes longitudinal waves propagating in a rod with velocity \/E/p
(see for details the section devoted to longitudinal oscillations of an elastic rod).
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6 The equations for a vibrating string

Consider a solid body whose longitudinal dimensions are much larger than the
transverse ones (I > a, where [ is the length and a the maximum transverse dimension
of the body). Thus, we arrive at the notion of string as an ideal one-dimensional object.
If the tension acting on this body is much greater than the bending resistance, the
latter can be neglected. This gives rise to the notion of an ideally flexible string.

Assume that the position of the string at rest coincides with the Oz-axis. Suppose
that the string moves under the action of transverse forces in one plane xOu, where by
u is meant the displacement of the string from the equilibrium position at a point with
coordinate x at time ¢. Then the relation u = u(z,t) determines the string profile in
the plane zOw at time t. Our task is to construct an equation which would be satisfied
by the function v = u(x,t). Assume that the string is elastic, i.e., obeys the Hooke
law: the change in tension is proportional to the change in length of the string.

Denote the linear density of the string and the linear density of the external trans-
verse forces by p(z) and F'(x,t), respectively. Since the string does not offer resistance

to bending, its tension T'(x,t) at any coordinate x and time ¢ is directed along the
tangent to the string at the point z (see Fig. 28).

The length of an element of the string in equilibrium dx and the length of the
flexed portion of the string disturbed from an equilibrium condition dl are well known
to be related as

ou\ 2
ar =1+ (52) da.
o or)
Assuming that the quantity
gu _ tg a(x)
or  °

is small and neglecting the higher order quantities, we have dl ~ dxz. This means
that under the assumptions made the string length can be considered invariable in
vibrations since the elongation is negligible (infinitesimal of higher order) compared
to the initial length, and we neglect this quantity. From here it immediately follows,

according to the Hooke law, that the tension vector f(x, t) may vary only its direction
(in a tangent), while its modulus |T'(z,t)| will be a constant independent of x and ¢,
that is, |T'(z,t)| = Ty = const.

u(z+de,t)—

u(z,n—

oz +dx) /
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Note that under the assumptions made the relationships

) g / / 8u
Sinoy = —F————
1+tg o c%

COSQ¥ = ————— —1/ 1+
1+tg @

are valid. Let us consider the forces acting on a string segment (z, x + dx). These are
the forces due to tension T'(z + dx,t) — T'(x,t) and the external forces F'(x,t)dx (the

density F(z,t) can be considered invariable on the interval dz (see Fig. 28)) whose
sum, according to Newton’s second law, determines the acceleration 0?u(z,t)/0t* of
the string segment whose mass is dm = p(x)dz. The projection of this vector equality
on the Oz axis, in view of (6.1), yields

To cos(a(x + dx)) — Ty cos(a(z)) =~ Ty — Ty = 0,

while its projection on the Ou-axis results in

(6.1)

2
Tosin(a(x + dx)) — Ty sin(a(z)) + F(z, t)dr = p(:p)%d%

from which, in view of the relationship

sin(a(z 4 dx)) — sin(a(z))

dx -
ou(x + dx,t)/0x — Ou(x,t)/0x  0*u(z,t)
~ dx - Ox?

we obtain the equation

Pulz,t) ., FPu ( t)

which is called the equation of small transverse vibrations of string. Such vibrations
are called forced for F'(z,t) # 0 and free for F(x,t) = 0.
If the string density is a constant, denoting

Ti F
a'2 = _Oa f -
p p’
we may write Eq. (6.2) in the form
Pu 0%
R 6.3

that was considered by Euler and d’Alembert as early as the 18th century. Later on
we will see that equations of the form (6.3) arise in solving other physical problems.
Therefore, irrespective of the physical sense of the quantity u(x,t), we shall also refer
to Eq. (6.3) as a one-dimensional wave equation.

Returning to Eq. (6.2), it should be noted that, as this is a second order partial
differential equation, its solution is not unique since generally contains two arbitrary
functions. To uniquely describe the process of vibration of a string, Eq. (6.2) is com-
plemented with some conditions following from the physical statement of the problem.
As a rule, the following conditions are imposed on the equation of a vibrating string
(6.2).
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1. The Cauchy problem

If the behavior of the boundary points of the string is not specified in advance
from physical considerations (e.g., the string is infinitely long), unique solution can be
obtained under the initial conditions

ou(z,t)

uw oo = plo), | =), (6.4)

specifying the displacements and velocities (momenta) of any point of the string at
the time zero.

¢ The problem of finding a solution to Eq. (6.2), satisfying initial conditions (6.4),
is a Cauchy problem.

2. The mized problem

If the behavior of the boundary points of the string (e.g., a and b, so that the string
length [ = b—a) is specified beforehand, the Cauchy problem should be complemented
with boundary conditions. Let us consider three main (classical) kinds of boundary
conditions.

(a) the first kind boundary conditions: the boundary point of the string moves in
accordance with some law, i.e., u(z,t)|,—, = p(t); naturally, u(t) = 0 corresponds
to the case the point a is rigidly fixed (i.e., the point a is immobile);

(b) the second kind boundary conditions: a given force v(t) acts on the boundary
point; then

Tosin a|p—q = ToOU /02| = = (1),
ou _v(t)
0r lz=a - TQ '
i.e., for v(t) = 0 the end x = a of the string moves freely (is not fixed);

(c) the third kind boundary conditions: the boundary point of the string is fixed
elastically with the coefficient of rigidity of fixing h; then, in accordance with the

Hooke law,
(2o

Similarly, the behavior of the second boundary point z = b is specified. If x =
b — 00, we have a problem for a semi-infinite string |a, co[ with a single boundary
condition.

from which we have

= 0.

r=a

4 The problem of finding a solution to Eq. (6.2) subject to the initial conditions
(6.4) and any one of the boundary conditions (a), (b), and (c) is called a mized problem.

¢ The above classification of boundary conditions is classical and exhaustive for
the majority of physical problems. Similar boundary conditions arise in other physical
problems leading to a one-dimensional wave equation. This is why the boundary
conditions (a), (b), and (c), irrespective of the physical sense, are called boundary
conditions of the first, second, and third kind, respectively.

Boundary conditions which can not be put into the classical scheme can be obtained
by selecting segments adjoining the ends of a rod, |a, a + dx[ or |b — dx, b[, and writing
the equation of motion for these segments, as was done in deriving the equation.

3. The boundary value problem

The influence of the boundary conditions on the vibration of the string may fall off
with time (e.g., due to the resistive forces), and the vibratory process will be practically
determined, beginning from some point in time, by the boundary conditions. Thus,
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at long times the initial conditions (6.4) become inessential, and we arrive at a purely
boundary value problem of finding a solution to Eq. (6.3) for a < x < b ast — oc.
The boundary value problems, depending on the boundary conditions (a), (b), and
(c), are called the first, the second, and the third boundary value problem.

In this statement, we may distinguish three important types of problems: seeking
for an equilibrium equation for a string subject to the action of stationary external
forces and problems on natural and forced vibrations of a string. In the first case, the
problem reduces to finding a solution to the ordinary differential equation

GQ% + f(z) = 0.

If we seek a solution to the problem for a freely vibrating string as a periodic
function
u(z,t) = v(x)sinwt or u(x,t) = v(x) coswt,

we obtain for the amplitude v(z) the equation
d*v(z) = w?

T2 + ﬁv(:p) =0, (6.5)

called an equation of natural vibrations of a string, which can be solved uniquely
subject to boundary conditions only. The problem of seeking non-trivial solutions
to Eq. (6.5), which would satisfy given boundary conditions, is a special case of
the boundary value problem. It can easily be noticed that from the mathematical
viewpoint the solution of this problem reduces to the solution of an eigenvalue (natural
frequencies w,,) and eigenfunction problem (see Sec. “The Sturm—Liouville problem™)
to determine the amplitudes v, ().

For a forced-vibrating string with the generating force f(z,t) being periodic with
frequency v and amplitude a®f(z), i.e.,

f(z,t) =a®f(x)sinvt, f(x,t) = a*f(x)cosvt, (6.6)

the solution can be sought for as a function with unknown amplitude v(z) and fre-
quency equal to the frequency of the generating force, i.e., as

u(z,t) =v(x)sinvt or wu(z,t)=v(x)cosuvt. (6.7)

Substituting (6.6) and (6.7) into Eq. (6.3), we obtain for the function v(x) the sta-
tionary equation

d*v(z) v?

)y o) = (), (69

describing the forced vibrations of string, which is, as we will see below, a one-
dimensional analog to the Helmholtz equation. Naturally, a unique solution to Eq.
(6.8) is determined only by the boundary conditions; however, the character of the
solution depends substantially on the proportion between the frequency v of the gen-
erating force and the natural frequencies w,, of the string. When v coincides with one
of the natural frequencies w,,, the resonance effect well known from general physics
occurs.

In conclusion it should be noted that the specific external forces (the resistance
of the environment, the gravity force, etc.) can be taken into account in a natural
manner in deriving the equation of vibrations completely complying with the physical
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statement of the problem. On the other hand, the difficulties involved in construct-
ing smooth solutions of differential equations with piecewise continuous distributions
of physical characteristics (p(z), F(z), and the like) can be overcome on the basis
of the notion of generalized solutions in the class of generalized functions (see Sec.
“Generalized functions”).

¢ The derivation of an equation of a vibrating string calls for a number of me-
chanical and geometrical assumptions. The question whether the equation describes
a physical process adequately enough can be answered only by comparing the results
obtained on solving the equation and experimental data. A similar question can be
addressed to other differential equations.

7 The equation of longitudinal vibrations for strings and rods

The equations of longitudinal vibrations of springs, strings, and rods are written
in the same form. This problem however can be treated more elearly by the example
of an elastic rod. We shall call a rod such a solid body whose dimension across is
small enough compared to the dimension lengthwise (for a string its dimension across
is negligible). When deriving the equation, we shall assume that the tensile stresses
appearing during vibrations obey the Hooke law. It is the conditions of the fulfillment
of the Hooke law (elastic tension) that, in fact, determine the region of applicability
of the sought-for equation.

—u(@+dz,)-u(r,f) —

N \ \
A )} 1
i
/\ ". [ F(zx,1) /‘ “. /‘ ‘,EF(:c+d$ ,0) .
0\56 @0 1@ @5’3: ”(33“133 T(+dz,p)
/ / \4 /
’I s I,' /

— @+dx)-2=dz —]

Fig. 29.

-
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Let the coordinate axis Ox coincide with the direction of the longitudinal axis of
an elastic rod. By longitudinal vibrations will be meant the displacements of the cross
(perpendicular to the Oz-axis) sections of the rod, S(z), along the Oz-axis (Fig. 29),
such that the cross sections under considerations remain plane and orthogonal to the
Oz-axis in the course of displacement.

Denote by u(z,t) the displacement, at time ¢, of the rod cross section S(x) that,
when being at rest, had the abscissa x. The geometric coordinate z chosen in this
way is called a Lagrangian variable. This choice is natural, but not the only possible.
Thus, for instance, as a geometric coordinate we can use the quantity X = x+wu, called
an Eulerian coordinate (on the relation between Lagrangian and Eulerian coordinates
see [18]).

Let p = p(z) be the density of the rod in the nonperturbed state; F' = F(x,t) be
the spatial density of the external forces acting strictly along the Oz-axis; F = E(x)
be Young’s modulus, and 7" = T'(z, t) the tension.

Calculate the relative elongation of a segment (z,z + dx) at time ¢. Since the
coordinates of the ends of this segment at the time ¢ are [z +u(z,t) and z+dz+u(z+
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dzx,t)], the relative elongation equals (see Fig. 29)
{lz +dz +u(r +dz,t)] — [v +u(x, )]} —{(v +dz) — 2}

dx
~u(z+dw,t) —u(x,t)  Ou(w,t)
B dx - Ox
In view of the fact that the tension T'(z,t) is proportional to the relative elongation,
we find 3 .
T(a,t) = B(z) 245 (7.1)

or

Consider the rod segment dV = S(x)dx confined between the cross sections S(x)
and S(z+dzx). Let the increment dz be such that the functions S(z), F(x,t), and p(z)
can be considered to be constant within this segment. Then the counterdirected tensile
forces Fi(z,t) = T(x,t)S(x) and Fo(x,t) = T(z + dx,t)S(z + dr) and the external
force Fs(z,t) = F(x,t)S(xz)dx act along the Ox-axis. According to Newton’ law, a
rod segment dV of mass dm = p(x)S(z)dz acquires an acceleration 9%u(x, t)/dt*, such
that the quantity ,

0*u(x,t)
s Tl g,

is equal to the sum of all forces acting on the segment in the direction of its displace-
ment, that is,

p(x)S(x)%dm = [T(z + dz,t)S(x + dx,t) — T(z,t)S(x,t)] + S(x, t)F(z,t)dz.

Then, in view of (7.1),
(T'S)(x + dz,t) — (T'S)(x, 1)
dx B
(BS2)(a +da,t) — (BSW) (1) 0 (B@S@)50)
dx B ox

and we get the differential equation for longitudinal vibrations of a rod:

mwsm% - %(S(x)E(x)W) + S(2)F(z,1). (7.2)

In case of a rod or a string with constant cross section, S(x) = const, from Eq. (7.2)
we obtain

Pu(z,t) 0 ou(z,t)
ogurt) _ 9 (g )

P = = 5y (B0~
If, in addition, the rod or the string are homogeneous, that is, p(z) and E(z) are
constants, Eq. (7.3) will be even simpler, taking the form

Pu(z,t)  ,0%u(x,t)

2 — % pp + f(z, 1), (7.4)
where a?> = E/p and f(x,t) = F(x,t)/p. This equation completely coincides with the
one-dimensional wave equation (6.3). Therefore, the additional conditions for finding
a unique solution of Eq. (7.4) completely coincide with those for Eq. (6.3).

)+ Fla,). (7.3)
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Equations (6.3) and (7.4), being second order partial differential equations, can be
written as a system of two first order differential equations. Actually, putting in (7.4)

~ Ou(z,1) B ou(z,t)
W(z,t) = o and T(x,t) = E(x) e
we obtain
oW 19T
or  E o’
7.5
or _ ow i
or o

As already mentioned, the region of applicability of Eq. (7.4) coincides with that of
Hooke’s law. In a more general situation
ou\ Ou
T = E( 9 _> a0
© 9z ) b

and this leads to a second order quasilinear equation
9, ou\ Ou 0%u
D[y, Y] _ P,y
50 B 5 ) 5] = P ~ Flw)

8 Equations of electric oscillations
in wires (telegraph equations)

Let us arrange a wire, which carries an alternating current i(z,t) at an applied
voltage v(z,t), along the Oz-axis. Denote by R, L, C, and G, respectively, distributed
(per unit length) ohmic resistance, inductance, capacitance, and charge losses through
imperfect insulation, assuming the losses to be proportional to the voltage at a given
point. To be more specific, suppose that the current direction coincides with that of
the Oz-axis.

In accordance with Ohm’s law, for a segment of a circuit with coordinates (z,z +
dx), we can write that the voltage drop across the circuit segment of length dx is equal
to the sum of the electromotive forces:

Ji(x,t)

v(x,t) —v(z +dx,t) = Ri(z, t)dr + Lszp.

In view of the relation

v(x +dx,t) —v(x,t) _ ov(z,t)

dx or
this equality takes the form
ov(zx,t) , Ji(x,t)
= Ri(x,t)+ L . 8.1
o8 = Rie, 1) + 12 (1)
Equating the charge
~Oi(x,1)

[i(z,t) —i(x + dzx,t)|dt = dx dt

ox
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that is passed by the circuit segment (z,x + dx) during the time from ¢ to t + dt to
the charge

ov(zx,t)
ot

that is expended for charging the circuit element (x,z + dx) and the leakage current
due to imperfect insulation, we find

Di(x,t) ov(z,t)
C
or ol
Relations (8.1) and (8.2) are called the telegraph equations and form a system of first

order partial differential equations. This system of equations can be reduced to one
second order partial differential equation for the current i(x,t):

Clo(z,t 4+ dt) — v(z,t)]de + Gu(z, t)dx dt = |C + Go(z, t)] dx dt

+ Gu(z,t) = 0. (8.2)

0%i(x,t) 0%i(x,t) i ,
or for the voltage:
Pv(z,t) . Pv(x,t) Jv

Equations (8.3) and (8.4) are absolutely identical in form and are called the telegraph
equations as well. Within the framework of electrodynamics, the equations obtained
can be considered as rather good approximations that do not take into account the
electromagnetic oscillations in the medium surrounding the wire.

If in Eqgs. (8.1)—(8.4) we neglect the losses through the insulation and assume that
the ohmic resistance G = R ~ 0, then (8.1) and (8.2) take the form

o _0v
or ot
ox ot
and Egs. (8.3) and (8.4) are reduced to the well-known equations for an oscillatory
circuit 2; o2 o o .
_Z :aQ_Z’ —U:CLZ—/U, a:—, (86)
ot? 02 ot? 02 VILC

which are completely identical in form to the one-dimensional wave equation.

The general scheme of the formulation of the initial and boundary value problems
for the telegraph equations completely coincides with that given in Sec. “The equation
for vibrating strings” (the Cauchy problem for an infinitely long wire, mixed problems
for finite and semi-infinite wires, etc.). One should also remember that when formu-
lating boundary conditions for the segments |a, a + dx[ and |b—dx, b], it is necessary to
consider the voltage drop and the discharge intake instead of the equations of motion.
If a circuit contains a lumped resistor of ohmic resistance R, an inductor of inductance
L., and a capacitor of capacitance C., connected in series, then the voltage drop is
given by the formula 5

. 1 :
Av = R.+ Lcat + c /zdt.
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It is of interest to compare the system of equations that describe longitudinal vibrations
of a rod, Egs. (7.5), with the system of telegraph equations (8.5)

Cov 10T oi o
or Eot’ ox ot
of_ o’ ov_ b &0
or o or ot

There is an obvious physical analogy between the voltage v and the tension 7" of the
rod, between the electric current ¢ and the mechanical velocity w. A similar relation
can be established between the mechanical and the electrical characteristics of physical
processes. Thus, the inductance of an electric circuit, L, is an analog to the density
of a solid and the capacitance C' is an analog to the inverse modulus of elasticity
1/E. In view of the fact that both systems of equations (8.7) were obtained under the
assumptions that disregard the ohmic resistance and the resistance of the medium,
the mechanical resistance is an analog to the ohmic resistance. This coincidence of
mathematical descriptions of various physical problems makes it possible to model and
study mechanical systems with the help of electrical systems and wvice versa.

9 The equation of transverse vibrations of membranes

By a membrane we shall mean a solid body whose thickness is negligible compared
to its other dimensions, which does not resist to bending, or, in other words, a thin
ideally flexible film.

Suppose that a membrane is stretched uniformly in all directions and, being in
equilibrium, occupies some region S with boundary L in the xOy-plane. Denote
by u(z,y,t) the displacement of the membrane point with coordinates (z,y) at time
t in the direction orthogonal to the xOy-plane under the action of external forces
with density F'(x,y,t), which are directed perpendicular to the zOy-plane. Then the
expression u = u(z,y,t) for a fixed time ¢ can be considered as an equation of the bent
surface taken by the membrane in the process of vibration.

Let do be an element of this surface with a unit normal vector

7 = (sin 0 cos ¢, sin @ sin ¢, cos @),

and dS be the projection of do on the xOy-plane. Then

to= 25 i (2 (2 e 1)

A segment dl of the boundary of do is subject to tension f(w,y,t)dl. Since the

membrane does not resist to bending, the tension vector f(:p, y, 1) is located in a plane
orthogonal to the normal vector 7 (a plane tangential to u = u(z,y,t)). If the vector

—

T(x,y,t) forms with the xOy-plane an angle #’, then this angle does not exceed the
angle # between the normal 77 and the Ou-axis, that is,

Ou\ 2 Ou\2
73 cosn =1 /\[ 1+ (20) 4 (227 0.
coS coS + o7 + 7 (9.2)
Neglect in relations (9.1) and (9.2) infinitesimals of higher order with respect to
Ou/0x and Ou/dy, then do =~ dS. Thus, the membrane area remains almost unchanged
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in the process of vibrations and this, in turn, means that the tension vector T'(x,y,t),
according to Hooke’s law, may change only its direction, remaining constant in absolute
value: |T(z,y,t)| = Ty = const.

In view of this, the projections T}0, and Tp, of the tension vector on the xOy-plane
and on the Ou-axis can be written in the form

Ju

TxOy = TO cos ) ~ To, TOu = TO_-

on
Denote the surface density of the membrane by p(z,y) and the projection of an
arbitrary section of the bent surface of the membrane on the xOy-plane with boundary
L by S} and equate the momenta of the vertical tensile forces and the momenta of the

external forces in a time t5 — ¢; to the change in momentum of the selected section of
the membrane:

/dt{/ 0—dl+//Fdxdy} // a” (z y’tz - a”(xéf’tl)]p(x,y)dxdy.

Assuming that to — ¢ is small, t, — t; ~ dt, and following the Lagrange mean-value
theorem, we can write

8u(x,y,t2) . au(x7y7t1> 82 (.’L’ Y, )dt
ot ot ot? '

/—dl // —“+— dxdy,

we obtain an integral equation of vibrations

82 d*u
/dt/ W — a — +8—y2) —F(x,y,t)}dxdyzo.

From here, in view of the arbitrariness of S; and ¢, —t;, we arrive at the differential
equation of transverse vibrations of membrane

0*u Pu  *u
Poz = 1o <6 2+m>+F($7y>t)' (9.3)

In case of a homogeneous membrane, p(z,y) = p = const and we get an equation

0%u Pu  0*u
2 <W+W> + f(x,y,1), (9.4)

Using Green’s formula

where a* = Ty/p and f(z,y,t) = F(x,y,t)/p, which is called the two-dimensional
wave equation.

The statement of the problems of finding unique solutions to the two-dimensional
wave equation and the classification of these problems completely coincide with those
considered for the one-dimensional wave equation. The differences arising when for-
mulating the boundary conditions for a plane curve L do not lead to crucial difficulties.
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Note that the choice of specific models (string, membrane, etc.) and their consider-
ation are conditioned by striving for the most simple and ocular demonstration of the
principal scheme for deriving equations of mathematical physics, which illustrates how
mathematical and physical aspects of the problems go well together and complement
one another.

Actually, all equations derived above can be obtained from the Lamé equation

o2t
P o

for the three-dimensional displacement vector @ = (u(x,y, z,t), v(z,y, 2, t), w(z,y, 2, 1)),
which is a special subject of investigation in elasticity theory. However, the derivation
of this equation, notwithstanding the cumbersome calculations, is based on Hooke’s
law and the above scheme. First, in a homogeneous isotropic solid body of density
p, a volume element with the facet coordinates =,z + dz, v,y + dy, and 2,z + dz is
singled out which, under the action of internal forces (stresses) and external forces of
density F= (X(z,y,2,1),Y(x,y,2,1), Z(x,y, 2,t)), is displaced by u(z,y, z,t). Then
three equations for the projections on each coordinate axis are written for the singled
out element, such that the changes in momentum are equated with the impulse of
internal and external forces for a time dt. As a result, we have for displacements the
system of equations

= (A + 2) grad div @ — prot(rot @) + F (9.5)

0?u m 0 .
pg?—G<Au+m?(dlvu)>+X,

v L
P = G(Av o gy iy u)) LY, (9.6)
0w m 0, .
pW—G<Aw+7m_2&(dWU))+Z,

where G is the shear modulus and m is the Poisson coefficient that characterizes the
ratio of the corresponding transverse compression to the longitudinal tension (see [9]).
With the help of the Lamé coefficients pn = G and A = 2G/(m — 2), Eqgs. (9.6) can be
written as a vector equation [Eq. (9.5)].

If we seek a solution to Eq. (9.5) in the form

it = grad Ay + 1ot A,

then the scalar potential Ag and the vector potential A satisfy the three-dimensional
wave equations

PAy L 0* RO 1
o ¢ (5 + 5 * ) Aot 520
PA L 7 PN 1o
P+ — A+ D
oz ! <8x2 Tt 822> 2

where &4 and ® are the scalar and the vector potential of the vector field F

(9.7)

?

F= grad & + rot )

and

A+2
a2:+M

p =t
p p
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Along with the foregoing, variational methods are successfully used in classical
mechanics (see Sec. “Generalized functions”). Let us consider the variational method
of deriving, for example, the equilibrium equation for an elastic membrane under the
action of stationary external forces F(z,y). Let Afu] be the functional that defines
the work of the external and elastic forces on the displacement of the membrane from
the equilibrium position, u = 0, to the position of a bent surface, u = u(z,y). Since
the work of an external force is given by

// F(z,y)u(s,y)dudy,

and the work of elastic forces, according to (9.1), is

8u ou 8u 2
—TO// \/ ax +<8_y> dxdyN——// y> }dxdy,
then Afu] has the form
8u ou
- // Fu=5 8x> + <8y> ]}d:pdy, (98)
s
and, hence, the variation of the functional (9.8) is determined by the expression

// F5u—T0 5(%) gz5<gZ)}}dxdy (9.9)

For the membrane being in equilibrium, A(u) = 0. Then, in view of the fact that

5(5) = g () = 5,00

and that the variation vanishes on the boundary, du|;, = 0, we obtain

2 2
// F+Ty(5 a g2>}5udxdy TO/—(Sudl
a? 0u
// F+ 82>}5udxdy—0

where 77 is an external normal to the curve L. In view of the arbitrariness of du and
in accordance with the principal lemma of calculus of variations, we obtain

Pu  Pu  F(,
u Ou Fz,y)

= 0.
Ox? o oy? T

Naturally, a similar equation follows from (9.4) and (9.5).
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10 Equations of hydrodynamics and acoustics

Consider the motion of a fluid which occupies a certain volume. Select some portion
of the fluid, a “droplet”, confined in a volume AV'. If the volume AV is small compared
to the dimensions of the system and the forces that act on the fluid portions confined
in this volume can be considered constant, we arrive at the notion of a material point
of fluid. If we may neglect the friction forces between fluid particles or, in other words,
viscosity, we arrive at the notion of ideal fluid.

Let, in a Cartesian coordinate system,

dzr
U= E, T = (33'1,33'2,.1'3), (101)
be the velocity vector for a moving fluid that defines the trajectory of motion of every
material point of the fluid. Let p(Z,t) and p(Z,t) be the fluid density and pressure
at point ¥ at time t and G(7,t) and F(Z,t) be the intensities of the sources of mass
forces.

Let us single out some closed surface S with an external normal vector 72, which
encloses a volume V. The variation in quantity of fluid per unit time is equal to the
fluid flux through the boundary S and the inflow of matter from internal sources

/// Hdv = {/(U(f, ), dS)p(Z, 1) +/V//G 2 DAV

where dS = iidS. Transforming the surface integral to a volume one by the Ostrogradskii—
Gauss formula, we obtain

AO[@%?Q+dW@@JW%4%inV:o.

In view of the arbitrariness of the volume V', we arrive at the differential equation

0

£+mw) G(7,1). (10.2)
¢ Equation (10.2) is called the continuity equation or the transport equation.
Another equation which characterizes the motion of fluid can be obtained by con-

sidering all forces (external forces, pressure forces) acting on an element dV of the

volume V. Thus, the resulting pressure force is

- // p(Z, )i dS = /// grad p(Z, 1) dV.

and the resultant of all mass forces F (Z,t)

/ ] a0 f@nav
Since from (10.1) it follows that

v _ov o5 oy ov 0%
Ty T8 T o

gl i + (¥, grad), (10.3)
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the variation in the momentum of the matter in the selected volume is written in the

- [ o= [ e -+ v

Hence, in accordance with Newton’s second law, we obtain

/// + (v, grad)v ] p(;, H grad p(Z,t) — ﬁ(f, t)}dV = 0. (10.4)

In virtue of the arbitrariness of V', we obtain from (10.4) the differential equation
of motion of fluid

ov

1 -
yn + (v, grad)v + — grad p(@, t) = F(Z, ). (10.5)
P

¢ Equation (10.5) is called the equation of motion of ideal fluid, or Euler’s equation.

The system of four equations consisting of the continuity equation (10.2) and Eu-
ler’s equation (10.5), contains five unknown functions (¢, p, p) and is not closed.
Therefore, for a complete and unambiguous description of the process of motion of
ideal fluid, the system of equations (10.2), (10.5) must be complemented with an
equation of state that relates pressure p(Z,t) and density p(Z,t). In the general case,
the equation of state contains absolute temperature 7' (e.g., for a perfect gas

=P
P= T

where R is the gas constant). In this case, a closed system of equations should also
include the heat equation (see below) that describes the variation of the system tem-
perature.

In some cases, the equation of state does not involve a temperature dependence,
that is,

p=f(p). (10.6)

For instance, for an incompressible fluid we have
p = const . (10.7)

The temperature dependence of p can be neglected for adiabatic processes, i.e., pro-
cesses which occur so rapidly that heat has no time to be transferred from one fluid
portion to another, and we have

1/v
p= Po(p%) . (10.8)

Here v = ¢, /cy is the ratio of the specific heat at constant pressure to that at constant
volume.
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Here we shall dwell on the adiabatic motion of gases. In this case, the system of
hydrodynamic equations has the form

— 1 R
% + (v, grad)v + ;gradp =F, (10.9)
PV
pzf(p)zpo(—> :
\ Po

This is a system of nonlinear equations which can be “linearized” if some simplifying
assumptions are made. Assume that G(Z,¢) = 0 and F(Z,¢) = 0 and that the motion
of gas can be simulated as small vibrations about the equilibrium position characterized
by constant values of density py and pressure pg. Rejecting the squares, products, and
higher degrees of the quantities v, p — pg, and p — py and their derivatives, we obtain
the “linearized” adiabatic equation

_ Po N 1
P—Po+%(29—po)+"'~P0+@(P—po)a (10.10)
Po o
VY =a;
Po
Euler’s equation
ov 1
— = ——grad 10.11
S~ o aadp (10.11)
and the continuity equation
0
a—? + podive =0, (10.12)
which, in view of (10.10), can be represented as
1 0p .
?E + £o divty = 0. (1013)

We are interested in a potential (irrotational) flow of an ideal fluid in which every
small volume is deformed and moves translationally without rotation. In this case,

U= —grad p. (10.14)

The function ¢(Z,t) is called a velocity potential. Let us show that, despite the
fact that relation (10.14) defines the potential up to an arbitrary function of time,
it suffices to know this potential to describe completely the whole motion process.
Actually, substitution of (10.14) into (10.11) yields

Op 1
—erad 22 = — = grad
grad = o gradp
or 5
¥
P=rog (10.15)
Substituting (10.15) and (10.14) into (10.13), we obtain the equation
52
CF @Ap=0 (10.16)

ot?
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that should be satisfied by the potential ¢. This is a three-dimensional wave equa-
tion, and its solution obtained with the help of relations (10.15), (10.14), and (10.10)
completely defines the functions v, p, and p. On the other hand, differentiating Eq.
(10.16) with respect to t, x1, z2, and x3, we see that these quantities themselves satisfy
the equations which coincide with (10.16), that is,

2—)
% —2AT =0,
82
a—t]; —a*Ap =0, (10.17)
9?p
g A=

Equations (10.16) and (10.17) are called the acoustic equations or the hydrodynamic
equations in the acoustic approximation, because, under the assumptions made, they
offer a rather good description of processes with small variations of density and pres-
sure, for example, the propagation of sound. (Asshown below, in physics the coefficient

a = +/7vpo/po corresponds to the velocity of propagation of vibrations, which, for nor-
mal atmospheric conditions, yields the sound velocity @ = 335 m/s.) The boundary
conditions for the wave equations (10.17) are formulated by a routine scheme. For
instance, for an impenetrable boundary S with an external normal 77

(17,7?)}5:0 or g—:: S:(].

For processes which are characterized by high velocities and high pressure gradients
(supersonic flow-around, explosive waves, etc.) the “acoustic approximation” is inade-
quate and it is necessary to use nonlinear equations of hydrodynamics (gas dynamic),
which are beyond the scope of this course.

11 Equation of heat conduction in rod

Let the longitudinal axis of a rod be directed along the Oz-axis and u(x,t) be the
temperature of all points of the rod cross section passing through the point with coor-
dinate z. Consider a rod segment confined between the cross sections with coordinates
x and z + dx (Fig. 30).

S@) | 0, S@+da)

\‘\ \\\\
e u(a:,t)“‘ 2 u(::c+d::c,‘t)

H [ ]

0 z r+dz]
H Q4 /

I !

S /

Fig. 30.

Denote by )1 the amount of heat expended to heat the selected segment and by (),
the amount of heat incoming through the lateral surface of the segment. According to
Newton’s law, () is proportional to the temperature difference at the lateral surface,
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and the sign of ()9 is conditioned by the sign of this difference. Also denote by (3
the amount of heat incoming through the cross section of the rod and determined by
Fourier’s law and by ()4 the amount of heat incoming from internal heat sources (e.g.,
chemical reactions). Thus, the heat balance equation for this rod element and for a
time interval dt has the form

Q1= Qs+ Q3+ Qu. (11.1)

Let S(x) and p(z) be, respectively, the area and the perimeter of the rod cross
section; p(x), c(x), and k(z) be, respectively, the density, the heat capacity, and the
heat conductivity of the rod material; F'(x,t) be the volume power density of the
internal heat sources, and uy and kg be, respectively, the temperature and the heat
conductivity of the external medium. o

In view of the above notations, the quantities Q);, i = 1,4, can be written as

Q1 = cl)pl@)S()ule, 1 +dt) — e, ]z = e(2)p(a)S(2) 20D e,

Qo2 = p(x)ko(x)[ug(z,t) — u(z,t)]dzdt, (11.2)
0 ou(z,t) '

Qs = [(kSu,) (@ + dr, t) — (kSu,) (@, )dt = = (k:(:p)S(x) - )dx dt,

Qs = F(x,t)S(z)dxdt.
Substituting (11.2) into (11.1), we obtain the differential equation of heat conduction

in a rod 5 9 P
(v u
a1 = 72 (FSg,) + phuluo = w) + FS, (11-3)

If the cross section of the rod is invariable, this equation reduces to

cpS

If the rod is homogeneous, i.e., p, ¢, and k are constant, Eq. (11.4) can be written as

ou 0%

Here a® = k/(cp) is a constant called a thermal conductivity coefficient; h = kop/S is
the coefficient of the heat exchange with the surrounding medium through the lateral
surface;

h F
b=—, f=—4 buyp.
cp cp
If there is no heat exchange with the surrounding medium through the lateral surface
(the lateral surface is heat-insulated), i.e., h = 0, Eq. (11.5) reduces to

ou  ,0u?
— =a"= + f, 11.6
ot Ox? / (11.6)
which is called the one-dimensional heat equation.
To find a unique solution of Eq. (11.6), it is necessary to preset the initial temper-
ature distribution and the heat regime at the ends of the rod.
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Let us consider classical statements of initial and boundary value problems for Eq.
(11.6).

1. The Cauchy problem

In contrast to the one-dimensional wave equation, the heat equation calls for only

one initial condition
u(z,t)]i=0 = p(t). (11.7)
The problem of finding the temperature described by Eq. (11.6) in combination with
the initial condition (11.7) is a Cauchy problem. Problems of this type describe rather
adequately actual physical processes for which it is required to find the temperature
distribution in a rod either for a short time interval (such that the boundary conditions
have no time to influence substantially the process) or for a very long (ideally, infinitely
long) rod where the boundary conditions have no effect on the temperature in the
central part of the rod under consideration. However, it should be noted that the
boundary conditions left unsaid for these problems have the form
xgriloou(x, t) =0,
which follows from the energy conservation law.
2. The mized problem
Let us consider a rod whose ends are located at points with coordinated x = a
and z = b. In this case, the initial condition should be complemented with boundary
conditions. Let us consider three principal (classical) kinds of boundary conditions.
(a) Boundary conditions of the first kind. The sought-for function wu(z,t) is
specified at the end point of the rod x = a, i.e.

u(xat)’x:a = pu(t),
which may be a constant. In particular, if the temperature at the rod end is kept
equal to zero, then u(t) = 0.
(b) Boundary conditions of the second kind. The partial derivative of the func-
tion u(z,t) is specified at one end point of the rod, i.e.,

ou(z,t) — ),
EM r=a

Let us consider the physical sense of this condition. If we specify at the rod bound-

ary, e.g., at the point x = a, the heat flux instead of the temperature, then, accord-

ing to Fourier’s law,

ou(z,t)

Denoting v(t) = Q(t)/k, we arrive at the condition for the derivative. When
v(t) = 0 the rod end is heat-insulated.

(c) Boundary conditions of the third kind. On the rod boundary, a linear com-

bination of the function u(x,t) and its derivative is specified:

ou(z,t)
— = (t). 11.8
(= = (11.8)
This condition corresponds to the heat exchange (by Newton’s law) with the sur-
rounding medium of given temperature Ty(¢) at the rod end x = a. Actually, the
heat flux at the boundary can be written both as

_ Ou(x,1)
Q= kY

r=a

+ au(z, t))

r=a
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and as Q = h[Ty(t) — u(x,1)]|__ . Then

ou(z,t)
Ox

k

= h[To(t) — u(w,t)]]

r=a’
r=a

It should be noted that, in contrast to the preceding case, the heat flux is “self-
controlled” depending on the difference [Ty(t) — u(x,t)]}x:a: it decreases as the
temperatures on the external and the internal sides of the boundary become equal.
Introducing the notations o« = h/k and ~(t) = hTy/k, we arrive at the condition

(11.8).

The boundary conditions at the point x = b are considered analogously. The
boundary conditions at the points x = a and x = b may be of different kind. When
x = b — 0o we come to the problem for a semi-infinite rod.

The problem of finding a solution of Eq. (11.6) with the initial condition (11.7)
and the boundary conditions (a), (b), or (c) is called the mized problem for the heat
equation. Boundary conditions other than the classical ones (a), b), and (c) can be
obtained by describing the heat balance for the boundary segments of the rod |a, a+dzx]
and |b — dx,b[, as was done in deriving the heat equation. Let, for example, the rod
end x = a be clamped in a massive lock having a high heat conductivity and heat
capacity c¢g. Then the boundary condition will be written as

= 0.

r=a

ug(x,t) — C—;ut(x, t)}

Along with the problem statement with linear boundary conditions, it is possible to
formulate problems with nonlinear boundary conditions. Thus, for instance, account
for the emission of radiation by the Stefan-Boltzmann law from the end = a into a
medium with the temperature ug(t) leads to the following boundary condition:

ou(z,t)

aZL' r=a

k = H[u'(t) — ué(x,t)”z:a.

3. The boundary value problem

The influence of the initial conditions in a rod weakens with time due to the re-
distribution of heat. If the observation time t can be considered long enough (much
longer than the relaxation time), the temperature of the rod is determined, within the
measurement error, in fact only by the boundary conditions. Therefore, the contri-
bution of the initial conditions (11.7) becomes inessential, and we arrive at a purely
boundary value problem of finding a solution of Eq. (11.6) for a < z < b, t — oc.
This is the first (second, third) boundary value problem if the boundary conditions
are of the first (second, third) kind.

In this statement, we may set off two interesting problems: the Fourier problem of
temperature waves and the problem of a stationary distribution of heat. In the first
case, the first boundary value problem for a semi-infinite rod with a periodic boundary
condition is considered. In the second case, any boundary value problem is considered
on the assumption that the density of the internal heat sources and the boundary
conditions are independent of time. In this case, the one-dimensional heat equation
reduces to the ordinary differential equation

2 d2u(:c)
dx?

a

+ f(x) =0
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or, in a more general statement [see Eq. (11.3)], to the equation

d du
= (kS52) + phioluo — w) + FS =0,
dx( ) TP o(ug —u) +
In conclusion, it should be noted that taking into account the temperature depen-
dence of the physical characteristics p, ¢, and k results in a quasilinear equation

c(:p,u)p(x,u)% -~ %(k(x,u)g—";) v F(x,1), (11.9)

which substantially extends the region of applicability of the heat equation.

12 Equation of diffusion and heat conduction in space

The problem of heat conduction is akin to the problem of diffusion, i.e., variations
in concentration of a substance. If a substance is originally nonuniformly distributed in
a solution or a gas, there occurs its redistribution from regions of higher concentration
to regions of lower concentration. This process is called diffusion and obeys Nernst’s
law, which is similar to Fourier’s law for heat conduction.

Let u(Z,t) be the concentration of a substance at a point ¥ = (z,y,2) at time ¢
that is distributed in an immobile isotropic medium that takes some volume with the
porosity coefficient ~v(Z) (ratio of the volume of pores to the total volume) and the
diffusion coefficient D(Z). (For an anisotropic medium, the latter are tensors rather
than scalars.) For diffusion occurring with absorption or release of the given substance,
for instance, due to chemical reactions, let F'(Z,t) be the spatial power density of the
sources and sinks of the substance.

Select inside the volume under consideration an arbitrary surface S with a unit
external normal 77, which bounds some volume V.

Compose the balance equation for the diffusing substance. Denote by d@Q); the
amount of substance passing through a surface element dS in a unit time. According
to Nernst’s law,

dQ, = —D(f)g—ZdS = — (7, Vu)D(Z)dS.

Then the amount of substance coming into the volume V' through the surface S during
a time interval from ¢; to t5, in view of the Ostrogradskii-Gauss formula, will be given
by

Q1 = / dt Z{ (7, Vu)D(Z)dS = / dt V/ div(D(F)Vu)dz.

The amount of substance incoming from internal sources is defined as

to
Qs = / dt / F(Z,1)d7.
t1 \%

The total inflow of substance, @3, resulting from the change in concentration wu(z,t)
in a short time At, by the Lagrange theorem,
_O0u(Z,t)
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will be .
Qs = /dt/y(f)g—?di
oV
Since
Q1+ Q2 — Q3 =0,
we have

jdt/ [div(D(:E)Vu) + F(Z,t) — 7(5)5} d7 = 0.

By virtue of the arbitrariness of the volume V' and the time {5 — ¢;, the integrand
should be equal to zero, that is,

7(%) aug, b _ div (D(Z)Vu(Z, 1)) + F(Z,1). (12.1)

Equation (12.1) is called the diffusion equation.
If the medium is homogeneous, the quantities v(#) and D(Z) are constant, and Eq.
(12.1) becomes

ou(z,t) 1 0 0? 0? - .
= a (@ tor @>u(x, £+ F(Z,1), (12.2)
where 5 Pzt
CL2I—, f(f,t): (.’L’, )
8
When comparing the one-dimensional diffusion equation that follows from (12.2),
ou 0%
o = o T

with the one-dimensional heat equation (11.6), we can see that they are completely
identical in form with the thermal diffusivity coefficient corresponding to the diffu-
sion coefficient at v = 1. Moreover, the dimensionalities of these coefficients are
identical. For gases, even the numerical values of both coefficients are rather close
since the kinetic theory of gases yields an approximate relation & = Dpc, whence
D = k/(pc) = a*. Thus, in diffusion problems, the amount of the diffusing substance
and its concentration play the same roles as the amount of heat and the temperature in
heat conduction problems. With the notations of the preceding section, the equation
of heat conduction in space

o()p(@) a“g ) _ iy (k(Z)Vu) + F(Z,1) (12.3)

follows immediately from Eq. (12.1) upon the change of variables v(Z) — ¢(Z)p(Z)
and D(Z) — Ek(Z) or can be derived from the heat balance equation in a way similar
to the derivation of the diffusion equation from the balance equation for the diffusing
substance. Let us consider this derivation.

The degree of heating of a body is characterized by its temperature. Let u(Z,t) be
the temperature at point & at time ¢, p(Z) the density of the body material, k(Z) the
coefficient of heat conductivity, and ¢(Z) the specific heat at the point Z. Imagine a
surface Sy within the body, encloding a volume V. Assume that there is a heat source
F(Z,t) in the body.
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Compose a heat balance equation for this case. Denote by d@); the amount of heat
passing through a surface section dS and write

dQ, = k(Z )detg—“ = k(Z)dt (Vu, dS). (12.4)

Then the amount of heat that will pass through the surface Sy in the time interval
tg — tl will be

to

Q= /dtf )(Vu, dS) = /dt/div(k;(f)vu)df. (12.5)

t1 \%

The amount of heat that is released or absorbed in the volume V in the time &5 — t;

is given by
to
Q2 = /dt/F(f,t)df. (12.6)
ty %

The heat that should be expended for the temperature change Au = uy (7, t) — uy (7, 1)
in a volume region dV = d in time dt is given by

dQs = [u(@,t + dt) — u(Z, 1)|c(@)p(T)dV = g—?c(f)p(f)dfdt.

The heat going to increase the temperature in the volume V' in the time ¢, —¢; is given

by
[ ou
Q3= [ dt | —c(Z)p(Z)d7. (12.7)
Ja] 5

Thus, the heat ()3 expended for heating the volume V' in the time t, — t; is equal to
the sum of the heat ()5 produced by the internal sources and the heat (); coming from
the external sources

Q3 = Q1+ Q2

/ it / — div(k(F)Vu) — F(F,1)|dV = 0.

In view of the arbitrariness of the volume V' and time t, — ¢, the integrand should be
equal to zero, that is,

p(f)c(f)g—": = div(k(Z)Vu) + F(Z,1). (12.8)

¢ Equation (12.8) is called the three-dimensional heat equation.
For a homogeneous substance, ¢, p, and k are constants, and Eq. (12.3) takes the
form similar to (12.2):

uy = a*Au + f(Z,1). (12.9)

This is the heat equation for a homogeneous medium.
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Here,

and f(Z,t) is called the source density.

For solving uniquely the diffusion and heat conduction problems by the above
scheme, an initial condition and boundary conditions are specified. The initial condi-
tion w(Z,t)|1=0 = ¢(Z) determines the original temperature (concentration) distribu-
tion. We shall consider three kinds of boundary conditions:

First kind conditions are specified if a given distribution of the temperature (con-

centration) ug is maintained on the boundary S: u(Z,t)|s — up = 0.

Second kind conditions are specified if a given heat (substance) flux w; is main-

tained on the boundary S:

~0).
s

ou ou

o )l =0 (05 ]
( on T s on T

Third kind conditions are specified if a heat (substance) exchange occurs at the

boundary S in accordance with Newton’s law

K5+ bu—w)]| =0, ([ +htu-w)]|, =0)

where h is the coefficient of heat exchange (penetrability) and ug is the temper-
ature of the surrounding medium (concentration of the diffusing substance in the
surrounding medium).

13 Transport equations

As follows from the above examples, hyperbolic equations describe, in general, some
wave processes (propagation of a wave field). Parabolic equations are more naturally
associated with the description of the behavior of some macroscopic characteristics of
a system of particles. Actually, if by the quantity u(Z,t), introduced in the preceding
section, is meant the concentration of some particles (molecules, ions, etc.), the dif-
fusion equation for a rarefied gas can be obtained by assigning to the particles some
mass, so that the diffusion process could be treated as the process of mass transfer
by the particles as a result of their redistribution. Similarly, heat conduction can be
considered as energy transfer, flow of a viscous fluid as momentum transfer, an electric
current as charge transfer, and so on.

To obtain an equation for neutron transport in a nuclear reactor, which is of great
practical importance, we should invoke models other than those used in deriving equa-
tions of diffusion and heat conduction. Consider neutrons flying in the direction of a
unit vector 7. Denote by N(Z,7,t) the neutron density at point & at time ¢. Assume
that all neutrons have the same velocity v and the mean free path of the neutrons is
much larger then their dimensions. Denote by 2 a complete group of incompatible
events: mneutron-neutron collision, Ap; elastic scattering of a neutron by an immo-
bile nucleus (such that the neutron recoils from the nucleus as an elastic ball), Ay;
absorption of a neutron by a nucleus, As, and division of a nucleus by a neutron
with a coefficient of neutron multiplication k(Z), A4. The distribution of neutrons by
directions is uniform (isotropic) both before and after scattering and multiplication.
Let the probabilities of the above events be, respectively, P(A;) ~ 0, P(Ay) = P,
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P(A3) = P, and P(Ay) = 1 — P, — P3, and F(&,7,t) be the source density. Then
the particle flux U = Nwv satisfies the one-velocity transport equation with isotropic
scattering

10u - A _PQ"_k(l_PQ—Pg)
;E+(n,gradu)+7u— =

/u(f, i\ t)dit' + F(Z,7,t), (13.1)

S1

where A is the probability of an event of nuclear decay in a unit time. Equation (13.1)
is integro-differential.

In the diffusion approximation, the above process is described by the diffusion
equation (12.1), where u(Z,t) is the neutron concentration in the active zone, D is the
coefficient of effective diffusion of neutrons, and the neutron source density F(Z,1i,t)
is proportional to the neutron density, i.e., F' = au — pu = ku, where « is the birth
factor, /3 is the absorption factor, and k = o — 3 is the multiplication factor (« and
are determined experimentally).

Note that if k& > 0, the process of spatial generation of neutrons prevails and the
occurrence of a nuclear chain reaction is possible. As a result, Eq. (12.2) (with the
coefficient C' = 1) takes the form

uy — DAu — ku = 0. (13.2)

This equation lies at the heart of some mathematical models of nuclear chain reactions.

14 Quantum mechanical equations

The principal statements of quantum mechanics, including the Schrodinger equa-
tion, are postulated. The validity of these postulates is verified by checking whether
the predictions of quantum mechanics agree with experimental data. Therefore, the
Schrodinger equation, in contrast to the equations of diffusion, heat conduction, vi-
brations, and others cannot be deduced from some more general considerations.

The principal postulates of quantum mechanics are the following:

Postulate 1. In a coordinate representation, the states of a quantum system are
described by a normed (ray) vector W(Z,t) of some Hilbert space £. The function
U(Z,t) is called the state vector and the space L is called the state space. Each
nonzero vector W (&, t) is associated with a certain state.

Postulate 2. Every physical quantity A (referred to as observable) of a system is

~

associated with a linear selfadjoint operator A that acts in the Hilbert state space L.

Postulate 3. The evolution of an isolated quantum system is described by the
Schrodinger equation

SR H(t)W =0, (14.1)
ot
where H(t) is a linear Hermitian operator which is called the Hamiltonian.
Generally, from physical considerations, the wave function is subject to the follow-
ing boundary condition
lim W(z,t) =0,

|Z|—o0

which agrees with Postulate 1.
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Postulate 4. When measuring a quantity A, one may obtain only those values of «,,
that are eigenvalues of the operator A

AV, = a,U,,. (14.2)

If the quantity A has been measured and the measurement result is equal to a,, then,
after measurements, the quantum system is in the state ¥, .

Postulate 5. For the operators of coordinates, ;, and momenta, p;, the following
commutation relations are valid:

[i’l,i‘j]_ = [ﬁl;ﬁj]— = O, [i’l,ﬁj]_ = ihélj, l j 1 (143)
Her [A\ B\]jF — AB ¥ BA is the commutator (anticommutator) of the operators A and
B.
For instance, in the coordinate representation,
0
T = xy, pj = —ith=——, [,j=1n.
ox;’

Although the mathematical apparatus of classical mechanics can be derived from
that of quantum mechanics (quantum mechanics, in the limit as & — 0, involves clas-
sical mechanics), the relations between these physical theories are more intricate and
not just the relations between their mathematical schemes. This is a manifestation
of the radical difference between quantum mechanics and special relativity which, in
the limit as ¢ — oo, involves nonrelativistic quantum mechanics. This is due to the
fact that both relativistic quantum mechanics (special relativity) and nonrelativistic
quantum mechanics are formulated in terms of the same language that differs in prin-
cipal from that of quantum mechanics, and the difficulties involved in their relations
are associated with translational and interpretational problems.

Note that the question of the one-to-one correspondence of a physical quantity and
a selfadjoint operator still remains open. However, this correspondence is possible (e.g.,
by Weyl’s rule) for quantities which have classical analogs, since classical quantities
can be expressed in terms of generalized coordinates and momenta.

Thus, for example, the Hamiltonian function of a classical particle in a potential
field has the form

—5

H(p,T,t) = QP—m LU 1), (14.4)

where m is the mass of the particle. Make in (14.4) the formal change of variables
Ty — T, Pp — —z’ha%k and substitute the result into (14.1) to get

8\11 h?

The Schrédinger equation is often referred to as the nonrelativistic wave equation
whose solution W is called the wave function. Equation (14.5) enables one, using the
values of the wave function at time zero, to find its values at subsequent points in
time, thus being an expression of the principle of causality in quantum mechanics.
For a charged particle in an electromagnetic field with potentials Ay(Z,¢) and

/{‘(f, t), the Schrodinger equation has the form

(m% - eAO)\II - %( iRV — S/T)le/. (14.6)

Here c is the velocity of light and e is the electron charge.
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To derive the wave equation describing the motion of a relativistic particle, it is
necessary to use the relativistic relation between energy and momentum

2
- 2 2

— =D +myc .

c? 0

Here my is the mass of the particle at rest. Making the formal change of variables

E— zh% and p— —ihV,

we obtain the relativistic wave equation

h? 0*U
Equation (14.7) is called the Klein-Gordon equation. Putting here mg = 0, we obtain
the wave equation for a photon. The Schrodinger equation is derived from (14.7) if
we put By = E + moc? and assume that [p] < moc. Then the terms nonlinear in v/c
can be rejected.

For the case of an external electromagnetic field, the Klein—-Gordon equation takes
the form

0 2 PN
(m& - eAO) V= c2< AV EA) U4 m2c. (14.8)

The question of interpreting the solutions of the Klein-Gordon equation remained open
for a long time. The splitting of the energy levels of the hydrogen atom, predicted
on the basis of the Klein—-Gordon equation, differs from that observed in experiments.
Therefore, Eq. (14.7) was believed to have no physical sense. Later it became clear
that the Klein—Gordon equation describes spinless particles, such as pi-mesons, which
can be both charged (the wave function being complex) and neutral (the wave function
being real).

The relativistic wave equation for an electron (particle of spin 1/2), plays a funda-
mental role in relativistic quantum mechanics and quantum field theory, was proposed
by Dirac. This equation has the form

{ —ih0, + e Ay +c<c‘é, [— ihV — Sff]) - pngCQ}\If =0.

- (0 ¢& (1 0
“=\d 0) MmT\lo -1
are Dirac matrices in the standard block representation; & = (o1, 09, 03),
(0 1 (0 —2 (1 0
171 0) 27\i o) 7 o 1

are Pauli matrices. The solution of the Dirac equation is a four-dimensional column
which is the wave function W = (¥, Uy, W3, Wy) of a given quantum system.

Here,
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15 Maxwell’s equations

Assume that in some medium there exists a variable electromagnetic field. Let
H (Z,t) be the magnetic field strength, E(Z, t) the electric field strength, e the dielectric
constant, p the permeability constant of the medium, (7, ¢) the conduction current,
and p(Z,t) the electric charge density. Then the field strengths satisfy the system of
Maxwell’s equations

div(uH) = 0,
KmE::_laudﬂ’ (15.1)
c Ot
. 10(cE) 4w
H=- — (7, 1).
rot 5 Cj(x,t)

In the sequel we shall restrict ourselves to the media with invariable € and p. In this
case, the vacuum will be associated with ¢ = p = 1.

Let us consider a situation where external currents and charges are absent, that is,
Nz, t) =0, p(&,t) = 0. Apply the rotor operation to the third and fourth equations
to get

o p o = e OFE
rotrot £ = _Eﬁ(mt H) = ~ S
- €0 = pe O*H
trot H = ——(rot B) = —— )
rotro Y (ro ) Z 52

Since rotrot A = graddiv A — AA, in view of the first two equations of (15.1), we
obtain

-
, i
AF — 5—’2‘6 — =0,
c 52% (15.2)
= &l
E-L2 2
c? ot?

—

From here it is clear that each Cartesian component of the vectors E(Z,t) and

—

H(Z,t) satisfies d’Alembert’s equation, and the velocity of propagation of electromag-
netic waves in a homogeneous dielectric medium is

C

N

a =

An electromagnetic field can be specified not only by the strengths E(f, t) and

H (Z,t), but also by electromagnetic potentials. We shall seek the solution of Maxwell’s
equations (15.1) in the form

H(Z,t) = rot A(Z, 1),

B e (15.3)
E(7,1) = — grad A (7, 1) — %%,
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—

where A(Z,t) and Ay(Z,t) are, respectively, the vector and the scalar potentials of
the electromagnetic field. Substitute (15.3) into (15.1). The second and third equa-
tions become identities, while the other two, for a homogeneous medium, lead to the
following equations for the potentials:
e 82«40 Ar
AA - Ty - 7t )
07 5 o2 - p(Z.1)
- ued*A AT,
AA — —— = —— (&, 1t).
2 ot? c )
Here we suppose that the Lorentz gauge condition
pe 0Ag .o
2o +divA=0

(15.4)

is fulfilled.

16 Stationary physical processes and elliptic equations

In the case of stationary processes such that the external perturbations [f(Z,t) =
f(#)] and the boundary conditions are independent of time [«(%,t) = (%), B(Z,t) =
B(Z), p(#,t) = u(Z)], the solution of the heat equation (wave equation) can be sought
in the form

u(@,t) = u().
Then we arrive at the equation

div [k(Z) grad u] — q(Z)u = f(Z) (16.1)

the boundary conditions for which follow from the physical statement of the problem.
Let us consider some examples of stationary processes.

16.1 The stationary wave equation

We have already mentioned that wave processes are described by hyperbolic equa-
tions. The principal properties of these equations reveal themselves when solving the
wave equation (d’Alembert’s equation)

Au — Ut = 0, (162)

1
a*(T)
where a(Z) is the velocity of wave propagation.

In many problems, for instance, in problem of steady-state monochromatic oscil-
lations in an elastic medium, it is natural to seek a solution of Eq. (16.2) in the
form

u(Z,t) = e, (7). (16.3)
Then the function v, (%) satisfies the equation
Av, + A\Z)v, =0, (16.4)
where ) o 2
ANT) = k*(Z) = 2@

The boundary conditions for Eq. (16.4) follow from the boundary conditions for
Eq. (16.2), considered earlier.
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As a result, we arrive at the problem of finding the eigenvalues w for which there
exist nonzero solutions of Eq. (16.2).

¢ Equation (16.4) is called Helmholtz’ equation.

If in the wave equation

1
—/LL f—
a2(z)
the external perturbation f(Z,t) is periodic with frequency w and amplitude g(7)

f(Z,t) = e“'g(Z),

then we can seek a periodic solution u(Z,t) with the same frequency, but with an
unknown amplitude

Au — F(Z,1) (16.5)

u(Z,t) = e™“'o(Z). (16.6)

Substitution of (16.6) into (16.5) yields a nonhomogeneous Helmholtz" equation
Av+B(E) = g(F), k(@) = —=. 16.7
v =g(), K@) = o (16.7)

¢ In this case, w is given and we deal with a boundary value problem for Eq. (16.7)
rather than with the Sturm-Liouville problem (16.4), where w is a spectral parameter
to be determined.

16.2 Electrostatic and magnetostatic field equations

Let us consider Maxwell’s equations (15.1). If the process is stationary, the system
of Maxwell’s equations breaks up into the two independent systems of equations:

dive(Z)E = 47p(Z),  rotE =0 (16.8)
and
. 2 ~  4m
divu(¥)H =0, rot H = —7]. (16.9)
c

¢ Equations (16.8) and (16.9) are called the electrostatic and the magnetostatic
field equations, respectively.

Since rot E = 0, we may put E(Z) = —V®(Z). Then, if (&) = const, we obtain
an equation for the electromagnetic potential

AC = f(T),  J@)=-—0n@) (16.10)

¢ Equation (16.10) is called Poisson’s equation.

16.3 The stationary Schrodinger equation
The Schrodinger equation for a quantum system has the form
{—ihd, + HYW = 0. (16.11)

Assume that the Hamiltonian H does not depend explicitly on time. Find a solution
of Eq. (16.11), ¥(&,t), which would represent a dynamic state with a certain energy
E. Seek the function U(Z,¢) in the form

(&, t) = e BV (1), (16.12)
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where Ug(Z) is a function independent of time. Substituting (16.12) into (16.11), we
obtain an equation for the function Vg (%):

HUp = BV, (16.13)

¢ Equation (16.13) is called the stationary Schridinger equation.
For a nonrelativistic particle moving in a potential field U(Z), Eq. (16.13) takes
the form
- A+U(@) | W Ev 16.14
— A+ U(@)| Vs = EVs. (16.14)
It is assumed that for the wave function W(Z) the conditions considered in Sec. “Quan-
tum mechanical equations” are fulfilled.
¢ From the mathematical viewpoint, the problem of finding solutions of the non-
stationary Schrodinger equation (16.12) or (16.13) is the Sturm—Liouville problem for

the eigenvalues and eigenfunctions of the operator H.

16.4 Scattering of particles by an immobile target
with a potential of finite action radius

Consider the scattering of a nonrelativistic spinless particle by an immobile particle
with a potential of finite action radius. Assume that a directed particle beam of certain
energy is incident on a target and is scattered by the target and that the interaction
of particles in the beam can be neglected. Then the scattering of an individual beam
particle can be considered.

Let the original state of the incident particles is a plane wave ¥, = N i) In the
general case, it is convenient to consider the original wave packet as a superposition
of plane waves:

U(Z,0) = / e ®ND(E)dF. (16.15)
As a result, we arrive at the equation
A+ D@0 =0, U(F) = %U(f), 3 (16.16)
whose solution for large |Z| satisfies the condition
- i(k, & =
U(7) m:OONeW) v e‘(ﬂ ) fk<%> (16.17)

that represents a superposition of the plane wave eilk.7

In this case, it is supposed that rl\im U(z) =0.

) and a diverging spherical wave.

The condition (16.17) can be rewritten in the form

lim |ro(Z)| < oo, r=|Z[;
' W(E) - B I B (16.18)
lim { o z|k:|v(x)} =0, (@) =V(&)—Ne'"".

r—o00

¢ Relations (16.18) are called the Sommerfeld radiation conditions.
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In particular, if there is is an infinite potential barrier U(Z) such that

oo, € D;
0, Z¢0D,

Eq. (16.16) for the function v(¥) = U(¥) — Nei®® transforms into the Helmholtz’
equation

(A+K)w=0, Vlg=0 (16.19)

with the Sommerfeld condition (16.18) specified at infinity. Here, S is the boundary
of the region D.

16.5 The scalar field

An atomic nucleus is known to consist of nuclons (protons and neutrons) which
interact with each other due to nuclear forces. From the viewpoint of quantum field
theory, the nuclear forces result from the exchange by mesons between the nucleus
nuclons. This type of interaction is referred to as strong interaction of elementary
particles. The structure of a nucleus is largely determined by the behavior of the
nuclear forces at small distances where they are little known. Therefore, a model
approach is widely used in nuclear theory. The models are great in number. They are
used to describe the properties of nuclei and nucleus reactions. Among these models
there is the scalar field model based on the Klein-Gordon equation

1 ., mac?
Ap — St~ kip = —dmp(T, 1), ko = 722 , (16.20)

where, by analogy with Poisson’s equation, an additional term in the right side char-
acterizes the field sources . The nuclear forces are short-range forces; therefore, the
solutions of Eq. (16.20) should rapidly (at least, exponentially) decrease at large dis-
tances. Equation (16.20) describes the field of particles with a mass mo = hko/c at
rest, which is produced by a source p(Z,t). For the stationary case, where the source
can be considered immobile, we arrive at the Helmholtz” equation for the function

(T) ,
(A—kp)p = f(T),  f(@)=4mp(T), (16.21)
that differs from Eq. (16.7) only by the sign of the term containing k.

17 Statement of initial and boundary value problems
for equations of mathematical physics

In the foregoing we considered some physical processes whose mathematical de-
scription, upon certain physical and geometrical suppositions, is reduced to linear
partial differential equations (systems of equations). In this case, different phenomena
prove to be described by equations identical in form (e.g., diffusion and heat conduc-
tion processes, mechanical vibrations, and electric oscillations). This is due to the fact
that these phenomena rest on the fundamental laws of nature.

All equations considered can be assigned to one of the following types:

(a) the wave equation (hyperbolic type)

p(&, tyuy = Lu + f(Z,1); (17.1)
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(b) the heat equation (parabolic type)

p(Z, )u, = Lu + f(T,1); (17.2)
(c) the equation of steady-state processes (elliptic type)
Lu+ f(Z) = 0. (17.3)
Here, R
Lu = div(k(Z) gradu) — ¢(Z) = (V, k(Z)Vu) — q(Z) (17.4)

and it is assumed that k(Z) > 0, ¢(Z) > 0.

We already noted that the general solution of a second order partial differential
equation contains, as a rule, two arbitrary functions. From physical considerations it
is generally required to find a unique solution. Therefore, a mathematical formulation
of a physical problem should involve additional conditions that should be satisfied by
the sought-for function on the boundaries of its region of definition.

Let us consider the statement of the most common problems that involve such
conditions.

I. The Cauchy problem: Find a function u(Z,t) satisfying, for ¢ > 0, Eq. (17.1)
or Eq. (17.2) at any point ¥ € E (in this case, the region E coincides with the whole
space) and the initial conditions

uli=o = ©(Z),  wfe=o = () (17.5)
for Eq. (17.1) and the initial condition
uli=0 = ¢(7) (17.6)

for Eq. (17.2).
¢ The sought-for function is commonly subject to some additional limitations of
general character; for instance, it is required that the condition

rl\im |u(Z,t)] < 0o (17.7)
or
‘l‘lm lu(z,t)] =0 (17.8)

be fulfilled at infinity. Conditions like these, as a rule, naturally follow from the
physical statement of a problem. The sought-for function can be subject to other
limitations; for instance, one can require that

/|u T)di < oo (17.9)

or

/|gradu(f, t)2p(¥)d < oo,

where p(Z) > 0, Z € E C R". In this case, the sought-for function can be considered as
an element of the Hilbert space L, u(Z,t) € L, with the norm defined by the relations

|u(Z,t)* = /|u 7, t)|*p(2)d7 (17.10)
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or

Ju(@ 6| = /mwwxwm<>

respectively. Requirements like these arise, in particular, in quantum mechanics. In
a more general situation, the function u(Z,t) is considered to be an element of some
functional space. In subsequent chapters, we suppose (unless otherwise specified) that
condition (17.7) or (17.9) is fulfilled.

II. The mixed problem: Find a function u(Z,t) satisfying, for t > 0, ¥ € F, Eq.
(17.1) [or (17.2)], the initial conditions (17.5) [or (17.6)], and the boundary condition

[a(f)a—u +5(f)u] = u(Z,t) ‘S, (17.11)
[@*(Z) + *(D)]| 4 # 0.

Here, S is the boundary of the region F, du/dn is the derivative with respect to the
outer normal to the surface S. It is assumed that the compatibility condition

@92 + ()] | = w0 (7.12)

is fulfilled.

4 The boundary conditions (17.11) are referred to as boundary conditions of the
first kind (Dirichlet conditions) if a(Z)|s = 0, of the second kind (Neumann conditions)
if 8(Z)|s = 0, and of the third kind (Robin condltlons) otherwise.

ITI. The boundary value problem (problem of determining a stationary
regime): Find the function u(Z,t) satistying, in the region £, Eq. (17.1) [or (17.2)]
and the boundary condition (17.11) (without initial conditions).

For elliptic equations: Find a function satisfying, in the region £ (¥ € FE), Eq.
(17.3) and the boundary conditions

a@€%+m@@

4 The boundary value problem with a(Z)|s = 0 is called the Dirichlet problem and
with 3(Z) = 0 the Neumann problem.

To this point we have considered internal problems with 7 € F.

O If it is necessary to find a solution u(Z, t) satisfying conditions (17.11) and (17.13)
in an infinite region E* external to the surface S, it is demanded that the regularity
condition (17.7) or (17.8) be fulfilled at infinity. Such a problem is called an external
boundary value problem.

= pu(@)]sp,  [0®(@) + F2(T)]|g, # O- (17.13)

IV. The Sturm-Liouville problem. In the section devoted to special functions
we considered the Sturm-Liouville problem for ordinary differential equations. This
problem can be naturally generalized to partial differential equations.

Consider a partial differential equation

Lo + Mp(Z)v = 0, rekE (17.14)
with a homogeneous boundary condition
0
(a5 +0v)| =0 (17.15)
on Sp
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Here,
Lv = div (k(Z)Vv) — ¢(Z)v. (17.16)

¢ The problem of finding the values of the parameter A for which there exists a
nontrivial solution of Eq. (17.14) with the boundary conditions (17.15) is called the
Sturm~—Liouville problem. The values of the parameter A for which there exists a solu-
tion of the Sturm-Liouville problem are called eigenvalues and the related functions
vy () are called eigenfunctions.

¢ The totality of all eigenvalues {\,} of the Sturm—Liouville problem is called
a spectrum and the totality of all eigenvalues and related eigenfunctions [\, v, (Z)],
n = 1,00 is called a spectral series.

¢ In the following sections, we shall focus on the methods of solving problems of

these types.

V. Classical and generalized solutions. We shall assume, as a rule, that in all
cases under consideration, it is required to find a solution u(Z,¢) which would be
continuous together with its partial derivatives of the corresponding order (e.g., for a
second order equation, the solution is continuous together with its second order partial
derivatives with respect to all variables). Such solutions are called classical and the
statement of the corresponding boundary value problem in this class of functions is
called a classical setting. However, in some interesting cases, initial and/or boundary
conditions can be specified by nonsmooth (discontinuous) functions, and the solutions
of problems of this type are not smooth functions. In particular, it is such problems
that have led to the notion of a generalized solution.
Consider a linear second order partial differential equation

Lu = f(%), Lu = (V,k(Z)Vu) — ¢(Z)u, TeR", (17.17)

where k() and ¢(Z) are smooth functions.
¢ By generalized solution of Eq. (17.17) in a region £ C R" is meant a generalized
function u(Z) satisfying in this region Eq. (17.17) in the generalized sense, that is,

(Lu(@)]p(@) = (f(@)]e(@), (17.18)

where ¢(¥), ¥ € E C R™, belongs to the space of basic functions D(F) [to the Schwartz
space S(F) for unbounded regions (see Sec. “Basic and generalized functions” of Part
I1)].

¢ Any classical solution is a generalized one as well.

Consider several statements of initial and boundary value problems that lead to
generalized functions.

VI. Fundamental solutions. The notion of a fundamental solution, introduced for
a linear operator of one variable (see Sec. “Fundamental solutions of linear differential
operators” of Part II) is naturally generalized to the case of several variables.

¢ By the fundamental solution (influence function) of the partial dlfferentlal equa-

tion Lu( ) = 0 or the fundamental solution of the linear differential operator L (17.17)
is meant a generalized function £(Z, %) which, for every fixed ¢ € R™, satisfies in R"
the equation

where, by definition, §(Z — ¥) = d(z1 — y1)d(z2 — y2) ... 0(xy, — Yp).
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The fundamental solution £(Z, ) makes it possible to find a particular solution of
the nonhomogeneous equation (17.17) by the formula

u(®) = / £ )7 (17.20)

on the assumption that the integral in the right side exists. The validity of relation

(17.20) can be checked by acting on both sides of this formula with the operator L to
get

Lu(@) = [ Le@.ps@ii= [ 5@ - @7 = (@)
E E
O If the operator L is a differential operator with constant coefficients, then by

the fundamental solution of the operator L is often meant a generalized function E(7)
which is a solution of the equation

LE(T) = §(7). (17.21)
Obviously, these fundamental solutions are related as
E(Z,y) =E(T — ). (17.22)

In this case, if the function f(Z) is such that the convolution f * g (see Sec. “Convo-
lution of generalized functions” of Part II) exists, relation (17.20) takes the form

w(@) = frg= / 9(@ — ) f(5)dg. (17.23)

The solution of the form of (17.23) is sometimes referred to as a solution in a potential
form.

Its other name, the influence function, becomes clear if the nonhomogeneous term
f(Z) in Eq. (17.17) is represented as the “sum” of point sources f(4)0(Z — ¥), that is,

By virtue of (17.19) and (17.20), each point source f(7)d(Z—v) affects an object placed

at a point # in accordance with formula f(y)E(Z, 7). Therefore, the solution
u(@) = [ @@
E
is a superposition of these effects.
¢ It can be shown that a fundamental solution exists for any differential equation
with constant coefficients and for any elliptic differential equations (see [19]).

Below we shall present fundamental solutions for the operators frequently used in
mathematical physics.

(a) Laplacian operator A,, = Z —

Lo 1 L
gn(xay) - (52n_'_n_2>0_n€n(x y)
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Here, 65, is Kronecker’s delta symbol and o, is the surface area of a unit sphere in R",

2"/
an:/dS:i, o9 = 27, o3 = 4r
I'(n/2)
|17]=1
and
1
In ﬁ, n =2,
T
en(T) = 1
W’ n > 2.

(b) Helmholtz’ operator A,, + k*:
(An + k2)8n(fv g) = 5(f - g)a
+ HSD (k)T - ), n=2;
4
EnlT,9) =tk
R am—— n=3.
Ar| T — 4
Here Hél) and Héz) are the Hankel functions of order zero; k is, in the general case, a
complex variable.

(c) Heat conduction operator — — a*A,:

ot
(2 —@n)EE 50 = 506E — 7). EFEE' 1eR!

ot
Lo ot z — g2
gn(xayat) = #exp<— &>

Qav/r)" Tat
82
(d) Wave operator (d’Alembert operator) O,, = pri a’A,:
(1
fat—|F ), n=1
O(at — |2 — 1]
ezt = { s Ty

2may/at? — [T — g2’
0()d(a*t? — |7 — §I°)
\ 2ma

, n=3.

The fundamental solution £(Z, ) of the operator L is not unique and is determined up
to a term g¢o(Z, ¥) which, for each fixed v/, is an arbitrary solution of the homogeneous
equation

This makes it possible to find fundamental solutions that satisfy some additional condi-
tions, including the solutions of Eqs. (17.19) with boundary, initial, and mixed (initial
plus boundary) conditions. The fundamental solutions of the corresponding problems
are also called Green’s functions for these problems. For Green’s functions, we shall

—

use the notations ¢(Z,y) and G(Z, )
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VII. The generalized Cauchy problem

¢ By the generalized Cauchy problem for Eq. (17.1) or Eq. (17.2) is meant the
problem of finding a generalized function @(Z,t) that vanishes at t < 0 and satisfies
the wave equation

p(B)iy, = Li + F(Z, 1) (17.24)

or
p(Z)iy = Li+ F(3,1). (17.25)

It can be shown that the solutions of the classical Cauchy problem (17.1), (17.5) and
that of the generalized Cauchy problem (17.24) are related as (see [19])

(%, 1) = 6(t)u(, 1), (17.26)
F(F,t) = f(@,1) + o(@)5(t) + $(@)(0).

Similarly, for the Cauchy problem (17.1), (17.6) we have
WED = 00u(E 1), FE 1) = f(7,0) + o(D0(0) (17.27)
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CHAPTER 4
The Sturm—Liouville problem for partial
differential equations

18 Statement of the problem

In the section devoted to special functions, we considered the Sturm-Liouville
problem for ordinary differential equations (see Sec. III.2). The notion of a Sturm-—
Liouville problem can be generalized in a natural way to partial differential equations.

Let E be a bounded region in a space R" and Sg is its boundary (smooth surface).
Consider a partial differential equation

Lo + Ap(Z)v = 0, rekFE (18.1)
with a homogeneous boundary condition

(a(f)g—z + 5(@@) —0. (18.2)

SE

Here, R
Lv = div (k(Z) gradv) — ¢(Z)v = (V, k(Z)Vv) — ¢(Z)v, (18.3)

Ov/0n is the derivative with respect the inner normal to the surface Sg, and p(Z) is a
specified function of positive sign.

4 The problem of finding the values of the parameter A at which a nontrivial
solution vy (Z) exists for Eq. (18.1) with boundary value conditions (18.2) is called
the Sturm-Liouville problem. The values of the parameter A\ for which there exists a
solution of the Sturm-Liouville problem are called eigenvalues and the corresponding
functions vy (%) are called eigenfunctions.

¢ The totality of all eigenfunctions {\,} of a Sturm—Liouville problem is called a
spectrum and the totality of the eigenfunctions and the corresponding eigenfunctions
[An, v (Z)], n = 0, 00 is called a spectral series.

Let us list the principal properties of the eigenvalues and eigenfunctions of the
Sturm—Liouville problem for partial differential equations.

Property 1. There exists an infinite denumerable set of eigenvalues {\,} and eigen-
functions {v,(Z)}, and the numeration of the eigenvalues A, can be chosen so that
they will unlimitedly increase as the number n infinitely increases. Every eigenvalue
is associated with a finite number of linearly independent eigenfunctions.

¢ In contrast to the Sturm—Liouville problem for ordinary differential equations, the
eigenvalues for partial differential equations can be degenerate, that is, an eigenvalue
can be associated with several linearly independent eigenfunctions. The number of
these eigenfunctions is called the multiplicity of the eigenvalue or the multiplicity of
degeneration. Below we assume that each eigenvalue is present in the spectrum of a
Sturm-Liouville problem as many times as its multiplicity is.

Property 2. For ¢(¥) > 0 and o = 0, = 1 (Dirichlet boundary condition), the
eigenvalues of a Sturm-Liouville problem are positive:

An > 0, n =0, co.
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Property 3. The eigenfunctions of the Sturm—Liouville problem (18.1), (18.2) satisfy
the orthogonality relationship

<Un(f)|vm(f)>p = ||Un(f)||25nm> n,m = 0, 00, (18.4)

where
@W%:<N@WQWM:/U@W@W@Mﬁ (18.5)
[v]l = lo@)[| = /{v(Z)|v(Z)), (18.6)

¢ In what follows we assume that the eigenfunctions corresponding to a degenerate
eigenvalue are chosen to be orthogonal. This can always be done by, e.g., the Schmidt
orthogonalization method (see Sec. “Classical orthogonal polynomials” of Part III).

Property 4 (Steklov’s expansion theorem). If a function f(Z) is twice continu-
ously differentiable in a closed region F and satisfies the boundary condition (18.2),
it can be expanded in an absolutely and uniformly converging series in terms of the
eigenfunctions of the Sturm-Liouville problem (18.1) and (18.2)

7) = Z Chvn (), (18.7)

where
1

lon]1?

(F(@)]on(Z)) - (18.8)

n:

The series (18.7) is called the Fourier series of the function f(Z) in orthogonal functions
{vn(Z)}, n = 0,00. The coefficients (18.8) are called the Fourier coefficients.

Corollary. The system of eigenfunctions {v,(Z)} of a Sturm-Liouville problem sat-
isfies the completeness condition

Z [ anp

Hi

(Z)on(y) = 0(F = ¥) (18.9)

in the class of functions twice continuously differentiable in a region E for which the
homogeneous boundary condition (18.2) is fulfilled.

Proof. Substitute (18.8) into (18.7) and interchange the summation and the integra-
tion to get

/ @y ﬁp@vn@)vn@ dj = §(#)

from which, in accordance with the definition of the delta function, follows (18.9).
¢ The proofs of properties 1-4 are completely identical to those of the correspond-
ing properties of the Sturm-Liouville problem for ordinary differential equations.



19 The Sturm—Liouville problem and initial boundary value problems 149

19 The Sturm—Liouville problem and initial boundary value
problems for equations of mathematical physics

19.1 Reduction of the general problem

Let us consider the nonhomogeneous equation

p(T)Pu=Lu+ f(Zt), ZTeE, (19.1)
where )
~ N
Pu = ;aj(t)%, (19.2)

and the operator Lis given by formula (18.3). Equation (19.2) is hyperbolic if as # 0
and parabolic if a; = 0 and a; # 0.
In particular, for

g = pel ag=a; =0, and Pu= ﬁutt

Eq. (19.2) becomes a wave equation, and, if additionally L= A, it becomes d’Alembert’s

equation
1
—S Ut = AU

a2
If in Eq. (19.2)

ag=ay, =0, a =—, and Ptu:—Qut,
a

a?
it becomes the heat equation. In what follows, we shall be interested in the case where
L = A, and the heat equation will take the form

1
?Ut = Au.

Formulate for Eq. (19.1) the initial conditions

uli—o = ¢(T), Utli=0 = Y(Z) (19.3)
and the boundary conditions
(a@ 2+ 3(@)| = ul@0)ly,. 0@ +18E)] #0 (19.4)
on S »1Se’ ' '

¢ For the heat equation, the initial condition has the form
uli—o = (). (19.5)

4 By the classical solution of the problem (19.1)—(19.5) is meant a function u(Z,t)
defined and continuous together with its derivatives, the second ones inclusive, in a
region F at t € [0,7] and satisfying the boundary condition (19.4) and the initial
conditions (19.3) or (19.5).

Direct checking shows that the following is true:
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Statement 19.1. Let functions uy(Z,t), us(Z,t), and usz(Z,t) be the classical solutions
of the following problems:

p(f)]gtul = Luy, Tekr,

<a8—nl * 5101) s 0, im0 = ¢(2), a—tl =0 V(E);
p(f>Ptu2:Lu2+f(fat)a fEEa
ou ou (19.7)
<a8—n2 * BUQ) s 0, talimo = 8—152 =0 0
p(Z)Pus = Lus, rek,
Ous B Ous (19.8)
_— = t = — = O
(a2 +Bus)| = m(@ B)ls, wsheo = F2| =0,
then the solution w(Z,t) of the problem (19.1), (19.3), and (19.4) has the form
w(Z,t) = uy (1) + ua (2, 1) + ug(, t). (19.9)

The procedure that converts the initial boundary value problem (19.1), (19.3), and
(19.4) to the simpler problems (19.6)—(19.8) is called reducting the general problem.

¢ The problem (19.6) is a mixed problem with a homogeneous boundary condition
and a nonhomogeneous initial condition for a second order linear partial differential
equation; the problem (19.7) is a mixed problem with homogeneous boundary and
initial conditions for a nonhomogeneous linear equation, and the problem (19.8) is a
mixed problem with nonhomogeneous boundary conditions and homogeneous initial
conditions for a homogeneous linear equation.

19.2 Nonhomogeneous initial conditions

Let us consider the problem (19.6). We shall seek its solution in the form
ur(Z,t) =Y To(t)on(7), (19.10)
n=0

where v,(Z) is a solution of the Sturm-Liouville problem (18.1), (18.2).
Substitute (19.10) into (19.6) to get

p(@) S 0@ BTL(1) = S LTu()0n(®) = pl@) S (=X Talt)vn ().

Equating the coefficients of identical functions v, (Z), we obtain for the determination
of the functions 7,,(t) the following Cauchy problem:

BT, + AT, =0, T0(0) = ¢, T2(0) = oy, (19.11)

where ¢, and 1, are coefficients (18.8) of the expansions of the functions ¢(Z) and
(&) in Fourier series in functions v, (%)

‘P(f) = Z(pnvn(f)a w(f) - anvn(f)v (19'12)
1 1

o = T PENn@Ner i = g (@@, (1913)
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In particular, the Cauchy problem (19.11) for the heat equation takes the form

1

ST+ AT =0, T(0) = g, (19.14)
and its solution is given by the functions

T, (t) = ppe o, (19.15)

Similarly, the Cauchy problem for the wave equation
1
?TT/L/ + AT, =0, T.(0) = o, T.(0) =1y, (19.16)
will have the solution
T, (t) = o, cos(ay/ nt) + ¥n sin(ay/ Ant). (19.17)
av/ A,

Thus, the solution of the mixed problem (19.6) for the heat equation has the form

ngn @ty (), (19.18)

and for the wave equation it is

=3 [% cos(ay/At) + aw\/’;_ sm(a\/fnt)]vn(f). (19.19)

n=0

¢ The function g(%, ¢, t) is called Green’s function or the fundamental solution of
the heat equation if, for any fixed y € F, the following relations are valid:

p(Z)ge(Z, 7, 1) = Zzg@ j.t), TEE; (19.20)
[a(i”)% } (19.21)
glico =0T 1), |a ()|+|ﬁ(i”)|7é0 (19.22)

If the region E coincides with the whole space, a function g(Z, ¢, t) satisfying conditions
(19.20), (19.22) is called the Green’s function of the Cauchy problem for Eq. (19.6)
and is denoted by G(Z, v, t).

Substituting (19.22) into (19.13) and the result into (19.18), we arrive at the fol-
lowing statements:

Statement 19.2. The Green’s function of a mized problem for the heat equation
(19.1) P, = %0, can be represented in the form

918 500) = 3 T o) 0 @) ), (19.23)
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Statement 19.3. Let g(Z, 4, 1) be the Green’s function of a mized problem for the heat
equation. Then the solution of the problem (19.6) has the form

w(@, 1) = / 9(Z, 7, 1)o(7)dF. (19.24)

Actually, substituting the Fourier coefficients (19.13) into relation (19.18), in view of
the explicit form of Green’s function (19.23), we arrive at (19.24).

¢ The functions ¢(Z, ¥, t) and g(Z, ¥/, t) are called the Green’s functions of the mixed
problem for the wave equation if for any fixed ¢ € E the following conditions are valid:

p(T)gu(Z.9.1) = Log(Z.§.1), 7€ E; (19.25)
— a l_:a _‘7t — J
[oz(:v)% + B(Z)g(Z, 7, t)} =0; (19.26)
My Sk
Gli=o = 0, Gtlt—o = 0(¥ — 7). (19.27)
p(2)gu(7,9,t) = L.o(Z,y,t), 7€ E; (19.28)
— a f? qat — I
[oz(:v)% + B(D)g(Z, y,t)} =0; (19.29)
My Sk

9|t:0 = 5(5_ g)) 9t|t:0 =0. (19-30)
When the region E coincides with the whole space, functions ¢(Z,y,t) and g(Z,¥,t)
satisfying conditions (19.27)-(19.30) are called the Green’s functions of the Cauchy
problem for the wave equation (19.1) P, = 507 and are denoted by G(Z,7,t) and
&(Z,7,1).

Similarly, for the wave equation we arrive at the following statement:

Statement 19.4. The Green’s functions of a mixed problem for the wave equation
P, = 50} (19.1) can be represented as

9(7, 7.1 :ZJA_ Wp@ sin(ay/ Mt U (Z) 0 (7): (19.31)

EADEDY W”@ c03(ay/ Dot n (Z)0a (7). (19.32)

Substituting the Fourier coefficients (19.13) into relation (19.19), in view of the
explicit form of Green’s functions (19.31) and (19.32), we make sure of the validity of
the following statement:

Statement 19.5. Let g(Z,v,t) and g(Z,y,t) be the Green’s functions of a mized prob-
lem for the wave equation. Then the solution of the problem (19.6) can be represented
in the form

w(@,f) = / 9, 7, (GG + / o7, 7, ) p(§)dF. (19.33)

OIf P = 107 is a wave operator, then from (19.31) and (19.32) it follows that
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19.3 The linear nonhomogeneous equation

Let us now consider the problem (19.7). We shall seek its solution in the form
up(Z,t) =Y O, (t)vn(F). (19.35)
Substitution of (19.35) into (19.7) yields

p(T) D (@D PTL(1) =Y LT (v (3) + (3. 1) =

= p(&) ) (A Tu(8)oa (@) + p(2) Y fult)va (),

where

1 i@
WO PNEIE < 0@

Equating the Fourier coefficients on the left and on the right sides, we obtain the
following equation for ©,,(t):

vn(:?:’)>p. (19.36)

PO, + 20, = fu(t),  ©,(0) = ©},(0) =0. (19.37)

The solution of Eq. (19.37) can be represented in the form

O,(t) = / Ko (t, 7) £ (7)dr, (19.38)

where KC,,(t, 7) is the Green’s function of the Cauchy problem (19.37) (see Sec. “Fun-
damental solutions of linear operators” of Part II).
For the heat equation we obtain

t

O, (t) = et / M7 £ (7)dr (19.39)

0

and ,
Kn(t,7) = e @M=, (19.40)

In the case of the wave equation, for the determination of the function ©,,(t) we
obtain an equation
O + \a*0, = f.(t) (19.41)

with the initial conditions (19.37).
We shall seek a solution of Eq. (19.41) by the Lagrange method:

On(t) = pu(t) cos(ar/Mnt) + gu(t) sin(ar/Ant).
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Here, the functions p,(t) and g, (t) are determined by the system of equations
P, (t) cos(av/Ant) + ¢, (t) sin(av/A,t) = 0,
Pl (1) (—av/A,) sin(av/ Ant) + @, (t)an/ A, cos(av/ Ant) = f(t).

As a result, we obtain

pt) === [ ) sinfav/Xydr + 1t

an (t) =

a\;)\_n O/ fulT) cos(a\/rnT)dT +q°.

From the initial conditions (19.37) we find ¢0 = p? = 0. Hence,

O,(t) =

1 / .
i O/fn(T) [ - sin(ay/ A1) cos(ar/Ant) +

| o
+cos(ayR;7) sinfay/ 0] dr = O/ £.(7) sinfay/ Mt — 7)]dr

Thus, for the wave equation we have

Kot 1) = sinfay/ A (t — 7)] (19.42)

a\/_

¢ A generalized function €(Z, ¥, t,7) is called the fundamental solution or Green’s
function of a mixed problem if this function, with fixed ¥ € R™, 7 € R, satisfies the
equation

p(Z )Pté L L&+ 0(Z =)ot — 1) (19.43)

and the homogeneous initial boundary condition
(“)aejtﬁ(“)@” 0, ¢ ¢,| 0 (19.44)

() — x = 0= g = )
on S ) t=0 t|t=0 )
{0?(2) + B*(D)} |, # 0.

Statement 19.6. The fundamental solution E(Z,y,t,7) of the mized problem (19.1)
can be represented in the form

ch (t, 7)0n(Z) 05 (7). (19.45)

Actually, putting in (19.36)

we obtain (19.45) from (19.35).



19 The Sturm—Liouville problem and initial boundary value problems 155

Substituting the Fourier coefficients (19.36) into (19.35) and interchanging the
summation and the integration, in view of the explicit form of the function &(z, v, ¢, )
we arrive at the following statement:

Statement 19.7. Let &(Z,y,t,7) be the fundamental solution of the mized problem
(19.43) and (19.44). Then the solution of the problem (19.7) can be represented in the

form
t

w(@) = [ ar [ €@ g0 G (19.46)

0 E

Statement 19.8. The Green’s functions &(Z,y,t,7) (19.43) and g(Z,v,t) (19.25),
(19.20) are related as

i L
&z, y,t, 1) = mg(m, Ut — 7). (19.47)

For the heat equation, the coefficient as(T) in relation (19.47) should be replaced by
ay (T) .
Indeed, consider the function

t

ws(#,1) = / dr / L @t - 0@ )G (19.45)

a9 (7')

0 E

where the function ¢(Z, 7, t) is a solution of the problem (19.25). Then
t
~ 1 ~
Tus(@ ) = [ dr | ——T.g(Z, 7.t — 7) (7, 7)dF.
e / r [ oLt = )G
E

Similarly,

In view of the definition (19.27), we obtain

~

t
o N 1 - = — — —
Ptu2(x>t) - /dT/ Ptg(l',y,t—T)f(y,T)dy—f-f(fL’,t)
0 E

0/2(7—)

Hence, by virtue of the arbitrariness of the function f (v, 7), the representation (19.46)
is equivalent to the representation (19.48), and relation (19.47) is valid. For the heat
equation, the proof is similar.
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19.4 Nonhomogeneous boundary conditions

Finally, consider the problem (19.8). Let us show that it can be reduced to those
considered above. Actually, let v(Z, t) be an arbitrary function satisfying the condition

= u(7, t)]SE. (19.49)

Sg
We shall seek the solution of Eq. (19.8) in the form
uz(7,t) = v(@,t) + w(z,t). (19.50)

Then, to determine the function w(z,t) we come to the following problem:

p(Z)Pw = Lw + f(,1), (19.51)
. ow . B
(a(x)a—n + ﬁ(x)w) ’SE =0,
w|t:0 = _U|t:0> wt|t:0 = _Ut|t:0>

where ~ R R
f(@1) = Lo(Z, 1) = p(Z) Pro(, 1),

that is, for the function w(Z,t) we obtain the problems considered above. Then the
function w(Z,t) can be written in the form

(19.52)

|
m—
=
\.&l
<y
~
S~—
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o
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For the operator P, = a~?, formula (19.52) can be written with the help of one
Green’s function ¢(7, ¥, t)

—
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20 The Sturm—Liouville problem and
boundary value problems for stationary equations

Let us consider the following problem:

Lu = f(Z), (20.1)
_ Ou . s
<04(3:)% + ﬁ(:c)u) ’SE = @(x)‘SE. (20.2)
Seek a solution of the problem (20.1), (20.2) in the form
u(7) = w(Z) + v(Z), (20.3)

where v(Z) is an arbitrary function which is smooth together with its second derivatives
and satisfies the condition

[@(f)g—z + 30

o P(@)| g,

for instance, v(¥) = ¢(Z), if the function ¢(Z) satisfies the above conditions. Then we
obtain for the function w(Z) an equation

Lw = f(Z) (20.4)
with a homogeneous boundary condition

[a(f)g—l: + B(f)w]

=0. (20.5)
Here,

f(@) = f(Z) = Lo(Z).
We shall seek the solution of Eq. (20.4) in the form

w(@) = wyvy(E), (20.6)

where v, (Z) are eigenfunctions of the operator L in the region E. Substitution of
(20.6) into Eq. (20.4) yields

P fj waa(®) = (7
S (AP B n(®) = 3 pFnnvi(D), (20.7)
shere
= [t “"<‘f>>p’ (208)

and, equating the coefficients of identical functions v,(Z), we obtain

AW, = —Qyp, n =20,

3
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where )\, are eigenvalues of the problem (18.1), (18.2). Assume that A, # 0, and,
hence, the function w(Z) is
Z S, (20.9)
n=0 "

and the solution of the original problem has the form

| S

i NG (20.10)

¢ A generalized function ¢(Z,¥) is called the source function or Green’s function
of an internal boundary value problem if this function, with fixed i € R", satisfies the
equation

Log(#,9) = 87 - ) (20.11)
and the homogeneous boundary condition
L 097,y I
{a@ 52D 1 gz,
{0?(@) + B*(D)} g, #0,

=0, (20.12)
Sg

where 77 is a unit vector normal to the surface S and inner with respect to the region £
(inner normal). For boundary conditions of the first («(Z)|s = 0), second (5(Z)|s = 0),
and third kind, the function ¢(Z, %) is called Green’s function (source function) of the
first, second, and third boundary value problem, respectively.

Statement 20.1. The source function or Green’s function g(Z,y) of the internal
boundary value problem (20.11), (20.12) can be represented in the form

p(9) ,
Z " an(f ”2'0 n(Z) 0 (7). (20.13)

Actually, substituting f(#) = 0(Z — ¢) into (20.8), we obtain relation (20.13) from
(20.9).

Statement 20.2. Let g(Z,y) be Green’s function of the internal boundary value prob-
lem (20.11), (20.12). Then the solution of the homogeneous problem (20.1), (20.2)
[o(Z) = 0] can be represented in the form

u(®) = / o D)7 (20.14)

Actually, substituting the coefficients a,, (20.8) into (20.9) and interchanging the
summation and the integration, in view of (20.13) and ¢(Z) = 0, we make sure that
the statement is true.

¢ From the explicit form of Green’s function (20.13) it follows that this function is
defined if the corresponding Sturm—Liouville problem has no trivial eigenvalue. Oth-
erwise, generalized Green’s functions can be introduced, similar to those arisen in the
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theory of ordinary differential equations (see Sec. “The boundary value problem for
linear differential equations with a parameter” of Part II). For instance, for the second

boundary condition (ﬁ(f)}SE =0)

ou()
on

=0 20.15
. (20.15)

(V,k(Z)Vu) = f(2),

there exists a generalized Green’s function which satisfies, instead of (20.11), the con-
dition
(priy 1
87% Sp SO '
where Sy is the area of the surface Sg. Such Green’s function is called a Neumann
function (see also [17]).

(20.16)




CHAPTER 5
Elliptic Equations

21 Green’s formulas

Theorem 21.1. Let E be a region in the space R3 the boundary of which Sg is a
closed piecewise smooth surface. Then, if functions u(Z) and v(Z) are continuous,
together with their first and second derivatives, in the region E up to the boundary Sg,
the following relations are valid:

/ (@) Av(E) + (Vu(E), Vo(#))|dF = f w(@)(Vo(), dd): (21.1)

w(Z)Av(Z) — () Au(T)|dT = 7{ ([w(T)Vo(Z) — v(@)Vu(@)],dS).  (21.2)

SE

@\Dﬁ

Relations (21.1) and (21.2) are called, respectively, the first and the second Green’s
formulas.

Proof. For the case of three variables, Ostrogradskii’s formula is written as
/div A(Z)dz = f(ﬁ(:zf), ds). (21.3)
E Sk

On the right side, there is a surface integral of the second kind where dS = iidS and
the normal 7 is outer with respect to the closed surface Sg. Put in (21.3)

A(Z) = w(Z)Vu(Z),

Vu(Z) = gradv(Z) = (agif), ag:g), 8;9(;?))7

where u(Z) and v(Z) are functions continuous together with their first derivatives in
the region E. Then

div ff(f) = (V, ff(f)) = (V, (u(Z), Vu(Z))) = u(Z)Av(Z) + (Vu(Z), Vo(Z)),
that is,

div A(Z) = w(Z) Av(Z) + (Vu(T), Vu()).

Substituting this into (21.3), we obtain (21.1). Replace in (21.1) u(Z) by v(Z) and
v(Z) by u(Z) to get

/ [0(Z) Au(Z) + (Vu(T), Vo(7))]dZ = 7{ (@) (Vu(), dS). (21.4)

E SE

Subtract from (21.1) the relation obtained to get (21.2). Thus, the theorem is proved.

¢ The requirements that are imposed by Theorem 21.1 on the functions u(Z) and
v(Z) are determined by the type of the surface Sg for which Ostrogradskii’s formula
is valid. As shown below, these requirements can be weakened by strengthening the
restrictions on the surface Sg.
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¢ Green’s formulas (21.3) and (21.1) remain valid for the case where the region E
is bounded by several surfaces (i.e., it has a multiply connected boundary). In this
case, the normal 77, which is outer to the region F, will be directed inward the surfaces
that bound this region.

O Green’s formulas (21.3) and (21.1) remain valid in the spaces R", n > 2. In this
case, by Sg is meant a closed plane curve for n = 2 or a closed hypersurface for n > 3.

22 Fundamental solutions
of Helmholtz’ and Laplace’s equations

4 An equation of the form
Au — \u = f(Z), A =const, ze€R" (22.1)

is called Helmholtz’ equation.
4 By the fundamental solution of or Green’s function of Helmholtz’ equation (22.1)
is meant a generalized function £(Z,y) satisfying the equation

where 0(Z — ) = d(z1 — y1)0(x2 — y2) - - - (2, — yp) is the Dirac delta function, 7 is a
variable, and ¢ is a parameter. In the case n = 3 and positive A\, A = k2, Helmholtz’
equation is used in nuclear physics (Yukawa’s model). For negative A\, A\ = —k2,
Helmholtz’ equation arises in diffraction theory.

Theorem 22.1. Green’s function E(Z,y) enables us to find a particular solution of
Eq. (22.1) for an arbitrary f(Z)

w(@) = / @ 9 f(§dj, ECR" (22.3)

Proof. Actually, multiply Eq. (22.2) by f(¢) and integrate the result with respect to
y over the region E. Then,

[Ag = Al /5(9?, 9 (G)dy = /[A:v — N, 9) f(y)dy = /f(z?)5(f— y)dy = [ (7).

E E

Thus, we arrive at (22.1), where u(r) is determined from (22.3), which proves the
theorem.

¢ Green’s function is defined up to a summand g¢o(Z, y) which, with a fixed v, is
an arbitrary solution of the homogeneous equation

(A, — Mgo(Z,9) = 0. (22.4)

However, if we demand for Green’s function to decrease at infinity, the solution of this
problem for positive A is unique. For the solution to be unique for negative A, it is
necessary to demand that Sommerfeld’s conditions (16.18) be fulfilled.

¢ The function f(Z) has the sense of the source density of a given process (e.g.,
electrostatic charge density) in a given medium. Since the Dirac delta function 6(Z—7)
is local and concentrated at the point ¥ = ¢/, then §(Z — ) = 0 if ¥ # y. Hence, the
solution of Eq. (22.2) (Green’s function) describes the influence of the point source
located at the point y.
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Theorem 22.2. The fundamental solution of Helmholtz’” equation has the form

]_ eiﬁW*?ﬂ
——Tm Jor n=3;
E(Z, 7)) = fl%ﬂ 17— 7] (22.5)
iZHo(l’z) V=AZ—49|] for n=2.

Proof. 1. Perform in Eq. (22.2) the change of variables # — § = R. Then Eq. (22.2)
takes the form ~ ~

Since the right side of the equation is independent of 3/, its solution can be sought in
the form

En(R, ) = Ea(R),

and as a result we arrive at the equation
(Ar — NEL(R) = §(R). (22.6)

Represent the function &,(R) in terms of a Fourier integral:

En(R) = / E(p)ePPap, n=2,3.
R
Then
ARgn(é) = - /p25n(mei(ﬁﬁ)dﬁ ﬁz = pQ-
Rn

Substitution of this into (22.2) yields

_ & i(D.R) 7= 1 i(D.R) 7=
—/(pz—l—)\)gn(ﬁ)e(pﬂ)dp: ) /e(p’R)dp.

Rn Rn

Here we have made use of the representation of the d-function in terms of a Fourier
integral (see Sec. “The Dirac delta function” of Part II)

- 1 =
§(R) = —— [ '@PRqp.
() = oz [ P
Rn
Hence,
Eulf) =~ (22.7)
P = Q2r)rp? + X '
After inverse Fourier transformation, we have
. 1 ci(B.R) =
() =~ / G (22.8)
Rn

2. Calculate the integral (22.8) for n = 3 and A = k3. To this end, pass to
a spherical coordinate system, directing the vector p3 along the vector R. Then,
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(7, R) = pRcosf, p? = p?, dj = p*dpsin0dfdyp, p, = psinfcos, p, = psinfsin g,
p3 = pcosf, and

&(R) = / %d /51n0d0/d et 1 7 p*dp ]eipRCOSGd(Cosﬁ)
RO AR @R PR |
0 0

Calculate the integral

™

— eipRcosG T 92
ipRcost g 9) = = —— R,
/e (cosf) R o R sin p
0
to get
= 1 "(ﬁR) oop smpR
gg(R) - 3 / )= 2 / 2
(2m)3 Jgs p? —I—k: C2m2R | p? K2
0
1 r Tsinx 1
S - _ —koRt 22.9
97’ R / + (kR? _ 4xR° (22.9)
0
in view of (see example 23.5 in Sec. “Applications of the theory of residues” of Part I)
rsinw T _,
/x2+a2d:p:§e , a > 0.

0
3. For n = 2, pass in the integral (22.8) to a polar coordinate system: p; = pcos ¢,
pe = psinp, p = |p], and (p, R) = pRcos . Then

. 1 7 o eipRcoscp
E(R) = _(QW)Q /pdp/md%
0 0

Using the representation of a Bessel function (I11.8.7) with the help of Bessel’s integral,
we find

3 L [ pJo(Rp)dp 1 (1),
E(R) = 277/ T 27TK0(RI<:) = 4H0 (tkR). (22.10)
0

Here we have made use of formula (6.4) and relation (II1.14). The other formulas
of (22.5) are proved in a similar way or by the analytic extension method. For each
specific case, the choice of the fundamental solution from (22.5) is conditioned by the
statement of the problem.

¢ The function &,(p) (22.7) (Fourier transform of Green’s function) is called the
propagator of Eq. (22.2).

Example 22.1. Find the general solution of Eq. (22.4) depending only on |Z|.

Solution. Equation (22.4) for the function go(%) = go(|7]), |Z| = r, has the form
for n = 3 (in a spherical coordinate system)
1d ( 290

S—(r W> ~Ago = 0; (22.11)
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for n = 2 (in a polar coordinate system)

1d dgo o
<r?%7)-—Ag0__0. (22.12)

rdr
In view of the fact that

1d ( 2d90> 1 d? (
R — ’]“ _ R —

r2dr\ dr r dr?

Eq. (22.11) can be written as

Tgo),

d2
W(rgo) — Mrgo) = 0.

The general solution of this equation has the form
go(|]) = go(r) = = [Cre™ + Coe™™]. (22.13)

Equation (22.12), in turn, is Bessel’s equation of order =0 with a parameter —\:

d?g d

2 0 90 2

— +r—=——Ar‘go=0
" d72 dT 0 ’

whose general solution has the form

90(17]) = go(r) = CLHS" (rv/=X) + CoHS? (rv/=)). (22.14)

Since the homogeneous equation (22.4) everywhere except for the point & = ¢ coincides
with (22.2), the obtained solutions (22.13) and (22.14) coincide, up to constant factors,
with the corresponding fundamental solutions (22.5).

Corollary. The Green’s function of Laplace’s equation has the form

T,y € R?;
(22.15)
~lh——, ZjER
T—7

Proof. Putting in relation (22.5) A = 0 and taking into account the behavior of the

Hankel functions Hém)(z) in the neighborhood of the point z = 0 (see Sec. “Asymp-

totic behavior of Bessel functions” of Part 1)
201
Hél’Q)(z) ~+Z —, z—0,
L]
we obtain the Green’s function of Laplace’s equation (22.15).
¢ Relations (22.15) can be obtained from Laplace’s equation with the help of a
Fourier transform in the same way as relations (22.5).
¢ Obviously, the Green’s function (22.15) satisfies the equation

1

and a particular solution of Poisson’s equation Au = f(Z) has the form
1 y)dy
(@) = —L (L9 o g (22.17)

dw ) E =g’



23 Harmonic functions 165

¢ The Green’s function of Laplace’s equation (22.15) in electrostatics is the Coulomb
potential of a point charge or a charged line and the Green’s function of Helmholtz’
equation (22.5) in nuclear physics is the Yukawa potential.

23 Harmonic functions

23.1 Harmonic functions and their properties

¢ A function u(Z) is called harmonic in a region E C R™ if it is continuous in
E together with its partial derivatives up to the second ones inclusive and satisfies
Laplace’s equation A,u = 0 at all internal points of the region E.

¢ The definition of a harmonic function is given for an open region. If below we
speak of a harmonic function in a closed region E, this means that this function is
harmonic in a broader open region G (E C G).

¢ The above definition is valid for both finite and infinite regions. For unbounded
regions, it is sometimes complemented with the condition

] l‘lm |Z|"?u(F) = const < oo, n = 2. (23.1)

As shown below, this requirement is fulfilled if a harmonic function is subject to the
regularity conditions (17.7) or (17.8). We shall refer to functions of this type as
harmonic functions regular at infinity.

¢ A regular harmonic function in an unbounded region £ C R" tends to zero as
|7 tends to infinity along any curve belonging to E for n > 2 and is limited for n = 2.

¢ Note that for n = 1 harmonic functions satisfy the equation

d*u
dz?

and are linear functions whose plots are straight lines. The theory of linear functions
is considered in the course of calculus and here is of no interest. Nevertheless, the
behavior of a straight line specified on the boundary of a region FE, that is, at the
points a and b of an interval [a, b] well illustrates and, moreover, allows one to predict
some properties of harmonic functions of dimension n > 2. Actually, two values of a
linear function specified at two points (i.e., on a boundary) define uniquely, first, the
explicit form of the function, i.e., the behavior of the function at all internal points of
the interval, which corresponds to the theorem of integral representation, and, second,
the mean value of the linear function on the interval [a,b], which corresponds to the
mean value theorem. Moreover, a linear function cannot reach either highest or lowest
value at internal points of an interval [a,b], which corresponds to the theorem of
extremum or the maximum principle. Now we proceed to the consideration of these
theorems, previously proving the following lemma:

Lemma 23.1. If a function u(Z) is continuous together with its derivatives, up to the
second ones inclusive, within a region E up to the boundary Sg, i.e., u(¥) € C*(E),
the following formulas are true:

h(f,E)u(f):/gn(*, 7) Au(i )dyf{[ (DVEZ,T) — E(F,7)Vu()],dS}, (23.2)
E SE

where
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is the characteristic function of a region E and

1
P for n =3,
E (T, T) = 7|7 — 9
——1n for n =

¢ Relation (23.2) is called the third Green’s formula.

Proof. For convenience, in the second Green’s formula we put ¥ = i
/ [u(§) Ay () — v(§) Ayu(y)]dy = j{ ([u(@) Vo(@) = o(@)Vu(@), dS)).
E SE

1. Choose v(y) = |Z — ¢|~" and take into account that Ayu(y) = —4nd(Z — 7).
Then

—ir [u@ie—pag= [ A=auag+ § ([upv—= - Z10].05,)

-3 17—
E

In view of

we obtain the statement of the lemma for £ C R3.
2. Choose v(y) = In \f—izﬂ and take into account that

1
n — —
7 — ]

Al = —276(F — §),

to get the statement of the lemma for £ C R2.

Theorem 23.1 (of integral representation). If a function u(Z) is harmonic within
a region E, the following formula is true:

@) = = § (W) VEE5) ~ E(E DV, 5, (233
EfeEc]Ri”, n=23,

and the function u(Z) is infinitely differentiable at all internal points of the region E.

Proof follows immediately from Lemma 23.1 if in formula (23.2) one takes into account
that Au = 0. The infinite differentiability follows from the corresponding differentia-
bility of the integral in the right side of relation (23.3) with respect to the parameter
z.

¢ Thus, a harmonic function in the region E is determined only by the values of
u(Z) and Vu(Z) at the surface Sg.
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Theorem 23.2 (of a normal derivative). If a function u(Z) is harmonic within a
region £ C R3, then

f (Vu(d), dS) = ag(f) s =0, (23.4)
S S

where S is an arbitrary closed surface completely situated in E. In other words, if
a function u(Z) is harmonic within a region confined by a closed surface S, the flux
Vu(Z) through this surface is equal to zero.

Proof. In the first Green’s formula

/ WAW(E) + (Vo(@), Vul@)]dT = 7{ o(F)(Vu(F), dS)

E 5
we put v(Z) = 1 and assume that the function u(Z) is harmonic. In view of Au(z) = 0,
v(Z) =1, and Vo(Z) = 0, we obtain (23.4). This proves the theorem.

Note that Theorem 23.2 holds true in the case where u(Z) is harmonic in £ and
continuous in £. In this case, the surface S coincides with Sg.

Theorem 23.3 (of the mean). For functions u(Z) which are harmonic within a
sphere (circle) of radius R, the following relation is valid:

1
T(2R)"1

u(r) =

7{ u(y)dS,, n=2,3. (23.5)

|Z—g|=R

Proof. For n = 3 we assume that Sg in (23.3) is a sphere of radius R = |Z—y]. Then,

Vuly) - 1 o
f <|f_(g>|,d5y> - (Vu(g), dS,) = 0.
|F-i1=R F-i1=R

The last integral is equal to zero by virtue of formula (23.4). Note that

1 r—y R
Ve——s === =——
|7 — ¥ 7 — §Plz-g=r R
For a sphere
= R
dS, =ndS, = EdSy.
Hence, from (23.3) we obtain
®= (7)ds
“ A R? Y&y
|Z—gl=R

For n = 2, the proof is similar.

{ The theorem of the mean states that the value of a harmonic function at a certain
point 7 is equal to the mean value of this function on a sphere whose center is at the
point & if the sphere is situated within the region of harmonicity.
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Theorem 23.4 (of an extremum). If a function u(Z) is harmonic within a closed
region = E + Sg, where Sg is the boundary of E, this function cannot attain an
extreme value at internal points of the region E, that is,

min u(7) < u(¥) < maxu(¥), 7€ E. (23.6)
ZeSE ZeSE

Relation (23.6) is called the mazimum principle.

Proof. We perform the proof by the rule of contraries, assuming that u(Z) is harmonic
in F. Assume that the function u(Z) is not equal identically to a constant and a point
To € F is the maximum point. Then we have

uy = u(Zy) = u(Z)

within some neighborhood of the point 7 belonging to the region of harmonicity. Take
a small sphere of radius e, which completely lies within this neighborhood. Then

(@) = — 7{ u(Z)dS.

4e?
|Z—Zo|=¢

Since u(Z) < ug, the following inequality should be fulfilled

- Uo
< dS < uyg.
ul(@o) 4me? 7{ 1o

|Z—Zo]

Here we have used the relation

dS = 47 R?.
|F-71=R

Hence, only the equality is possible, and then u(Z) = const, which contradicts to the
assumption and proves the statement. For the minimum point, the proof is similar.

Example 23.1. Show that if two functions, u(Z) and v(#), harmonic in £ and con-
tinuous in F, satisfy, on the boundary Sg, the inequality

u(Z) < v(@), (23.7)
then this inequality holds true for all internal points of the region E.
Solution. Consider a function w(Z) = u(¥) — v(¥) harmonic in E, continuous in £,

and satisfying the condition w(f)’ gy S 0. Suppose that at a certain internal point

T € FE, the inequality w(Z) > 0 takes place. This supposition, however, contradicts to
the remark to Theorem 23.2, and, hence, inequality (23.7) is valid all over the closed
region F.

In conclusion, let us formulate some statements that follow from the remark to
Theorem 23.2, which will be required to consider the boundary value problems for
Laplace’s and Poisson’s equations.

Statement 23.1. If u(Z) is harmonic in E and continuous in E, then

lu(z)| < max |u(7)|, Te€E. (23.8)
ZeSE

Inequality (23.8) immediately follows from (23.6).
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Statement 23.2. If a harmonic function u(Z) is equal to zero on the boundary of a
region E, then this function is identically equal to zero within this region.

Statement 23.3. If a sequence of functions {u,(Z)}, m = 0,00, harmonic in a
region E and continuous in E, converges uniformly on the boundary of the region E,
then this sequence uniformly converges in E to some harmonic function.

From inequality (23.8) it follows that

lim |ug(Z) — wm (%) < lim max |ug(%) — un(¥)| =0, FEE,
k—00 k—oo Z€SE
m—0o0 m—00
which implies the first statement. The validity of the second one follows from the
theorem of the mean: since the functions u,,(Z) satisfy equality (23.5), their limit
satisfies the same equality, and thus the limiting function is harmonic.

Similar statements for unbounded regions will be formulated below after consider-

ation of harmonic functions at infinity.

24 Separation of variables in Laplace’s equation

This section is devoted to one of the most widely used methods for solving initial
and boundary value problems — the Fourier method or, as it is referred to in accordance
with the key idea, the method of separation of variables. This method appears to be
efficient in those cases where, first, a partial differential equation in a chosen coordinate
system admits separation of variables and, second, boundary conditions are specified
on coordinate lines or surfaces of the given coordinate system. This enables one to
select unique solutions from general solutions of ordinary differential equations in the
corresponding variables and, as a consequence, to determine the unique solution of the
original problem.

24.1 Separation of variables in Laplace’s equation
in Cartesian coordinates

Let us start with an example that clearly illustrates the heart of the method. In a
rectangle 0 < x < a, 0 < y < b, consider the following Dirichlet problem for a function

u(z,y):
P*u u
o2 " o
u(z,0) = f(z), u(z,0) = p(x), w(0,y) =¥ (y), ula,y) = x(y)-
The functions f(z), ¢(z), ¥(y), and x(y) are continuous on each side of the rect-

angle, while at its vertices, depending on the physical sense of the quantity u(z,y),
these functions may have discontinuities; otherwise the conditions of continuity

fla) =x(0), x(0) = ¢(a), ¢(0) =v(b), ¥(0) = f(0) (24.2)
should be fulfilled.

Let us consider in succession both cases.

0, O0<zx<a, 0<y<i (24.1)

[. The boundary conditions have discontinuities at the rectangle vertices.

In this case, one can immediately perform reduction of the problem.

¢ The procedure of transforming a problem to simpler ones is called reduction of
the original problem.
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Let us represent a function u(x,y) as the sum of four harmonic functions

U(ZL', y) = ul(xa y) + UQ(xvy) + U3(ZL', y) + U4({L‘,y), (243)

each taking given values on one of the sides and vanishing on the other three sides.
As a result, we have four Dirichlet problems described by an equation

0? 0?
9 * o
with boundary conditions
uy(z,0) = f(z), ui(z,b) = uy(0
u

us(z,0) =0, ug(x,b) = ¢(x),
uz(x,0) = usz(z,b) = 0, uz(0,y)

]ui(x,y) —0, =11 (24.4)

o (24.5)

Il
= A@

Let us find one of the functions w;(z,y), for instance, us(x,y). Following the idea
of the method, we seek a particular solution of the problem in the form

uz(7,y) = X(2)Y (y), (24.6)

where X (z) and Y (y) are “separation” functions, each depending only on one variable.
Substitution of (24.6) into (24.4) yields

X" (@)Y (y) + X (2)Y"(y) = 0.

The next step of the method of separation of variables is that an equation with
already substituted “separation” functions is multiplied by a factor such that the
resulting expression represents a sum of terms each depending on one variable. For
the given case, such a factor is [X (z)Y (y)] ™!, and then we have

X"x) | Y'(y)
(X(z)  Y(y)
The last equality is possible only in the case where each summand (group of summands)
depending only on its variable is equal to a constant and the sum of these constants is

equal to zero. Since we have only two variables, we should have two constants equal
in magnitude and opposite in sign. Hence,

X'z) _ Y'(y)

=0.

= =\, A= const.
(X () Y(y)
As a result, we arrive at two ordinary differential equations
X"(z) = X (),

Y'(y) = =AY (y).

These equations should be complemented with boundary conditions which follow from
the substitution of (24.6) into the second-line equalities of (24.5):

X (@)Y (0) =0, ug(x,b) = (),
X0)Y(y)=0, X(a)Y(y)=0.

Since the multipliers X (x) and Y (y) with arbitrary « and y cannot vanish [otherwise
ug(z,y) = 0], then

X(0)=X(a)=0, Y(0)=0, wusx,b)=p(z). (24.7)
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Thus, we obtain for the functions X (x) and Y (y) the following problems:
X"(x) = X (2), X(0) = X(a) = 0; (24.8)
Y'(y) = =AY (y),  Y(0)=0. (24.9)

The problem (24.8) is a Sturm-Liouville problem for X (z) whose solution is given
in example I11.2.2:

Xn(z) = a,sin %, An, = —<%>2, n =1, occ. (24.10)
The general solution of Eq. (24.9), in view of (24.10), has the form

Y, (y) = b, sinh %y + ¢, coth %ny.
If we take into account that Y,,(0) = 0, then we have

™
Y, (y) = b, sh Fy

and, hence,
ub(z,y) = X, (2)Y,(y) = ayby, sin ™ ¢ sinh ﬁy =
a a
= Gy, sin ™ ¢ sinh @y, n =1, o0. (24.11)
a a

By virtue of the linearity of Laplace’s equation, any sum of its solutions will also be a
solution. Therefore, summing up all solutions of (24.11), we obtain the general form
of the solution of Laplace’s equation

Z ay, sin —ZL‘ sinh ﬂy (24.12)
a

that satisfies the homogeneous boundary conditions from the second line of (24.5).
The remaining undetermined arbitrary constants a,, = a,b, can be found using the
last condition of (24.7):

b
Z @y, sin —x sinh 2 = o(z). (24.13)
a

Expand the function ¢(x) on the interval |0, a[ in a Fourier series of orthogonal func-
tions (24.10)

a

- 2
= Z Oy SIN @x; Op = — / () sin ™2 1. (24.14)
—~ a a a

0

Since an expansion in a Fourier series is unique, the equality (24.13) is valid only if
the coefficients of the series (24.13) are equal to those of the series (24.14), that is,

1

g, = —— o 24.15
¢ sinh(7nb/a) 7 ( )

and, hence,

. sinh(mny/a) . wn
= ———————=sin —ux. 24.1
u2(e.y) Z@n sinh(7nb/a) P (24.16)

n=1
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After similar calculations for the functions wy(z,y), us(x,y), and uy(z,y), in view
of (24.3), we finally obtain a solution of the problem

u(z,y) = i{ [fush 2 fsinh G Gl y)] sim(mna/a) |

— a sh(mnb/a)
™me . m(a —x)7 sin(mny/b)
* [Xn sh b *Ynsinh b } sinh(7na/b) }’ (24.17)

where f,,, xn, and 1, are the Fourier coefficients of the functions f(x), x(x), and ¢ (z),
that are determined, analogous to (24.14), by the formulas

2 r ™I
fu(2) a/f(x)sm - x;
0
) b
Xn = E/x(y) sin 7T—;;L:Eala:; (24.18)

T™ax

Uy, = —/w(y) sin Td:c.
0

IT. The boundary conditions at the rectangle vertices are continuous.

As mentioned, in this case, the continuity conditions (24.2) should be fulfilled.
Since the function u(z,y) not necessarily vanishes at the rectangle vertices, the reduc-
tion of the problem directly for the function u(x,y) proves to be impossible. Therefore,
we shall seek a solution of the problem in the form

u(,y) = uo(z, y) + w(z,y), (24.19)

where ug(z,y) is a harmonic function which should be chosen so that the harmonic
function w(x, y) vanish at the rectangle vertices. This means that the function ug(z, y)
should satisfy the following conditions:

up(0,0) = (0) = £(0),  up(a,0) = f(a) = x(0).
up(a,b) = la) = x(B),  uo(0,b) = p(0) = (b, (24.20)

Put
uo(z,y) = A+ Bx + Cy + Dzy. (24.21)

Such a function is harmonic with any real coefficients. We shall find these coefficients
by subjecting relation (24.21) to conditions (24.20). As a result, we have

A=fp), p=lW=SO v =¥0)

a ' b
p - leta) =50}~ 160~ 1) 19
a
Thus, the change (24.19) leads to a Dirichlet problem for the function w(z,y):
o, v _
ox2  oy?

?

0, O<zr<a, 0<y<b, (24.23)
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The functions f(x), ¢(z), ¥(y), and ¥(y) are given by the formulas

F(x) = f(@) —uo(x.0). (x) = p(x) — ug(z.b). (24.24)
X

(y) = (y) —uo(0,y), x(y) = x(y) — uo(a,y)

and satisfy the continuity conditions

fla) = x(0) = x(b) = &(a) = ¢(0) = ¥(b) = ¥(0) = f(0) =0
which mean that the function w(x,y), being continuous on the boundaries, vanishes
at the rectangle vertices. For such a function, we can reduce the problem (24.23) to
problems of the type (24.4) whose solutions are given by formulas (24.17) and (24.18)
in which the functions f(z), ¢(x), ¥(y), and x(y) should be replaced by the functions
f(z), p(z), P(y), and x(y).

O Note that the series (24.17) that determines the solution for the case of continuous
boundary conditions is uniformly convergent in the rectangle, in contrast to similar
series that determine the solution for discontinuous conditions which may lose their
uniform convergence in the neighborhood of the vertices.

The Dirichlet problem for a rectangular parallelepiped is treated in a similar way:.

Now we turn to the Neumann problem. To illustrate some peculiarities arising in
this case, we consider the Neumann problem for a rectangle 0 <z < a, 0 <y < b:

Ugg + Uyy = 0, O<zr<a, 0<y<b (24.25)

F
uz(oay) = za Uy(.’L',O) = _Ea ul“(aa y) = Uy(.%',b) = 07
where F' = const. Note at once that it is impossible to reduce this problem to two
problems each having nonzero boundary conditions on three sides, since this would
violate the necessary solvability condition for the Neumann problem

f—dl ——/dx+—/dy—0 (24.26)

Therefore, we seek a solution of the problem in the form

u(,y) = uo(x, y) + w(z,y), (24.27)
where ug(x,y) is a harmonic polynomial
uo(z,y) = A+ Bx + Cy + Day + E(z° — y°) (24.28)
satisfying conditions (24.25), that is,
F
B+Dy=%., B+Dy+2Ea=0,
F
C+Dr=—-——, C+Dzxr—-2Eb=0, (24.29)
a

whence

up(z,y) = A+%[y — 2by — (2% — 2ax)].

If the coefficient A remainrd undetermined is chosen in the form A = F(b*> —a?)/(2ab),
then

uo(w,) = orlly — B — (2 — a)?]. (24.30)
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Substitution (24.27) reduces the problem (24.25) to a problem for the function w(z, y)

Waa + Wyy = 0, O<z<a, 0<y<b;
w,(0,y) = wy(x,O) = wy(a,y) = wy(x, b) =0

whose solution is an arbitrary constant ¢. Thus, the solution of the Neumann problem
has the form »

u(z,y) = Tqb[(y —b)?—(r—a)’ +ec (24.31)

Example 24.1. Find a stationary temperature distribution in a thin rectangular plate
of length a and width b with a heat conductivity k if

(a) a given temperature is kept over the perimeter of the rectangle;

(b) heat in amount () flows in through one side and flows out through the adjacent
side.

Solution. (a) The mathematical formulation of the problem is similar to (24.1). Its
solutions are given by formulas (24.17), (24.18) or (24.17)-(24.19).

(b) The mathematical formulation of the problem is similar to (24.25) where F' =
@ /k should be put. The solution of the problem is given by formula (24.31).

24.2 Separation of variables in Laplace’s equation in polar coordinates

Let us consider the first boundary value problem for a circle

A2u = 07 U(l‘, y)’\/m:a = f(xay”\/m:aa (2432)

where Ay = 0740; and f(x,y) is a given function. A problem for which /2% 4 y% < a
is called internal and a problem for which y/x? + y? > a is called external.
It is convenient to consider the problem (24.32) in polar coordinates
T =T COS P, Y = rsin p.

In this case, the Laplace operator takes the form

10/ 0 1 0?
D= (1) + 5o 24.33
2= vor\"or +T2 Op? ( )
(The proof is left for the student.)
Then the boundary condition (24.32) can be rewritten as

u(r, ©)lr=a = f(), (24.34)

where the function f(p) satisfies the Dirichlet conditions on the interval [0,27]. We
shall solve Laplace’s equation Ayu = 0 with the boundary conditions (24.34) by the
method of separation of variables or the Fourier method. We seek a particular solution
of the equation in the form

u(r, ) = R(r)®(p), (24.35)

where R(r) and ®(p), “separation functions”, depend only on one variable (r and
¢, respectively). So we further omit the arguments of these functions. Substituting
(24.35) into Laplace’s equation in polar coordinates, we obtain

cpi( dR) +r—}2<1>”:0.

T dr r%
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Multiply the left and right sides of this equation by 7?/(R®), so that each term of the
resulting expression depend only on one variable: 7 or ¢. As a result, we obtain

rd(dR) 3”:0.

_ ’]“_

Rdr\ dr P
This equality is possible only if each summand is equal to a constant and the sum of
these constants is equal to zero. Thus,

rd/ dR o7
E%O%) =% = A, A = const .

As a result, we arrive at the following equations for the functions ®(y¢) and R(r):
" d -
r

Here the dot denotes the derivative with respect to the variable r. The function
u = ®R (24.35) is harmonic and therefore it reaches its highest value on the boundary
of the region of harmonicity on condition that

|R(r)] < oo,  |®(p)] < .

Moreover, the solution of Laplace’s equation in polar coordinates should not change
on addition of 27 to the angle:

By +2m) = B(p). (24.37)

For the determination of the function ®(y¢) and the parameter A\, we have arrived at
the Sturm-Liouville problem (24.36), (24.37) whose solution is illustrated by example
[11.2.5. In this solution, [ = 27 should be put. Then

D, (p) = A, cosny + B, sinnp, A =n? (24.38)

We shall seek the function R(r) in the form R(r) = r#; then R = pr*~' and R =
p(p — 1)r#=2. Substituting this into (24.38), we get

PR+rR—n’R=0
and, hence, p? = n? or yu = 4n. Thus,

R.(r)=Cur+ B,r=", n#0,
Ro(r) = Cy+ Bylnr, n = 0. (24.39)
Then from the condition |R(r)| < oo it follows that for the internal problem (r < a)
By = B, = 0 and for the external problem (r > a) By = C,, = 0. As a result, we
arrive at two possible variants of the particular solution (24.35):

U}L (Ta ()0) = Tn(A%L cosny + BrlL sin nSD), r<
uz (r, @) = —(14721 cosny + Bfl sinnp), r>a, (24.40)
/]ATL

n
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where n = 0,00. By virtue of the linearity of the original equation, any sum of its
solutions will also be a solution of this equation. Summing up all particular solutions
(24.40), we obtain the most general form of Laplace’s equation

o0

u(r, @) = ZT”(A}1 cosny + Blsinny), r <a; (24.41)
n=0
us(r, p) = Z r"(A2 cosny + BZsinny), r > a, (24.42)
n=0
satisfying the conditions
u(r,@)] < oo, u(r,p+2m) = u(r,¢). (24.43)

The functions u(r, ¢) and us(r, ¢) are solutions of the internal and the external prob-
lem, respectively.

¢ It should also be noted that for a function harmonic within a ring a < r < b,
the condition that the solution is finite is fulfilled and the general solution satisfying
conditions (24.43) takes the form

u(r, ) = ag + boInr + Z[(anr" + —) cosny + (cnrn + —) sin ngo] ) (24.44)
rm rn
n=1

Put in (24.41) r = a; then

ui(a, p) = Z a" (A} cosny + By sinng) = f(). (24.45)

n=0

Expand f(y) in a Fourier series, which is always possible since this function is periodic
and satisfies the Dirichlet conditions, to get

flp) = % +;@nCOSTLg&+ﬁnsinngp,

where
2m 27
1 1
a, = — /f(@/)) cosnypdiyp, [, =— / f() sinny di. (24.46)
7r 7r
0 0
Since an expansion in a Fourier series is unique, the equality (24.45) is possible only if
Al p_ &
L an’ n an’

Perform similar manipulations for us(r, ¢). Finally, we have

e +n

uy2(r, ) = % - ; (2) (av, cos g + By, sinngp). (24.47)

O If a,, and 3, are Fourier coefficients of finite and continuous functions, then the
series for uy(r, p) with r < a (for uy with r > a) converges uniformly.
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Example 24.2. Find a function harmonic within a circle of radius a, such that (1)
U|,—q = ¢ and (2) u|,—, = Asin® p + B, where A and B are some constants.

Solution. (1) The mathematical formulation of the problem is
Au =0, Upea =, T<a, 0<p<27.
The solution of this problem is given by the function u;(r, ¢) (24.47). Let us find the
coefficients of the Fourier series for the function f(p) = ¢. From (24.46) we have
27

|
a, = — [ pcosnpdp.
T

0

Integrate this by parts, putting U = ¢, dU = dp, dV = cosnp dp, and V = (sinny)/n,
to get

27
1 27 1
o, = — [mp sinnp| — / smngpdw] =0,
7 0 n
0
where n = 1, co. Similarly,
21 2m
1 2 1
ﬁn:—/cpsinmpdgo:——, aoz—/gpdgpz%r.
v n 7
0 0

Finally, we obtain

u(r,p) =m — 22 (C> i 2 arctg w.
“—~\a n 7 sin

(2) The mathematical formulation of the
problem is
Au =0, U|p—y = Asin® ¢ + B,
r<a, 0<p<2m,
and its solution is given by formula (24.47),
where the exponent n should be taken positive.
In view of the fact that
sin® p = 5 sin L sin 3
p=gsme = (2
mere comparison yields

ag = 28, ap =0, k=1,o00;
3A A
ﬁl_Ia B2 =0, 53——Z>

6k:0, k‘:4,00.

The same result can be obtained from (24.46)
in view of the orthogonality relationship for
trigonometric functions. Thus,
3Ar A3
=B+ = lsing— L (1) sin3p.
u(r, ) o osing — o~ ) sindy
The plot of this function for A =1, B =0, and a = 10 is given in Fig. 31.
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Example 24.3. Find a stationary temperature distribution in an infinite cylinder
whose generatrix is parallel to the Oz axis and the directrix is the boundary of a
circular sector of radius b of angle o, 0 < o < 27, lying in the plane z = 0 if its
boundary is kept at a temperature u(r,0) = u(r,«) = 0, u(b, ) = .

Solution. The mathematical formulation of
the problem is

Pu 10w 1 o
or2  ror  r?2op* 022
u(r,0) = u(r,a) =0, u(b,¢) =

=0, (24.48)

Since the boundary conditions are independent of z, then u(r, ¢, z) = u(r, ¢). We seek
a solution of the problem by the method of separation of variables:

u(r, ) = R(r)®(p). (24.49)

Substituting this into (24.48) and multiplying the resulting equation by r?/(R®), we
obtain -
R'+R[r &
2
— 4+ —==0.
TR '3
Upon separation of variables, we have for the function ®(¢) the following Sturm-—
Liouville problem:

d=\b,  D(0)=d(a)=0. (24.50)
Its solution is given in example I11.2.2 and has the form
2
O, = A, sin 2 p=Too, A\, = —(@) . (24.51)
Q@ !

Then for the determination of the function R(r) we obtain the equation

2
r*R" + R — (@) R=0, |R(r)| < oo, (24.52)

«

whose solution is sought in the form
R(r) =r".
Substitution of this into (24.52) yields

p(p—1) +p— (%)220,

whence
™

pa2 = E—,
a
and the general solution of Eq. (24.52) can be represented in the form
R,(r) = B, r™/® 4 C,r—™,
From the condition |R(r)| < oo for r € [0, ] we find that C,, = 0. Then

R, (r) = B,r™/=. (24.53)
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Substitution of (24.51) and (24.53) into (24.49) and summation over n yields

= Z A, ™/ sin w, (24.54)
a
where A = A, B,,. Substitute (24.54) into the boundary condition (24.48)
- Z A0 gin e _ '
a

and expand the right side in a Fourier series in orthogonal functions (24.51). Equating
coefficients of identical functions, we find

«

/@sin(ﬁngo/(x)d@
Anbﬂn/a _ 0 _ (_1)n+1

[e7

/ sin?(mny/a)du

0

20
™

Finally, we obtain the temperature distribution

2a > "H( )ﬂn/a . T
= — sin ——.

™ «

n=1

Let us now consider the Neumann problem

Asu(r, ) =0, E:r<R; (24.55)

(]

where n is a normal to a circle of radius R, which is outer with respect to the region
E. If the function f(p) satisfies the solvability condition (24.26), we seek a solution
of the problem in the form

oo

uy o Z (A}, cos kp + By sin ko),
k=0

where arbitrary constants A; and By should be determined from the boundary con-
ditions (24.55). Since the direction of the normal 77 coincides with that of the radius
vector 7, then

Ou  Ou
on  or’
Since this condition does not determine the coefficient A, then, up to an arbitrary
constant C' = Ag, we find

o Lk
uy(r, @) = Z #(Qk cos kyp + By sinky) + C (24.56)
k=1
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for the internal problem and

k-1
us(r, ) = Z i;rk (ay cos ko + B sinkp) + C (24.57)
k=1

o0

for the external problem. The coefficients «a; and [ are determined, as before, by
formulas (24.46).

The third boundary value problem is solved similarly.

Note that the Kelvin transform with respect to a circle of radius a leaves the circle
invariable and, moreover, being conformal, conserves the angles between the circle and
a normal. Therefore, we can derive solutions of external problems from solutions of
internal problems with the use of the Kelvin transform, i.e., by the change r — a?/r.
One can readily check that such a change in (24.32) transforms u(r, ¢) into us(r, ¢)
and (24.56) into (24.57) and vice versa.

Example 24.4. For the Neumann problem (24.55), select incorrectly formulated prob-
lems: (a) f(p) = A = const; (b) f(¢) = cosp, and (c) f(p) = sin® ¢.

Solution. For a Neumann problem, the solvability condition (24.26) should be ful-
filled. In polar coordinates, this condition for a circle r = a takes the form

I = /f(go)akp =0, (24.58)

that is,
(a) I =271A, (b) I=0, (c) [=m.

Hence, problems (a) and (c) are incorrectly formulated problems. This means that
there are no harmonic functions satisfying conditions (a) and (c) on a circle.

24.3 Separation of variables in Laplace’s equation
in cylindrical coordinates

¢ For an unbounded cylinder and with boundary conditions are independent of
the variable z, the solution of the problem has the form

u(r, @, z) = u(r, v).
For the function u(r, ¢), we have a two-dimensional problem whose solution has been
obtained above (see, e.g., example 24.3).

Let us consider several problems of finding harmonic functions within a cylinder
of radius a and finite height h, which can be solved by the method of separation of
variables.

The general statement of such a problem has the form

Au =0, 0<r<a, 0<z<h, 0<p<2m
U(T,(p—l— 27T72) = U(T’,(,D,Z), U(CL?QD:Z) = fl((,D,Z),
u(r,gp,O) = fQ(T’ 90)’ U(T’ ¥, h) = f3(r7 90)

and admits the following reduction for u = u; + us:

Auq =0, Ul(aa%z) = fl(gpaz)v
ul(r, 9070) - ul(rv(pv h) =0
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and
Auy =0, wus(a,p,z)=0,
UQ(T’,(,D,O) :fl(ra(p)> UQ(T,(,D, h) :fQ(T,(,D)-

The question of taking into account the dependence on the azimuthal angle ¢ was
considered in the preceding section; so we turn at once to problems with boundary
conditions independent of the variable .

Example 24.5. Let there be given a cylinder of radius » = a and height h with
the lateral surface and the bottom kept at zero temperature and the top kept at
temperature 7'. Find a stationary temperature distribution in the cylinder.

Solution. The mathematical formulation of the problem is
Au =0, 0<z<h, r<a, 0<p<2m
u|z:0 = 07 u|7“:a - 0, u|z:h =T.
Write down the Laplace operator in cylindrical coordinates:
10 8u+ 1 82u+82u
pr— ——’r‘— e — _—
ror Or r20p? 022

Since the boundary conditions are independent of the variable ¢, the solution of the
problem can be sought in the form u(r, ¢, z) = u(r, z), that is,

0

du_ .

dyp
and, hence, Laplace’s equation takes the form

A 10 Ou N 0%u
U=——r——+ —

ror or 022
We seek a solution of the problem by the Fourier method, putting

u(r,z) = R(r)Z(z).

Au

= 0.

Denote iR 17
R = — Z=—
dr’ dz
Then L 8
-—rRZ+RZ=0.
ror
Separation of variables yields
R' R Z
f—i_@:_E:)\’ A = const
or
R/

R'+=— =R\  Z+)XZ=0.
r
From the boundary condition

u(a,z) = R(a)Z(z) =0
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we find R(a) = 0. Since the function u(r, z) has the sense of temperature, then
|R(r)] < oo for r<a.

As a result, the function R(r) is a solution of the Sturm-Liouville problem for Bessel’s
equation

1
R"+=-R —AR=0, lim |R(r)] <oo, R(a)=0.
r r—+0

For the eigenvalues and eigenfunctions, we have, respectively,

0

2
)\:—<%>, n=100
a

and r
R.(r) = A, Jy (ocga),
0

where «; are roots of the function Jy(x) (see Sec. “The Sturm-Liouville problem for
the Bessel equation” of Part III). As a result, the equation for the function Z(z) takes
the form

Z—(a%)?Z =0, n =1, co.

Hence,
Zn(2) = B,shalz+ C,chalz

and .
un(r, 2) = Ando <oz2—) [B,shalz + C, chalz].
a

Summing up over n gives us
00 r B B
)= Jo(a%2 ) [Bushalz + Gy chalz)
u(r, z) ; olan- [B,sha,z+ C,cha;z]
where

B, = A,B,, C,=A,C,.
From the boundary conditions we obtain

U|Z:0 = iCnJ()( 22) =0.
n=0

Hence, C,, = 0. Analogously,
Ul ey, = g C.Jo (agi> sh(alh) =T.
a
n=1

Expand the function f(r) in a Fourier—Bessel series on the interval |0, a:

Jr) =T = nf;ﬁnJO (af2).

where
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Then

o B

" 2shadh

Thus,

= r shalz
u(r; 2) = ZJO <&25>6”sha0h'
n=1 n

To determine the coefficient 3, of the Fourier-Bessel series of the function f(r) = T,

calculate the integral
1
I, = — /TTJO (agi>dr.
a a
0

Perform in this integral the change of variables a’r/a =t. Then dr = (a/a®)dt. For
the new limits of integration, we obtain r; = 0, t; = 0, r, = a, and ty = a and then

ol oh
T T
T o T TJ’(O[?L)
= fanp O], = oy ilan)] = ===
Finally, we have
I, 2T

O = @ = ) Je(ad)

and
o0

> r 2T shalz 2T shalz Jo(alr/a)
=5 - < 0-) n? _ N 2L 52 JolanT/a)
u(r, 2) Z 0\ %y al Ji(ad) shalh Z ad shalh  Ji(a?)

n=1 n=1

Example 24.6. Let there be given a cylinder of radius » = a and height h with the
lateral surface kept at temperature sin mmz (m = 1, c0) and both the top and bottom
kept at zero temperature. Find the stationary temperature distribution in side of the
cylinder.

Solution. The mathematical formulation of the problem is

Au =0, 0<z<h, r<a,
U\z=o = U|z=h =0, u\r:a = sinmmz.

Seek a solution of the problem by the Fourier method, putting
u(r,z) = R(r)Z(z).

As in the preceding example, we have for the functions R(r) and Z(z) the following
problems:
R/
R"4+ — = \R; |R(r)| < oo r<a, (24.59)
r

Z+XZ=0,  2(0)=2z0h)=0. (24.60)
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R
= ‘ &

The eigenvalues and eigenfunctions of the Sturm—Liouville problem (24.60) obtained
carlier (see example I11.2.2) have the form

= (%)2, Zn(2) = A, sin %m, n =1, 0.
Then the general solution of Eq. (24.59) is
- () ok (55)

and the boundedness condition (24.59) gives us C,, = 0. Hence,

u(r, z) = ; Ay <%m> sin %m,

where A,, = A, B,. From the boundary conditions we get

o
- mTa\ . TNz .
Ulpeg = E Anly —, ) sin —— =sinmmz.
n=1

Thus,

and for the solution of the original problem we obtain

_ To(mmr/h) s T

ur2) = 7 emarm) S

The plot of this function for a = 1, h = 1, and m = 1 is given in Fig. 32 and that
fora=1, h=1, and m = 3 in Fig. 33.

24.4 Separation of variables in Laplace’s equation
in spherical coordinates

Consider the problem of finding a harmonic function by applying the method of
separation of variables in spherical coordinates.
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Example 24.7. Find a function satisfying the condition w,|,—; = sin(7/4 — ¢)sin 6
on a sphere of unit radius and being harmonic (a) outside the sphere or (b) inside the
sphere.

Solution. Write down Laplace’s equation in spherical coordinates. Then the problem
of the determination of the function u(r, 8, ) is formulated as

1 0/ ,0u 1 0/, ,0u 1 d%u
o)+ o SO )+ s = 0 24.61
=505 e aat ) * 7602 (24.61)
. (T . )
UT(T,Q, 90)’7,:1 = Sln(z - (p) sinf = f((p,@),
(a) r>1, (b) r<1.

Note that while the external Neumann problem does not require the fulfillment of the
solvability condition (24.26), for the internal problem the following condition should
be checked:

/un(r,e,go)dS: /ur(r,ﬁ,gp)dS: 0.

r=1 r=1

2r

AT . 92 _
//sm<4 go) sin”“ f dfdy = 0.
00

Thus, the internal Neumann problem is solvable.
Seek a solution of this problem by separation of variables in the form

u(r,0,0) = R(r)Y (0, ¢). (24.62)

Since the function u(r, @, ) is harmonic outside the sphere of unit radius, then

Indeed,

|R(r)| < oo, [Y(0,9)| <00, r>1

Upon separation of variables, we obtain for R(r) the equation

R’ +2rR' — AR = 0, (24.63)
and for Y (¢, 0) the equation
1 0 Y 1 0*%Y
— | si 9—) —————+ Y =0 24.64
sin 6 00 (sm 00 * sin?  Jip? i ( )

with the periodic boundary condition
Y(0,p) =Y (0,0 +2m).
We seek a solution of Eq. (24.64) in the form
Y(0,9) =0(0)2(p). (24.65)

The function ®(¢) is a solution of the Sturm-Liouville problem with a periodic bound-
ary condition
"+ pu® =0, P(p+2m)=P(p). (24.66)

The solution of the problem (24.66) has the form

@m(@) - C’m cos my + Dm sin my, Ht= mQ, m = 0, 0. (2467)
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In view of (24.67), for the function ©(#) we have

1 d/ . d© m2
sin 6 do <SII1Q%> T </\  gin2 9)9 =0, (24.68)
O(f)] <00,  0<6O<m

Perform in Eq. (24.67) the change of variables z = cosf. Then for the function ©(z)
we get

d ,.dO m?
E[(l—z)E]Jr(A—l_?ﬂ)@_o, (24.69)
O(2)] <0, —-1<2<1.

The solution of the problem (24.69) is given by the associated Legendre functions (see
Sec. “Associated Legendre functions” of Part III) with eigenvalues A = n(n + 1):

O (2) = Ay P (2) = Apm (1 — 22)™2 P (2), n =0, 0.
Returning to the variable 6, we write
_
d(cos )™
Since P*(cosf) = 0 for m > n, then for the function (24.65) we get

Onm(0) = Ay sin™ o P,(cos0)] = A P (cos ).

Yr:n(ea ()0) = CnOPn(COS 9>+
+ Z (Crim cos mp + Dy, sinme) P (cos 6), (24.70)
m=1

where

Com = Anmcna DnmAann
We seek a solution of Eq. (24.62) for A = n(n + 1) in the form
R(r) =r~.

Then for o we obtain
ala—1)+2a—n(n+1)=0

or
o +a—-nn+1)=0.
Hence,
ap =n, ag =—(n+1)
and

R.(r) = E,m™ + F 4D,
From the condition |R(r)| < oo, r > 1, we find E,, = 0 for n > 1, that is,

F,

nl -+ E()Tn(sno, (2471)

Rn(r) - TTH_

where 0,9 is Kronecker’s symbol. For the internal problem, we write analogously

R,(r) = E,r". (24.72)
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Substituting (24.70) and (24.71) into (24.62) and summing up over n, we get

~ 1 r~
u(r, ¢, 0) = Ey + Z ey [C’noPn(cos 0)+

+ Z m COS TN + Dy sinmep) P (cos 6’)] (24.73)

m=1

where _ - - - _ -
Onm - Fncnma Dnm = FnDnrm EO - EOCOO~

Substitution of (24.73) into the boundary condition (24.61) yields

n+1
— Z v [ 0P (cos 0)+

r=1

87’

+ Z (Crm €08 M@ + Dy sin mip) P (cos 6’)]

m=1

Since Py(cosf) =1, Eq. (24.74) can be written

= sin(% — gp) sinf. (24.74)

r=1

—Coo —Z Z n+ 1)(Cpy cos me + D,,, sinmy) P (cos ) = sm(% — <p> sin 6.

n=1 m=1

Expand the right side in a series in orthogonal functions cos mp P (cos 6) and
sinmyP"(cos ). Then for the coefficients C,,,,, and D,,,, we obtain

27 u
=~ 1 . T - 92
—C’oo—ﬂ/dgp/an(Z—(p) sin“ 0 df,
0 0

~ 2 1
—(n+1)Cpm, ( n2—|—( )5_ //sm — — <p> sin O P (cos ) cos me sin 6 dfdp,
n+m)
~ 2 1
—(n+1)Dpy, = ( n2—i—( )S_ //sm — — gp) sin O P! (cos 6) sin mep sin 8 dfdp,
n+m)

sin(z — @) =sin T COS (p — COS T sin @, sinf = P!(cosf),
4 4 4
then
sinm/4
C100:07 Cnm: B 2 ’ n—m_l’
0, n#1,m#1;
5 00527T/4’ n—m=1,

0, n#1,m=#1.
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Finally,

1
u(r, p,0) = Ey — 53 [sm % cos @ P} (cos ) — cos % sin ¢ P} (cos 0)]

or

~ 1
u(r, ¢, 0) = Ey — 52 sm(% - <p> sin 6.

The constant Ej is arbitrary. If the function u(r,p,0) is subject to the regularity

condition at infinity (u = 0 for r — o0), then Ey = 0 and the solution of the problem
becomes unique.

For the internal Neumann problem, after similar manipulations with (24.72), we
obtain

u(r,p,0) = Eo+r sin(% — gp) sin 6.

25 Poisson and Dini integrals
Theorem 25.1. The solution of the first boundary value problem (24.32) for a circle
Aosu =0, u(r, @)|r=a = f(v), r < a, (25.1)

can be represented in the form

2w

u(r, ) = % / dip— +a‘7;(%>2(zr (;g(; 5 (25.2)

0

& Relation (25.2) is called the Poisson integral of the first boundary value problem
and the function
o — 2
K =
(r,0,a,9) 12+ a? — 2ar cos(¢ — )

is called the kernel of the Poisson integral of the first boundary value problem.

(25.3)

Proof. Substitute a, and [, from (24.46) into (24.47) and interchange the integration
and the summation to get

2w 00

u(r,p) = %/d@/) f(@/)){% + Z <£>n[cosncpcosm/) + sinmpsinnw]} =
n=1

0
2
00

L s e S w0}

0

However, for |t| < 1 the relation

—+Zt”cosna— [1+Zt” (e + e~ Za”)} =

1< N te'™ N te™" }_ 1—¢
1—telr 1 —te i 2(1 — 2tcosa + t2)’

2
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is valid, that is,

 R— 1—t2
- tn - f < 1. 25.4
5+ 21" cosna 20— steosare) (254)

n=1

Now substitute t = r/a, a = ¥ — ¢ into (25.4) to get (25.2). This proves the theorem.
¢ The solution of the external boundary value problem can be derived from (25.2)
by using the change a — r and r — a (i.e., simply by changing the sign).

Theorem 25.2. The solution of the second boundary value problem (24.55) for a circle
r < a can be represented by the formula

u(r, ) =C — % /f(w) Infa® + r? — 2ar cos(vp — ¢)]dv, (25.5)

called by the Dini formula or integral.
Proof. Substitute the values of the coefficients «,, and f3, into expression (24.55).

Interchanging the summation and the integration yields

r

u(r,¢) = c+§]f<w>il(—)"cosn<w - ) di =

n\a

=042 [rwmed L () w0 n ? [ ruReS v (259

n=1

where ¢t = (r/a)"e™, a =1 — ¢, |t| < 1.
Using the known expansion

o0 n

1 t
| = — tl <1
RN

and taking into account that

1. a®+1r%—2arcosa

m\" na| _
Reln(l—t):1n|1—t|:1n‘1—<a> e —21n - ,
we find i
a a® + r? — 2ar cos «
ulrip) = € = 5o [ oy T2 gy,

and, taking into account the solvability condition for f(v))
i) = C = 5= [ £(6)afa 447  2ar cos(u — )] o,

Q. E. D.
The summation in the series (24.57) is performed in a similar way giving the
solution of the external boundary value problem for a circle.
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26 Separation of variables in Helmholtz’s equation

26.1 Separation of variables in Helmholtz’s equation
in polar coordinates

Let us consider Helmholtz’s equation for a circle
Au 4 k*u =0 (26.1)
with boundary conditions of the form

() tlha = 18) or () 1 = glp). (26.2)

Let Au + k*u = 0. In polar coordinates, this equation takes the form

10/ ou 1 %u

——(r—)+ 555 +ku=0. 26.3
T8T<T3T>+T28g02+ “ (26.3)
We seek a solution of Eq. (26.3) by separation of variables in the form:

u(r; ) = R(r)®(p).

We obtain & d R

?%(r}z’) + ﬁcb” + kK*®R = 0.
By multiplying both sides by 7?/(R®) and separating the variables, we find

rd , I

Rdr(rR)+k = cp—)\.
Hence,

R’ +rR + (K1 = AR =0 (26.4)
and

" + 2D = 0 (26.5)

with the conditions ®(¢ + 27) = ®(p) and |R(r)| < oo that follow from the problem
statement. The Sturm-Liouville problem (26.5) was already considered (see example
II1.2.5), and its solution is

A = 12, D, (p) = A, cosnp + B, sinnep. (26.6)

Equation (26.4) with A = n? is Bessel’s equation whose bounded solution for r < a
has the form

R,.(r) = CyJ,(kr). (26.7)
As a result, the solutions of the original equation are given by
u(r, @) = Z Jn(kr)[A, cosnp + By, sinny). (26.8)
n=0

Determine the coefficients A,, and B,, from boundary conditions:
(a) For boundary conditions of the first kind, expanding f(y) in a Fourier series,
we find

a > :
Ulr—q = f(@) = ?0 + Z(an cosny + (3, sin np).

n=1
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Hence, assuming that ka is not a root of a Bessel function [i.e., J,,(ka) # 0, m = 0, o],
we obtain

Ao2Jo(ka) = g, ApJn(ka) =y, BpJ,(ka) = By, (26.9)

where «,, and (3, are determined by formula (24.46) and the solution of the problem
is unique and has the form

ao Jo(kr) = Jn(kr) ‘
u(r, @) 2 Jo(ka) + Zl 7. (k) [, cos np + (3, sin ne. (26.10)
If ka is a root of a Bessel function [J,,(ka) = 0, m = 0, 00], then the solution exists
only if the coefficients «,, and (3, are equal to zero for n = m. In this case, the solution
is not unique since the coefficients A,, and B,, cannot be determined from relation
(26.9). If only one of the coefficients, «,, or 3,, is nonzero for n = m, the problem has
no solution.

(b) Similarly, for boundary conditions of the second kind, we find

0 A > _
8_?; L 9(p) = % + ;(dn cos ny + [, sinny),

where @, and 3, are determined by relation (24.46) in which the functions ¢(z) and
Y (z) should be replaced by the functions ¢(x) and ¢ (x). Thus, on the assumption
that ka is not a root of the derivative of a Bessel function J) (z), n = 0, 00, we obtain

550 dn Bn

Ag=—9— A, = B, =
O 2%k (ka)” " kJM(ka) T kJ(ka)

and the solution of the problem is unique and has the form

ag Jo(kr) I (kr)
ulr ) = 5 kJy(ka) Z kJ! (ka )[a” cosmp + f,sinng, (26.11)

otherwise, as for boundary conditions of the first kind, the problem has no solution or
its solution is not unique.

If Au— k*u = 0, then, instead of formulas (26.10) and (26.11), we obtain, respec-
tively,

@Io(kr) 21, (kr)

= i 26.12

u(r, @) 5 Io(ka) ], (k:a) [, cosnp + (3, sin ng), (26.12)
Oéo Io(k > .

u(r,p) = > AC k[’ Oén cosny + (3, sin ny|, (26.13)

where [,,(x) is a modified Bessel function of the first kind. In this case, the solution
exists for any value of ka and is unique since the Sturm—Liouville problem Au—Au = 0
has no positive eigenvalue and, hence, the value of k% cannot coincide with some
cigenvalue. Note that this conclusion also follows immediately from formulas (26.12)
and (26.13) since the modified Bessel function of the first kind 7,,(z) and its derivative
have no zeros (see Sec. “The Sturm-Liouville problem for the Bessel equation” of Part
I11).
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26.2 Separation of variables in the Helmholtz’s equation
in Cartesian coordinates

Let us consider Helmholtz’s equation

Au — K*u =0, 0<z<p 0<y<yq, (26.14)
with boundary conditions
(@) uly—0 =(z), uly—g=1(2), Uls=o=uls—p =0 (26.15)
or
ou ou — ou Ju
b) — = — = — = — =0. 26.16
( ) ay y=0 90(1‘)7 ay Yy=q w(l‘)7 al‘ =0 aﬂ? T=p ( )

Problems with such boundary conditions arise upon reduction (see Sec. “Separation of

variables in Laplace’s equation”) of a Neumann problem (provided that it is solvable)

and a Dirichlet problem for Helmholtz’s equation with arbitrary boundary conditions.
Seek a solution of Eq. (26.14) by the Fourier method in the form

u(z,y) = X(2)Y (y). (26.17)
Substitute (26.17) into (26.14) to get
YX"+ XY - KXY = 0.
Multiplication of both sides by X (x)Y (y) and separation of variables yields

X// Y//
YTy
or
X" —AX =0, Y+ (=k*+ \)Y =0. (26.18)

From the original problem for the first equation of (26.18) we obtain the Sturm-
Liouville problem

X(0)=X{p) =0, [X(z)] <00
whose solution has the form (see example I11.2.2)
2
A= —(ﬂ) = —w?, Xn(z) =C, sin L (26.19)
p p

Substitute A, into (26.18) to get

Yo (y) = eVt 4 B e VOt — A coth(y/w2 + k%y) + By sh(y/w? + k2y).
Thus,

u(z,y) = Z[/_ln ch(yv/w? + k2y) + B, sh(y/w2 + k2y)] sinw,,

n=1

where A, = Aann, B, = énCn.
(a) From the boundary conditions of the first kind we find

. TnT ™mr
Uly— O—Zansm—, Uly—yq Zﬁnsm—,
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where

p
0

p p
a, = — / o(x) sinw,x dz, Bn = g/w(a:) sinwy,x dz.
b 0
Hence, for the coefficients A, and B,, we have the system of algebraic equations
A, = ay,
A, coth(y/w2 + k2q) + B, sinh(\/w? + k2q) = 3,.
Then

An = O,
_ 1
B, = ){ﬁn—ancoth( w2 + k2q)}.

" sinh(y/w? + kg

Finally,
u(z,y) = Z ay, coth(y/w? + k2y)—
n=1
sinh(y/w2 + k2y)
sinh(y/w2 + k2q)
The solution of the problem (26.16) can be found analogously.
O Equation Au + k*u = 0 is worked in a similar way. It should only be checked

whether the value of k2 coincides with some of the eigenvalues of the Sturm-Liouville
problem (see the preceding section).

(B — cv, coth(y/w? + k2q)] } sin wy,x.

26.3 Separation of variables in Helmholtz’s equation
in spherical coordinates

Let us turn to an example where the solution of Helmholtz’s equation in spherical
coordinates can be found by separation of variables. Let us restrict ourselves to the
case where the boundary conditions are independent of the variable ¢. In the general
case, the solution is similar to that obtained in example 24.7.

Example 26.1. Find a solution of Helmholtz’s equation for a sphere:
ou
or

Solution. In spherical coordinates, Helmholtz’s equation takes the form

Au + 25u = 0,

=cosf, 0<r<m.

r=m

10/ ,0u 1 0/ . Ou 1 J%u

Neither the equation nor the boundary condition involves the variable ¢; therefore, we
assume that du/0p = 0. Seek a solution by the Fourier method in the form

u(r,0) = R(r)©(0). (26.21)

Denote IR 4o
r_ et . _
R = o and © 0
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Substitute (26.21) into (26.20) to get

9i<2dR>+ n i(siné’@)—l—Zf)R@:O

r2ar\" dr r2sin 6 df 00
or o
) ) o B
ﬁ(QTR/ +r*R") + .~ Sin9(005 00 +sin#O) + 25RO = 0.
Multiply both sides by r?/©R and separate the variables to get
2rR' + r*R" 9 1 L
— 5 + 25r° = —@Sine(cosé’@ +sin6O) = .

As a result, the function R(r) is determined from the equation
R’ +2rR + (257> = \)R = 0, 0<r<m, |r]<oo,

and the function ©(0) is a solution of the Sturm-Liouville problem

O+0Octgh+10=0, 0<0<7, |00) < . (26.22)
The solution of the Sturm-Liouville problem (26.22) is

An =n(n+1), 0,(0) = A, P,(cosf), n=0,00
(see example II1.15.1). Substitute A, into the equation for the function R(r) to get
n(n+1)

S| =0,

2
R'+ =R+ [25 —

r

We seek a solution of this equation in the form

R(r) = z(r)r /2.
Then
1

R(r) = Tfl/zz’(r) - 57’_3/22(7“);

3
R'(r) = r=Y22"(r) —r=322(r) + Zr’5/2z(7").

For the function z(r), we obtain the equation

1\2
r?2 ' + [(57")2 - (n + 5) }Z =0. (26.23)

The general solution of Eq. (26.23) has the form
Zn(r> = Ban+1/2(5T) + Cann71/2(57n>7

where B,, and (), are arbitrary constants.
For the function R, (r) we obtain

Rn('l") = 7071/2 [Ban+1/2(5T) + CnNn+1/2(5T)]- (2624)
In view of the well-known property of the Neumann functions that

hm0 Npj12(x) = —o0,

r—+

we have C,, = 0 and
Rn(r) = Bnr_1/2(]n+1/2(5r)'
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Then the solution is written as

B,
— Jn+1/2 (57") .

Un(r,0) = R, (r)0,(0) = A, P,(cos ) NG

Summing up this expression over n, we find

o0

= A, Pu(cos0)r 2 T o (5r), (26.25)

n=0

where A, = A, B,. From the boundary condition

Jdu

or

we calculate the constants A,. To do this, differentiate u(r, 0) (26.25) with respect to
r:

= cos 0, (26.26)

r=m

Iu g c2 L s

ol = nEO AnFy(cost) [5J 11/2(57)r /2 - 5" / Jn+1/2(57")] o

=3 AP (cost) [5.112(57) = — 2T jal5m)|. (26.27)
— VT 2473

Expand cos @ in a Fourier series of Legendre polynomials. The function cosf is a first
degree polynomial in cosf. Hence, the Fourier series of this function will not contain
polynomials of higher than the first degree. Since

Py(z) =1, P (z) =z,
then .
cosf = 0- Py(cosf) + Py(cosf) + Z 0- P,(cosb). (26.28)

n=2
Hence,

Qp = 5711

Substituting (26.28) and (26.27) into (26.26) and equating the coefficients of identical
polynomials P, (cosf), we obtain

A, = (xn/ [5J +1/2(57")7 - %\/—_ n+1/2(57“)] n = 0,00,

or

A, =6 [5J (BT —= — = +1/2(57r)}

Then

J3/2(5T)

u\r = 2(\/7_1-)3 COSs
(r,6) Pi(eos0) 22

[107TJ3 o(57) — J3/2(57r)]

In view of relations (II1.5.13), we get

2 .
u(r,0) = —;T— (SH; o Ccos 57“) cos f.
r r
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27 The Green’s function method

In preceding sections we have considered the Fourier method that allows us to rep-
resent a solution of a boundary value problem as a Fourier series of the eigenvalues of
the corresponding Sturm—Liouville problem. A solution of a boundary value problem
can also be found in integral form using the Green’s function method. Before proceed-
ing to the consideration of this method, we should note that in Sec. “Poisson and Dini
integrals”, the summation of the Fourier series has resulted in Poisson’s formula (25.2)
and Dini’s formula (25.5). In integral form, these formulas represent the solution of
the Dirichlet and Neumann problems for a circle. In this section, we shall obtain the
same formulas by the Green’s function method.

27.1 The Green’s function of the Dirichlet problem

Let us turn to the Dirichlet problem for Poisson’s equation for a region E confined
by a surface Sg

Au(Z) = —F(2), re ECR" n=23; (27.1)

uw(@) = f(&), T€Sg (27.2)
This problem can be considered, for instance, as the problem of finding the electrostatic
(gravitational, thermal, etc.) potential created by charges distributed in a region
E with density p(z) = F(Z)/(47) (see the notation in Sec. “Stationary physical
properties and elliptic equations”). The potential value on the boundary Sg is given.
Generalizing the well-known approach (see Sec. “A boundary value problem with
a parameter” of Part II) to the solution of boundary value problems for ordinary
differential equations by the Green’s function method, let us formulate the following
auxiliary problem: Find the potential created by a point charge of magnitude 1/(4)
within a region confined by a grounded conducting sphere of surface Sg.

Denote the sought-for potential by G (&, ¢/). In contrast to u(Z), the function G(Z, ¥/)
depends not only on the variable ¥, but also on the parameter g that specifies the
position of the point charge. Since the point charge density can be written, using the
delta function, as —d(Z — ¢)/(4m) and the conducting sphere is grounded, we arrive at
the following boundary value problem:

AxG(fag>:_5f_g>a fagEEa

Here and below, the subscript of the Laplace operator indicates the variable upon
which it acts.

The essence of the Green’s function method is that the solution of the general
problem (27.1), (27.2) is represented in terms of the solution of a special kind boundary
value problem, that is, in terms of the function G(Z,¥), called Green’s function or a
source function.

¢ The Green’s function (source function) of the Dirichlet problem (27.1), (27.2) is

the function G(Z, %) that is the solution of the boundary value problem

AG@E ) =—6(F—7), ZJEECR" n=23 (27.3)

G(Z,9)| s, = 0. (27.4)
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From this definition it follows, first, that the Green’s function G(Z,%), being the
solution of a nonhomogeneous equation, Eq. (27.3), admits the representation

where go(7, ) is a regular harmonic function and &, (7, ¥) is the fundamental solution
of the Laplace equation, that is,

Second, the Green’s function G(Z, ) possesses the property of symmetry
G(Z,9) = G(y, T). (27.8)

Actually, put in the second Green’s function (21.2)
u(@) =G y), (@) =G(Z2).

Then

[16G.92,6(.2) - G(&.98,6(7,7) ds =

E

- [ (6@V.6.2) - 6@ 9V.6(. 7). 5).

SE

From here, in view of (27.3), (27.4), we obtain

/ (G(F, §)5(E — 2) + G, 2)8(& — )] dv = —G(,4) + G(7, %) = 0

and, respectively, (27.8). In view of the equality &,(Z,7) = &.(|7 — 7]) that signifies
the symmetry of the fundamental solution with respect to the variables Z and ¥ [i.e.,
En(Z,y) = E(Y, X)), from (27.8) it follows that the harmonic function

is symmetric as well. Therefore, not only (27.6) is valid, but
Aygo(Z,3) =0 (27.10)

as well.

¢ Returning to the physical sense of the function G(Z,%), we can state that the
principle of symmetry, formulated above for G(Z,%), is nothing but a mathematical
expression of the principle of reversibility in physics, namely: a source placed at a
point i produces at a point 7 the same action as a source placed at the point 7 does
at the point y.

O The Green’s function of the external Dirichlet problem (for infinite regions) is
determined analogously [Eqgs. (27.3), (27.4)] with the additional condition of regularity
on the function G(Z,y) — 0 as |Z|] — oo and ¥ is fixed. This condition is also
necessary for internal problems with infinite surfaces, such as the Dirichlet problem
for a semispace.

O If for Eq. (27.3) the boundary condition of the first kind (27.4) is replaced by a
boundary condition of the third kind, we come to the definition of the Green’s function
of the third boundary value problem.

Now we turn to finding a solution of the problem (27.1), (27.2).
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Theorem 27.1. If the solution of the Dirichlet problem (27.1), (27.2) exists, it can be
represented in the form

u(f):/G( 7)d —/f aeafyg " (27.11)

E

Proof. If u(Z) and Sg satisfy the conditions of Lemma 23.1, then, in view of (23.2),

/ (, ) A, u(@)d + f [u(g)M — &7, g)a“(y)]dsy. (27.12)

on,, ony,
Sg

For convenience, redenote & by ¢ in the second Green’s formula (21.2) and apply this
formula to the functions u(y) and go(Z, ¥), taking into account (27.2). Then

_/90(9?, ¥)Ayu(y)dy — f[U(zj)W — go(Z,9) 8575 )}dS =0. (27.13)

Combining (27.12) and (27.13), we have

u(®) = / Ea(,7) — g0l@ DA ()i +

E

{8~ 0l ) = (6,2 = 0l ) T L S,

ony,
Sg

In view of (27.5), this can be written

u(f) = — / G(Z, 1) Ayu(7)dy — 7{ [ (%) aiyc:( ) — G(f,g)agg)}dsy (27.14)

E SE

and simplified, in view of relations (27.1) and (27.2) for u(Z) and the boundary con-
dition (27.4) for G(Z,¥), to the relation

) = [ CEDF@AT+ § HD) 560 d5,

coinciding with (27.11).
As follows from the theorem proved, to solve the problem (27.1), (27.2), it suffices
to find the function G(Z, 7). Now we just proceed to investigating this issue.

27.2 Methods for construction of Green’s function
for a Dirichlet problem

There are several methods for the construction of the Green’s function defined by
(27.3), (27.4).

I. We begin with the generalization of the method of construction of the Green’s
function of a boundary value problem for an ordinary differential equation (see Sec.
“The Green’s function of a boundary value problem” of Part II), which is based on
the use of the eigenfunctions of the corresponding Sturm—Liouville problem and of the
expansion of the function §(Z — ) over these functions (see Sec. “The Dirac delta
function and systems of orthonormalized functions” of Part II).
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Thus, we consider, along with (27.3), (27.4), the Sturm-Liouville problem

Av(Z) + Mv(Z) =0, FTeFECRr k=23; (27.15)

v(Z) ‘feSE = 0.

Let v, (Z)/||vn(x)]| be a complete orthonormalized system of the eigenfunctions of this
problem with eigenvalues \,, n = 1, 0o. We seek the function G(Z, %) in the form of a

series
o0

Z Ty 4” (27.16)

=1

In this form, the function G(Z,7) already satisfies the boundary condition (27.4).
Substitution of (27.16) into Eq. (27.3), in view of (27.15) and the expansion

o= =3 e

yields

z An (@) = =3 Ardatnl®) _ 55 e (@)
o] = ,

[[on

n=1 n=1

whence, on condition that A, # 0 for n = 1, co, we obtain

U, (Y)
A, = .
Anllvn|

Substitution of this into (27.16) yields

Oov(x

. (27.17)
nanlP

n=1

II. Let us consider next the method of electrostatic images (method of reflections).
The idea of this method, which comes from the electrostatic interpretation of Green’s
function, is that for a given point charge and a surface Sg, additional charges are
imaged in such a way that the net potential on the surface be equal to zero, as this is
prescribed by the boundary condition (27.4).

Let us consider several examples of the construction of the Green’s function in
given regions FF € R", n =2,3.

Example 27.1. Construct Green’s function for a semispace (semiplane) E : z, > 0,
S E Xy = 0.

Solution. Assume that a point ¢ lies in a semispace z, > 0. Then the point 3/
symmetric to the point y about the plane x,, = 0 lies in the semispace x,, < 0. It
can readily be seen (see Fig. 34 where the point Z lies in the plane x,, = 0) that, as
the point 3 approaches the plane x,, = 0, the symmetric point ¢/ also approaches this
plane, and these points merge together on the plane. If a charge equal in magnitude
to the charge located at the point 7, but opposite in sign, is placed at the point i/,
the sought-for Green’s function can be written in the form
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Indeed, let us act on (27.18) by the operator A, to get
AzG(Z,y) = —6(F —4)) +6(Z = 7).

From this relation it can be seen that the condition (27.3) is
fulfilled since, in the region under consideration z, > 0, the
function 6(Z—¢") = 0. Along with this, in view of the fact that
the equality |Z — ] = |# — /| holds immediately on the plane
x, = 0, we make sure that the boundary condition (27.4) is
valid:

since &,(%,7) = E.(|7 — 1])-

Finally, it can readily be verified that G(Z,y) — 0 as
|Z| — oo. This becomes quite evident if we write the Green’s function (27.18) using
the explicit form of the fundamental solutions &, (7, ¥) of Laplace’s equation

Fig. 34.

1 1 1
w7 =) "°°

G(@,9) =4 1 1 (27.19)
—<lnﬁ — —In— ), n=2
2\ |7 -9 T =7

Thus, formula (27.19) is indeed the solution of the problem (27.3), (27.4) for the
region x,, > 0.

Example 27.2. Construct Green’s function for the interior of a sphere (circle) E:

Solution. Let a point ¢ € E, ¢ # 0, and i = 47r?/|y]?
be the point symmetric to y about the sphere (Fig.
35), that is,

9119 = R~*. (27.20)

Assume that at the point g there is a charge equal to
1/(4m) and then place a charge of magnitude —a/(4)
to the point ¢. Since ad(Z — ') = §([Z — ¥]/a), we
seck Greenfdgudetion in the form

G(Z,9) = =& (17 = §1) + Eu(|7 = |/ ). (27.21)

Let us choose a value of «a such that the function G(Z, %) vanish on the boundary Sg.
Note that the triangles OZy and Oxy’ are similar: they have one angle in common and
their adjacent sides, according to (27.20), are proportional. Therefore, on the surface
Sg: |Z] = R the relation

k|77
gl 7=l
is valid, and, hence, in view of (27.21), we should put o = R/|y]. Then

7 2
. T 7] TR — hvid —| y — —
G(&. ) = ~EulE1)+ E711771/B) = ~Ex(# ) +£, (D~

U
912

). (27.22)

By virtue of (27.20), this formula is also valid for i = 0:
G(7,0) = —&,(|7]) + En(R). (27.23)
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As in the preceding example, one can readily verify that formulas (27.22) and (27.23)
satisfy the problem (27.3), (27.4) and write out them in explicit form for n = 2 and
n=3J.

Following the principle used in the above examples, Green’s functions can be found
for various regions: a dihedral angle, a sector, a semisphere, a semicircle, and the like.

II1. Let us now consider a method which is a combination of those described above.
We restrict ourselves to considering a three-dimensional spherical region E: |7| < R,
Sg: |Z| = R. The solution of the problem (27.3), (27.4) is sought in the form of (27.5).
For n = 3 it becomes 1

inlz — g

G(Z,9) =

Thus, the problem (27.3), (27.4) is reduced to the following

+ 90(Z, %) (27.24)

We seek a solution of this problem by the method of separation of variables. Taking
into account the geometry of the problem, we use a spherical coordinate system with
the origin at the center of the sphere and the z-axis directed along the vector i. With
this choice of Z(r, ¢, 0) and 7(p,0,0), the boundary conditions are independent of .
Following example 24.7, we find the function go(Z, ) in the form

ZA < ) . (cos 0). (27.26)

To determine the unknown coefficients A,,, substitute (27.26) into (27.25) to get

- 1
ZAnPn(cos 0) = — - - —
- 471'\/7’ + p* —2Rpcost

1
N _47TR\/1 —2(p/R)cosf + (p/R)? (27.27)

Since p/R < 1, the right side of this expression can be considered as a generating
function of Legendre polynomials (see Sec. “Legendre polynomials” of Part III). As a
result, formula (27.27) can be written

ZA P,(cosb) —%2( ) . (cosB),

whence

in view of which we find
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The point 3/, symmetric to the point 4 about the sphere Sg, will have coordinates
(0',0,0), where p' = R*/p < R. Then

oo 1 /7 \»
90(Z,y) = IR (;) P, (cos ).
n=0

Relation r/p’ < 1 enables us to convolve this series to a generating function, that is,
to get

L 1 1
90l 5) = ATR /1 —2(r/p') cos 0 + (r/p/)? B
__F 1 _
A7 R V()2 = 2p'r cos 0 + 12 B
B 0 B R B R
C RE-§| AmplE -] 4nlgllE - §)

Returning to (27.24), we find the explicit form of the sought-for Green’s function

1 1 R
7, 7) = — - 27.2
@9 = (7=~ E-) 272

that coincides with (27.22) for n = 3.



CHAPTER 6
Hyperbolic equations

28 The Cauchy problem for the one-dimensional
homogeneous wave equation. D’Alembert’s formula

Let us consider a one-dimensional hyperbolic equation on an infinite interval, which
describes free vibrations of an infinitely long string:

2
Uy — AUy = 0, —00 < T < 00
’ K 28.1
u(z,0) = o), u(x,0) = (). 250
Theorem 28.1. The solution of the Cauchy problem (28.1) has the form
1 1 T+at
e, t) = 3l + at) + olz = at)] + o [ (). (28.2)
z—at

Formula (28.2) is called d’Alembert’s formula.
Proof. The characteristic equation for Eq. (28.1) is (see Chap. 2)
(dz)? — a*(dt)* =0
which is equivalent to two equations
dx — adt =0, dx + adt = 0,
whose general integrals have the form
Uy (z,t) =x —at = CY, Uy(x,t) = x + at = Cy (28.3)
and, as shown below, play an important role in solving the problem.
Introduce new variables on the plane xOt:
a =z + at, B =x—at. (28.4)

Then
Ou  Ou  Ou ou ou ou

g da 05 o "da 38
and, correspondingly,
Pu  Du Pu Pu Pu L, 0%u Pu  u
= +2 + ; =a ( -2 + )
ox?  da?  Oadf OB Ot? da?  Oadf  Op?

Substitute these expressions into Eq. (28.1) and rearrange this equation to get

—4a? angﬁ —0 o a%@%) —0. (28.5)
Hence,
=B, ulad) = [+ f)
Thus,

u(a, 3) = f(a) +9(B),
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where f(«) and g(f) are arbitrary twice differentiable functions. Returning to the
original variables, we obtain

u(z,t) = f(x +at) + g(x — at). (28.6)

Define f(z) and g(z) so that the initial conditions be fulfilled. From the initial condi-
tions (28.1), we find

f@)+g(@)=e(@),  alf'(x) —g')] = v(z)

and

1 €T
@) = 9() = 3 [y + €.
o
where C' is an arbitrary constant. Hence,

1

fla) = 59(a) + 5o [y + 5,

%o, (28.7)
o) = 3olo) = 5o [y -5,

Substituting (28.7) into (28.6), we obtain
r+at T

| 1 1 1
ulat) = gelatat) + oo [ vy + e —at) = 5o [ v

0

from which follows formula (28.2).

¢ From d’Alembert’s formula it follows that the solution of the problem (28.1) is
unique.

¢ The function u(z,t), defined by d’Alembert’s formula (28.2), describes the prop-
agation of the initial displacements and the influence of the initial velocities of the
string points on this process. Indeed, the characteristics (28.3), as follows from (28.4)
and (28.6), are level curves for the functions g(z — at) and f(z + at). Along these
curves, the functions g(C4) and f(Cs) are constant. Graphically, this means that the
string displacement from the position of equilibrium, fixed at a point x and equal to
g(C1), uniformly propagates along the Ox-axis with velocity @ in the positive direction
(to the right), keeping its value. Correspondingly, the displacement f(C5) uniformly
propagates along the Oz-axis with the same velocity a in the negative direction (to
the left). In physics, the waves described by functions of this type are called traveling.
The function u(x,0) describes the string profile at ¢ = 0.

Thus, the general solution of the Cauchy problem for an infinite string is a su-
perposition of two waves f(x + at) (forward wave) and g(x — at) (backward wave)
propagating, respectively, to the right and to the left with the same velocity a.

Example 28.1. At time zero, an infinite string has the shape shown in Fig. 36. Con-
struct the string profiles for the points in time ¢, = [k/6a, where | = d — ¢ and
k=1,2,3,4, and 11. Find a region where the solution of the problem, u(x,t), is zero
for t > 0.
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Solution. By the data of the problem, the function ¢ (x) = 0. Then, in accordance
with (28.2),

u(z,t) = %[go(x —at) + o(z +at)] = %go(x —at) + %@(w + at),

where () is specified graphically (see Fig. 36).
At t = 0, the forward wave $p(z — at) and the back-

@)
ward wave %go(:c + at) merge into one wave with the am- 33— — —
plitude $¢(z). In a time ¢ > 0, the forward wave will
move without distortion to the right for distance at and 1—d
the backward wave will move to the left for at. Adding up 0 ¢ =d-c¢ Tz
the plots of the displaced forward and backward waves at
fixed times t;, we obtain the string profiles at these times Fig. 36.
(Fig. 37).
backward wave fu(z, t11) forward wave
~ 11 = 11l/(6a) g
% d T
Au(SU, 4) ty — 4l/(6a)
; % d T
(2, t) t3 = 31/(64)
({; d T
el L e
% d T
; c d T
u(z,0) = (o) —
M 6
0 ¢ d z
Fig. 37.

For solving the second part of the problem, we can use Fig. 37. However, since
the times ¢, are fixed, complete information about the regions where u(x,t) = 0 can
be obtained by displaying the propagation of vibrations over the phase plane xOt
(Fig. 38). Plot on the Oz-axis of the xOt-plane a segment |[c, d| corresponding to the
region of initial displacement. Construct from the point d a characteristic x — at = d
corresponding to the displacement of the leading edge of the forward wave. Construct
from the point ¢ a characteristic x — at = ¢ describing the displacement of the trailing
edge of the forward wave. The region between these characteristics is the region of
propagation of the forward wave. Similarly, the characteristics x+at = ¢ and x+at = d
correspond to the motion of the leading and trailing edges of the backward wave and
the region between them is the region of propagation of the backward wave. Thus, the
above characteristics set aside three regions (I, II, and III) of the phase plane where
the solution u(z,t) is equal to zero.
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backward wave N forward wave
t

tat =d T—at=c
trailing trailing
edge edge
III1. u(z,t) =0 T—at=d

T +at=c leading edge

leading edge
I1 w(z,t) =0\ N ts / I u(z,t)=0
=N S
NS SN =
0 c . d A B {4
Fig. 38.

If we draw on the phase plane straight lines t = ¢, the points of intersection of
these lines with the characteristics indicate the regions of propagation of the initial
displacement from the Oz-axis. On the other hand, if we fix the coordinate x, we
can follow the propagation of vibrations in time. Thus, the observer being at a point
x > d at time zero sees the string in equilibrium, then observes the propagation of
the leading and trailing edges of the forward wave, and then again sees the string in
equilibrium. The observer being at a point x < ¢ observes a similar picture. At a
point ¢ < x < d, the observer sees the interaction of the trailing edges of the waves
after which he observes the string in equilibrium as well. In all cases, at any point
x, as a certain time elapses, the string returns to the position of equilibrium. In this
case, Huygens’ principle is said to be valid.

Naturally, all the foregoing holds provided that the string is infinite and the bound-
ary conditions have no effect on its behavior in the region of finite values of x. This
enables one to estimate the string length from the condition L > aT', where |0, 77 is
the time interval in which the vibrational process is considered.

In conclusion, we give a geometric interpretation of d’Alembert’s formula for the
solution of the problem under consideration: the solution u(M) at a fixed point
M (s, tyr) of the phase plane is determined only by the initial displacements at the
points A(xy —at,,,0) and B(xzy +atyy, 0) where the Oz-axis intersects with the char-
acteristics passing through the point M (Fig. 38). The triangle M AB is called the
basic triangle for the point M. From the viewpoint of the observer being at the vertex
M of the characteristic triangle, the string can be considered infinite if the point M
is at a distance over aty; from the string ends. The points A and B are points where
the initial value of p(z) affects the value of the solution u(x,t) at the point M.

It should also be noted that the plots of the function u(z,t) in these examples
contain piecewise lines and discontinuities, which contradicts the requirement of con-
tinuous differentiability of the function wu(z,t) and its partial derivatives, the second
ones included. This contradiction can be treated in two ways. On the one hand, it can
be assumed that the functions are smooth in the neighborhood of discontinuities and
the piecewise lines are used just for convenience. On the other hand, we can consider
the solution of the problem (28.1) in the class of generalized functions which admit
such solutions and, moreover, in other physical interpretations (acoustic waves, etc.)
having natural physical substantiations (shock waves).
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29 Initial boundary value problems for the one-dimensional
nonhomogeneous wave equation

29.1 The Cauchy problem

Let us consider a vibrating infinite string subject to the action of an external force
characterized by a quantity F'(z,t), a force related to a unit mass:

U — AUy = F(2,1), —o<r<oo, t>0;

Equation (29.1) is a nonhomogeneous wave equation.
As for the homogeneous equation (28.1), we use relations (28.4) to introduce new
variables 1 and ¢. Equation (29.1) will then take the form (28.5)

(29.1)

0%*u B _L
00n  4a?

F(n,€), (29.2)

where F(n, &) is the function F'(z,y) written in the variables n and &.

While the solution of the problem (29.1) in the /
variables x, t is sought in the region 0 < x < oo, t >
0 (the top semiplane xOt) with initial conditions
specified on the straight line ¢ = 0, the solution of
this problem in the variables 7, is sought in the
region —oo < 7+§ <00 (z = (n+¢)/2),{—n >0
(t = (¢ —n)/2a) with “initial conditions” specified
on the straight line £ —n =0 (Fig. 39).

To find the general solution, we rewrite the sec-
ond order partial differential equation (29.2) as a
system of two first order equations [see also (8.7)]:

X
i, T

0

aZ<777€) _ I
du(n,&)
et = Z0.6). (20.4)
Integration of Eq. (29.3) with respect to 1 on condition that £ = const yields
U
209 = [ (= ) Flan)da + 50 (295)
Y 40/2 ) )

B

and integration of (29.4) with respect to & on condition that n = const, correspondingly,
gives
S

u(n, €) = / Z(n, B)d5 + q(n). (20.6)

n

where p(§) and ¢(n) are arbitrary functions of the variables £ and 7.
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Substitution of (29.5) into (29.6) yields the general solution in the form

u(n,€) = j -2 / Fla,8)da+ p(6) |5 + a(o)
n B

or

u(n,) = 15 / { / Fla,0)dal 5+ j OAs ). (@9
n B n

The last two terms in (29.7) can be represented by the sum of two new arbitrary
functions g(n) and f(£). If we change the order of integration in the integral (29.7)
and consider the solution as a solution at point M(n,&), the general solution (29.7)
becomes

n_n
1 _
w18 = 1 [ | [ Pl a5+ g0+ 16 (209
& B
where the integration is performed over the region

n<a<p<g (29.9)

that corresponds to the rectangle M AB in Fig. 39. In view of this, the solution (29.8)
can be represented by a double integral of the form

4a2 // B)decdB + g(n) + f(£)- (29.10)

AMAB

Returning to the original variables, in view of

D(Tlvg) _ D(O[,ﬁ) _ 1 —a 2
D(t,x) D(ry) |1 o
and F(a, 3) = F(y, ), we have
u(z,t) // (y,7)drdy + g(x — at) + f(z + at). (29.11)

AMAB

To calculate the double integral, we write the equations of the straight lines M A and
MB in the coordinates 7,y as equations of straight lines with angular coefficients
+1/a, passing through a given point M (¢, x):

whence
(29.12)
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Write the double integral in formula (29.11) as an iterated one where the external
integral is calculated with respect to the variable 7. Then

t  z+ta(t—T7)
1
u(z,t) = % /dT / F(y,7)dy + g(x — at) + f(z + at). (29.13)
0 z—a(t—7)

Find the arbitrary functions g and f from the initial conditions (29.1). Differentiate
(29.13) with respect to t in view of the rule of differentiation of definite integrals with
a variable upper limit:

di/f(yat)dyz/g—{(y,t)dyﬂLV/(t)f(”Y(t),t)—ﬁ’(t)f(f}(t),t). (29.14)
Then

ut(x,t):/%[F(w—l—a(t—T),T)+F(x—a(t—7‘),7‘)}d7‘—

—ag'(x — at) + af'(z + at). (29.15)
Substitution of (29.13) and (29.15) into the initial conditions (29.1) yields the
system of equations
g(x) + f(x) = o(),
alf'(x) — ¢'(x)] = (x)

which completely coincides with that obtained in solving the homogeneous problem
(28.1) and gives a solution described by d’Alembert’s formula (28.2):

xr+at

ol —at) + pla+at] + 5 [ vy

N | —

glx —at) + f(z +at) =

Thus, the final solution of the nonhomogeneous problem (29.1) can be written

t x+a(t—) x+at
1 1 1
u(x,t) = %/dr / F(y,r)dyjt% / My)dy—l—a[go(:c—irat)—l—@(x—at)]. (29.16)
0 z—a(t—T) z—at

From formula (29.16) it is obvious that the solution of the Cauchy problem for the
nonhomogeneous wave equation with homogeneous initial conditions, i.e., the problem

fbtt — 0/2’&11 = F(l’, t),

(29.17)
a(z,0) = ay(x,0) =0,
is given by the function
t z+a(t—T)
i, 1) = % / ir / Fly, 7)dy. (20.18)

0 z—a(t—7)
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Let us show that this formula can be obtained from the solution of the Cauchy
problem for the homogeneous equation (28.1) with a rule of thumb, which is also used
below and called Duhamel’s principle.

Statement 29.1 (Duhamel’s principle). The solution of the problem (29.17) can
be represented in the form

t

u(z,t) = /v(x,t, T)dT, (29.19)

0

where the function v(x,t,T) is the solution of the following problem:

2 _
Vg — Q" Vgq = 07

29.20
= F(x,7). ( )

v‘t:’r - O’ Ut}t:T

Indeed, according to d’Alembert’s formula (28.2), the solution of the problem
(29.20) has the form

x+a(t—T)
1
vz, t, ) = % / F(y,7)dy. (29.21)
x—a(t—r)

Substitution of (29.21) into (29.19) yields (29.18), which proves the statement. More-
over, the truth of the statement can be proved by direct check.

To do this, write the derivatives of the function u(z,t), (29.18), in view of relation
(29.14), in the form

/dT[F(:E—I—a(t—T),T)+F(x—a(t—7‘),7‘)];

ou

ot~ 2a
% = F(x,t)+ /dT %[ (x+a(t—71),7)— Flx —a(t —7),7));

gz B 21a/dT[F(:E+a(t—7')>7')_F(x_a(t_T)’T)];
%:228895 dr[F(z+a(t —7),7) = F(z —a(t —7),7)].

0

Substituting 9?u/0t* and 9%u/dz?* into (29.17), we arrive at the identity 0 = 0, that
is u(z,t) (29.18) is solution of the nonhomogeneous wave equations.
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30 The Fourier method and mixed problems for
the one-dimensional wave equation on a finite interval

Let us consider the problem of transverse vibrations of a string. The mathematical
statement of this problem is (see Sec. “Equations of a vibrating string”)

Uy — AUy = f(z,1), 0< o<, >0, (30.1)
uli—o = (),  Uili=0 = VY(2), (30.2)
(1w + Brug)|z—o = pa(t), (ou + Botig)|omr = pa(t),

where a* = T'/p. Let us first consider a mixed problem with boundary conditions of
the first kind, i.e., a1 = g = 1, 4 = (o = 0. Analyze the problem in more detail
and using it as an example, follow the relation between the Fourier method and the
Green’s function method.

30.1 The homogeneous mixed problem
with homogeneous boundary conditions of the first kind

Consider a vibrating string of length [ with fixed ends. This physical process is
associated mathematically with the following mixed problem:

Uy — Pz =0, 0<a<l, t>0, (30.3)
u(z,0) = ¢(x), w(z,0) = P(z), (30.4)
u(0,t) = u(l,t) = 0.

We seek a solution by the method of separation of variables. For doing this, represent
the function u(x,t) in the form

u(z,t) = X(x)T(t). (30.5)
Then
T// 2X” 0
T X
Denote o T
— = — =a’\
x T "
For the function X (z), we arrive at the Sturm-Liouville problem
X"—AX =0,

X(0)=X(I) =0, otherwise T(t)=0. (30.6)

The solution of the Sturm-Liouville problem (30.6) was obtained in Example I11.2.2:

2
X, (x) = A, sin WTm, An = _(7?772) , n=0,00. (30.7)
Substitute A, (30.7) into the equation for T'(t) to get
T + (ﬂ)QaQT =0
l :

The general solution of this equation has the form

T, (t) = C,, cos WTnat + D, sin WTmt. (30.8)
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Taking into account that w,(z,t) = X, (x)7T,(t) and summing up over all n, we obtain
77

)
[e.9] B t _ t
u(z,t) = Z [C’n cos c;n + D, sin m;n ] sin #, (30.9)

3
—_

where C,, = A,,C,, and D,, = A,,D,,. In this case, the initial conditions

u(z,0) = C,, sin —— e Z ay, sin

n=1
. _ 7na . T
u(z,0) = E D"T sin —— E B, sin —x
n=1

must be fulfilled. Here a,, and (3, are the Fourier coefficients of the functions ¢(z) and
Y (x), respectively:

!
2
an =2 [ elwsin = ay,
0 (30.10)
2 ™
G, = 7 /Q/J(y) sin Tydy.
0

Two Fourier series of orthogonal functions are identical if the corresponding coefficients
of these series are equal. Hence,

_ _ 13,
C, = g, D, = g .
wan
As a result, we obtain
- mant 153, mant ™I
tZE[n i ] , 30.11
u(x,t) 2 O €08 — + o S| sin— ( )

Example 30.1. Find the law of the vibrations of a string of length 1/2 with fixed
ends. The initial velocity is equal to zero and the initial displacement is given by the
function u(x,0) = xz(z — 1/2).

Solution. This physical process is associated mathematically with the mixed problem
Ust = AU (30.12)
u(z,0) = z(x —1/2), w(x,0) =u(0,t) =u(1/2,t) =0 (30.13)

for the half-strip 0 < z < 1/2, 0 < t < co. Seek a solution by the method of separation
of variable. To do this, represent the function u(x, ) in the form

u(z,t) = X()T(t). (30.14)
Denote Ix JT
X _ o ATz
dx ’ dt
Substitute (30.12) into (30.14) to get
. T X
TX =a*X"T, — ===\
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or

.. 1
T-AT =0, X'——\X=0.
a
Substitute the function (30.12) into the boundary conditions (30.13)
X(0)T(t) = X(1/2)T(t) = 0.

Thus,
X(0)=0, X(1/2)=0.

Denote A = Aa?, and then
T — \a’T, X" —AX =0.
For X (x), we arrive at the Sturm-Liouville problem
X"—AX =0, X(0)=X(1/2)=0,
whose solution has the form (see Example I11.2.1)
X, (z) = By, sin 2mnz.

For the function 7'(t), we obtain

T + 47*n%a®*T = 0.
Compose a characteristic equation

k? + 4n*n*a* = 0

whose roots are
k = +12mna.

Hence,
T, (t) = C,, cos 2mnat + D,, sin 2wnat

and

up(z,t) = X, ()T, (1).
Summation over n yields a solution of Eq. (30.12) satisfying the boundary conditions
(30.13):

u(z,t) = Z [6’n cos 2nat 4+ D,, sin 2mnat] sin 2mna.

n=1

Here ﬁn =D, B, and @L = (), B,, are constants to be determined from the boundary
conditions (30.13). From the first condition we find

o0 . 1 o
u(z,0) = Z C,, sin 2mnx = x(:c - 5) = Z(xn sin 2mnx
n=1 n=1

with the Fourier coefficients of the function ¢(x) = z(z — 1/2) given by
l

/90(3:) sin(2mna/1)dz.

0

Qy =

~ Do

Equating the coefficients of identical functions sin 27nx, we obtain

C, = a,.
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Similarly, from the second boundary condition

uy(z, t) = Z sin 27na(—Cy,2mnasin 2rnat + Dy, 2mna cos 2mnat),

n=1
u(x,0) = Z sin 2mna D, 2mna = 0
n=1
it follows that _
D, =0.

Find the explicit form of the coefficients a,:
1/2
a, =4 / z(x — 1/2)sin(2wnz) d.
0

Integrate by parts, putting
U=ux(x—1/2), dU = (22 — 1/2)dx;

dV = sin 2mnax dz, V = ———cos2mnz,
2mn
to get
2 V2 2
an:4[:p(x—1/2)< s 7Tn:c / 2x — 1/2) cos2mnx dx|.
C2mn
0
Integrate by parts once more:
4 1 cos 2mnx \ |1/2 1 1
n=————| ———— =— —(=)"+1] = —-1)" —1],
“ 27m< 7m> < 2mn )‘o 7r3n3[ (=1) ] m3n3 (=) ]
ie.,
2
agy, = 0, k41 = — 32k + 1)
Hence,
1 0, n = 2k;
Co= 5l = 1] = :
mn? - =2k+1
Bk TR

where k£ = 0, 00. Finally, we obtain

2 = sin[27(2k + 1)z] cos[27(2k + 1)at]
R
3 prt (2k +1)3
In view of the relation

sin v cos f =

[sin(a + 8) +sin(a — 3)],

DO | =
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we write

u(et) = Sl + at) + o(a — at)],

\)

2 = sin 27 (2n 4 1)¢
i~ (2n+1)°

p(€) =

The function (&) has the properties

p(€) = —¢(=6), ¢(E+1/2)=—p(), @E+1) =)
and, on the interval [0, 1/2], has the form
p(€) = £(€—1/2).
From here it follows that
c-(e-a-3), o<e-[<12
1

A-e-la)(e-le)-5) €-ll>1/2,

p(§) =

where [¢] is the integer part of &.

30.2 The fundamental solution of a mixed problem
with boundary conditions of the first kind

4 By the Green’s function ¢(z,y,t) (fundamental solution) of a mixed problem for
d’Alembert’s equation is meant a generalized function satisfying the conditions

it = 0% Gaa, t>0, 0<a<]|,
(@190 + 19)|e=0 = (Q2gs + (29)]e=1 = 0, (30.15)
gli=o =0, Gtli=0 = d(z — y).
Statement 30.1. The Green’s function of the mized problem
Git = 0% Yo, t>0, 0<ax<l,
9le=o = gle=1 =0, (30.16)

gli=o =0, Gili=o = 6(x — y)
can be represented in the form

o0
™I ™y mnat

2 : :
g(x,y,t)zzmmsm 7 sin—=sin ——. (30.17)

n=1

The first three conditions in (30.16) are fulfilled by virtue of (30.17). The last
condition of (30.16) follows from the relation

2
iz —y) zzjsin¥sin%ny, (30.18)
n=1

which is obtained from the expansion of the d-function in a Fourier series of a complete
system orthogonal functions [see (II1.2.9)]. Thus, the statement is proved.
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Let us consider the simplest properties of the Green’s function of the mixed problem
(30.17).

Property 1. The function

u(z,t) = /{gt(x,y,t)w(y) +g(z,y,t)¥(y)dy (30.19)

is the solution of the problem (30.3), (30.4).

Proof. Substituting (30.10) into (30.11) and interchanging the summation and the
integration, we obtain (30.19), where g(z,y,t) is defined in (30.17).

Property 2. The function g(z,y,t) = g:(z,y,t) is a solution of the mixed problem
gut = 0 Gac, t>0, 0<z<l,
8lz=0 = 8lo= = 0, (30.20)
8li=o =0(r —y), @tli=0 = 0.
Proof is completely similar to that of the preceding statement.
Property 3. The function

E(z,y,t) =0()g(z,y,t) (30.21)
is the fundamental solution of the mixed problem (30.3), (30.4), i.e.,
Cy — a*Cpp = 5(x —y)0(t), (30.22)

QS|I:O - Qz‘x:l - QS|t:O - ta‘t:O = 0.
Proof. Substitute (30.21) into the left side of relation (30.22) to get

Here we have used the relation 0'(t) = §(¢) and Eq. (30.16).
Now we make use of the properties of the Dirac §-function (see Sec. “The Dirac
delta-function and its properties” of Part II)

9:0(t) = gelt=0d (1),
90'(t) = gli=00'(t) — gtle=06(?).
Then
Eit — a*Epn = li=od' (t) + geli=0d(t) = 5(z — y)d(2).
Here we have applied the initial conditions (30.16) to the function g(z,y,t). The

initial and boundary conditions (30.22) follow from the corresponding conditions for
the function g(x,y,t). Thus, Property 3 is proved.

Property 4. The function
t l
i) = / dr / o, gt — 1) f (g, 7)dy (30.23)
0 0
is a solution of the problem
Uy — AUy = f(2,1), (30.24)

Uy = Ulpey = Ult—o = Ust|t=o = 0.
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Proof. In view of relation (30.23), we have

t l
U (2,1) = /dT/gm(x,y,t—T)f(y,r)dy
0 0
and, similarly,
t l !
iy = /dT/gt(x,Z/,t—T)f(y,T)dy—i-/g(x,y,O)f(y,t)dy. (30.25)
0 0 0

By virtue of the initial conditions (30.16) for the function g¢(z,y,t), the last term
is equal to zero. Thus, the validity of the initial boundary conditions in (30.25) is
obvious. Differentiation of relation (30.25) with respect to ¢ yields

t l l
att :O/dTO/gtt(xayat_T)f(y77->dy+O/Qt(xaya())f(yat)dy'

Thus, in view of this relation and the definition of Green’s function g(z,y,t) in (30.16)
and by virtue of the properties of the d-function, Property 4 is proved.

30.3 The nonhomogeneous mixed problem
with nonhomogeneous boundary conditions of the first kind

We seek nonzero solutions of the equation

Uy = Uy + f(2,1), (30.26)

satisfying the conditions
u(0,8) = m(t),  ull,t) = pa(t), (30.27)
u(z,0) = ¢(x), u(z,0) = (x). (30.28)

The solution of the problem can be carried out in several steps.
1. Introduce a new unknown function v(z,t), putting

u(z,t) = w(z,t) +v(x,t),

where w(z,t) is an arbitrary function satisfying the conditions w(0,t) = u(¢) and
w(l,t) = po(t). The simplest form of such a function is

w(e,t) = (t) + T ua(t) = ()

Then, for the function v(z,t), we arrive at a mixed problem with nonzero (homoge-
neous) boundary conditions:

Vg — a*0pe = f(2,1), (30.29)
v(0,t) =v(l,t) =0, v(x,0)=@(x), wv(x,0)=1(t),

where
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2. The solution of the mixed problem (30.29) can be represented in the form

v(x,t) = L(x,t) + M(x,t), (30.30)
where
Ltt — G/QL:)::): = 07
N - (30.31)
Lli—o = ¢(x), Li|i=o = ¥(x), Lls=o = L|s=1 =0
and

My — GQMwa: = .f(xvt)a
M=o = Mi|i=0 = M|,=0 = M|,=; = 0.
3. According to (30.11), the solution of the mixed problem (30.31) has the form

N t Bl t
L(z,t) = Z [o‘zn cos 7TC;TL + fcm sin 7TC;TL ] sin mlw, (30.33)

(30.32)

n=1

where
!

2 _
Qp = 7/@(9) sin WTnydya ﬁn — \/w SlIl—

0

4. The solution of the problem (30.32) is sought as an expansion in the eigenfunc-
tions of the Sturm-Liouville problem (30.6)

Z O,.(t) sin Lm (30.34)

where the functions ©,,(t) are to be determined. From (30.32) it follows that
0,(0) = @..(0) = 0. (30.35)
Substitution of (30.34) into (30.32) yields

S [er (20 0, sin ™ o)

Expand the right side of this equation into a Fourier series in the eigenfunctions of the
Sturm-Liouville problem (30.6)

Z Fu(t) sin @, (30.36)

l
/ sm — dy
0

and equate the coefficients of the Fourier series on the right and on the left side. Then,
for the function ©,,(t) we obtain the following equation:

2
O + (#) O, = fult) (30.37)

NIN)

with the initial conditions (30.35).
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We seek the solution of Eq. (30.37) by the Lagrange method:

On(t) = pu(t) cosw,t + qn(t) sinw,t, W = Wéﬂ,

where the functions p,(t) and ¢,(t) are determined from the system of equations
Pl (t) coswyt + ¢, (t) sinw,t = 0,
P, (1) (—wy) sinw,t + ¢, (t)wy, coswy,t = fi(1).

As a result, we have

t
1
pu(t) = —— /fn(T) sin w, 7dT —I—pg,
Wnp,
0

t
1
qn(t) = — / fn(7) cosw,TdT + ¢°.
wn
0
From the initial conditions (30.35), ¢% = p® = 0. Hence,

t
1
O,(t) = — / fn(T)(—sinw,T cos wpt + cos w, T sin wyt)dr =
0

t

_ wi / £.(7) sinwn (t — 7)dr.
0
Thus,
=1 / . L Wpt
M(z,t) = ; o 0 fo(T) sinw, (t — 7)d7 sin — (30.38)
Substitution of (30.36) into (30.38) yields
t !
M(z,t) = /dT/f(y,T)g(x,y,t—T)dy, (30.39)
0 0
where the function g(x,y,t — 7) is defined by relation (30.17).
Finally,
u(z,t) =v(z,t) +w(x,t); (30.40)

wirt) = (1= )mlt) + Fralt)
v(x,t) = L(x,t) + M(x, 1),

where the functions L(x,t) and M(xz,t) are given by relations (30.33) and (30.39),
respectively.

Example 30.2. Solve the mixed problem

Upp = Uy, O<x<m, t>0; (30.41)
w(0,t) =%, wu(mt)=1t* u(z,0)=sinz, wu =0.
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Solution. We seek a solution, following to the general scheme (30.40), in the form
T2 | Lo 2
u(z,t) = v(x,t) + <1 - —)t + —t* =wv(z,t) +t°.
T T

For the function v(x,t), we have the following mixed problem:

Vgt = VUgy — 2; v(0,t) =0, o(m,t)=0; (30.42)
v(z,0) =sinz, v(z,0) = 0.

Seek a solution of the problem (30.42) in the form
v(x,t) = L(x,t) + M(x,t),

where L(z,t) is a solution of the homogeneous equation

Ltt - Lzm
L|z=0 = L|z:7r = 0; (3043)
L|t=0 = sin Z, Lt|t:0 = 0,

and M (z,t) is a solution of the nonhomogeneous equation

My = My, + 2 (30.44)
with nonzero boundary and initial conditions

M|z = M|p—r = 0; M=o = M;|i=o = 0.
Seek a particular solution of the problem (30.43) in the form
L(x,t) = X(x)T'(t).

Separating the variables, we arrive at the following equation for the function 7'(¢):

T"—\T =0.
In view of the boundary conditions

L(0,t) = X(0)T'(t) =0, L(m,t) = X (m)T'(t) =0,
for the function X (z), we obtain the Sturm-Liouville problem
X" —AX =0, X(0) =X(m) =0,

whose solution has the form

X,(z) = By, sinnx; Ap=—n°, n=1,00.
Then, for the functions T,,(¢), we have
T" +n*T, =0, n=1,00.

From the characteristic equation w? +n? = 0 we find w = Zin. Therefore, the general
solution is
T, (t) = C,, cosnt + D, sinnt.
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Hence,

Ly (x,t) = (C, cosnt + D, sinnt) sin nx,
where C,, = C,,B,,, D,, = D, B,,. Summing up over n, we get

L(z,t) = Z(C_’n cosnt + D,, sinnt) sin nz.

n=1

From the initial condition for the function u(x,t), we find

L(z,0) = ZC’nsinnx = sinx+20-sinnw.

n=1 n=2

Hence, ~
C% :ZénL

From the initial condition for the derivative u;(x,t), we find analogously

Li(z,0) = Zsinx[—né’n -0+ D,n] =0= Z 0 - sin nz.

n=1 n=1
Hence, ~
D, =0, n =0, o0,
and, finally,
L(x,t) = Zcos ntsin x 6y, = costsinx. (30.45)
n=1

Seek a solution of the problem (30.44) in the form
M(z,t) = i ©,(t) sinnz. (30.46)
n=1
Substitution of (30.46) into (30.44) yields
i O (t)sinnx = i n?(—sinnz)O,(t) + 2.
n=1 n—=1
Expand the right side of this equation in a Fourier series in sin nx:

o0
2= E Q. sinna,
n=1

where

3

2 1. 4
a, = — [ 2sinnzdr = —(—cosmn + cos0) =
™
0

0, n = 2k;
n=2k-+1,
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with k£ = 0, 00. For the functions ©,,(t), we have the following Cauchy problem:

O (t) + n*0,(t) = ay; (30.47)
©,(0) = 0; ©!(0) =0.

Seek a particular solution of Eq. (30.47) by the method of indefinite coefficients:

én(t) = Bnto = Bn

Then
2
n"Bn = ay,
i.e., N
By = _n
Hence,
~ an
On(t) = —, n=20,00
n
or

a
O,(t) = a, cosnt + b, sinnt + —Z
n

From the initial condition for the functions ©,,(¢) (30.47)

(079
@n(O) = a, + >
n
we obtain
an
an = ——, n=1,00.
n

From the initial condition for the derivative ©/, we obtain b, = 0, n = 1,00. Then
Ay,
O,(t) = ﬁ(l — cosnt).

As a result, we can write

M(z,t) = i {%(1 — cos nt)} sin n. (30.48)

n=1

Finally,

o (41— (—=1)"
u(z,t) = t* +costsinx+2{%(l —cosnt)}sinnx =
n=1

NE

8
_ 42 ~ .
=1+ costsinx + {ﬁ[l — cos(2k + 1)t]} sin(2k + 1)z,

2k + 1)

B
Il

0

where the functions L(z,t) and M are defined by relations (30.45) and (30.48), re-
spectively.
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31 Spherical waves

Some multidimensional problems can be reduced to a one-dimensional equation.
Earlier we have considered the process of propagation of waves along a half-line.
Let us show that the propagation of waves generated by a point source in space admits
a similar description.
If for the equation
uy — a*Au =0, (31.1)

we specify a boundary condition at a point

(0) wlo=(t) or () %] =u(o),

a solution of Eq. (31.1) can be sought in the form
u(r, t) = u(r,t), where r=]|f]. (31.2)

Write the Laplace operator in spherical coordinates:

10 /,0u 1 J%u 1 0 ou
Au = 2 0r < 6r> N r2sin? 6 Dp? o 72 sin 0 00 <sm f (70) (31.3)

Since the function u(7,t) (31.2) is independent of 6 and ¢, Eq. (31.1) takes the form

10/ ,0u
Uy — Q —2§<T a’r> 0. (314)
Note that 19,0 | 5
U
= - (ru). 1.
r2 87"( 87“) r or? (ru) (31.5)
Indeed,
10/ ,0u 1 ou d*u 20u  0%u
— (P ) = e P =
r2 or ( 87’) 2[T8r+r 87’2] T8T+8T2’
10 /0(ru) 10 ou 1r.0u  %u
il I B e RISl
7"87"( or ) 7“87“[ +T8r] [ 8T+T8T2]’
and so relation (31.5) holds. Then Eq. (31.4) can be written as
a® 0?

Denoting ru(r,t) = v(r,t), we obtain for the function v(r,t) the equation
Vg — v, = 0, r>0, (31.7)
which is identical to that of a vibrating string. The solution of Eq. (31.7) is known:
v(r,t) = fi(t +r/a) + fo(t —1/a). (31.8)
Here f; and fy are arbitrary smooth functions. Then for u(r,t) we obtain

filt+r/a) + fat — r/a).

u(r,t) =

(31.9)
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This is the general solution of Eq. (31.1) that describes the propagation of a pertur-
bation produced by a spherically symmetrical (not necessarily point) source located
at the origin (7= 0).

¢ Functions u(7, t) of the form (31.9) describe spherical waves.

Consider boundary conditions of kind (a) at the point » = 0. Let u(0,t) = ¢(t),
where the function ¢(t) is bounded. Then

v(0,t) =ru(r,t)| _, =0,  filt)=—fa(t) = f(1),

and, hence,
u(r, ¢y = LFr/e) — Jt=r/a) (31.10)

r

Pass in (31.10) to the limit as r — 0:

r—0

limu(r, 1) = - /(1) = u(0,1) = (1),

i.e.,
t
2
f) == [ elryir
0
Hence,
) t+r/a
t)=— dr. 1.11
ut) = [ lriar (31.11)
t—r/a

A boundary value problem of kind (b) can be solved in a similar way.
{ The amplitude of a spherical wave (if |f(z)| < a) decreases not slower than
inversely proportional to the distance from the center.

32 The Cauchy problem for d’Alembert’s equation in space

Let us consider the problem of vibrations propagating in an infinite volume, i.e.,
the Cauchy problem for the wave equation in the whole space (¥ € R"):

uy = a*Au+ F(Z,1), u=u(Z,t), t>0, (32.1)
u(Z,0) = p(2), u(Z,0) = Y(7).

81
—~
w
ro
)
S—

32.1 The averaging method and Kirchhoff’s formula

Theorem 32.1. Let functions o(Z) and 1(Z) be, respectively, thrice and twice differ-
entiable in R® and a function f(T,t) be continuously differentiable with respect to its
all variables. Then the classical solution of the Cauchy problem (32.1), (32.2) (Z € R3)
has the form
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1 1 |y — 7
+ — y,t — dy. 32.3
4ma? / |y — @ / (y a Y (823)
|§—Z|<at

Relation (32.3) is called Kirchhoff’s formula.

Proof. Represent the solution of the problem (32.1), (32.2) in the form
w(Z,t) = a(z,t) + v(Z, t), (32.4)

where the functions @(Z,t) and v(Z,t) are solutions of the following problems:

'INLtt = 0/2A71, t> O, (325)

and
v = a*Av + F(Z, 1), t > 0; (32.7)
(T,0) = (T, 0) = (32.8)

The solution of the problem (32.5), (32.6) is based on a trick using quantities
averaged over some of the variables. Put 7 = ¢ + R, where

R= R(cos 6 cos @, sin 0 sin @, cos ),

and consider the function

1 5
W Rot) = ]f (i + R, t)ds, (32.9)
SR

where Sg is a sphere of radius R centered at the origin, dS = R?dQ), dQ = sin 0dfdp.
It can be written in the form

1 .
a(f, R,t) = o 7{ (i + R, )dS. (32.10)
Q

Integration is carried out over the full solid angle Q2. Obviously, u(¥,0,t) = u(y,t) and

1 N

Agi(7+ R,t) = —au (i + R,1). (32.11)

a2
The Laplace operator Az acts on the variable R. Integrate the left and right sides of

relation (32.11) over a sphere Vg of radius R (variable R). By Ostrogradskii’s formula,
we have 94 94
- u U
Asi)dR = ¢ 24 271 40,
/ (Apu)dR o S=9¢R 7

Vr SR Sr
Since, for a sphere, 0u/0n = 0u/JR, then

/(Aﬁa)dé = 3283 fada.
n

Vr
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The last integral, according to (32.10), is equal to 4wu. Thus,

/(Aﬁa)dé = 4w32%. (32.12)

Vr

Let us now consider the integral on the right of relation (32.11) over the volume

VRI

1 - L = - 1 9 L= =

a
R
1 82 2 ~/ = =
0 Q

Vr
The inner integral is equal to 47u. Hence,
R

A opgg Ar O
z R*udR. (32.13)

— Utt R 2 8152
0

Upon equating the right sides of relations (32.12) and (32.13), we obtain

R
ou 47T 0?
R2— R%2udR. 32.14
OR @2 or / Y (32.14)

0

Differentiation of the left and right sides of (32.14) with respect to R yields

0/ ,0u R*9*u
O (peluy _ AToTu 921
OR (R 8R> a? ot? (32.15)
Perform in (32.15) the change u = v/R (as in Sec. “Spherical waves”):
Pv 1 0%
— == 32.16
OR?  a? Ot? ( )
Thus,
R R
v(R,1) = g<t + 5) - g<t - 3), (32.17)
since u(0,t) = u(y,t) exists, which is possible only if v(0,¢) = 0. Hence,
_ 1 R R
(R, 1) —E[g<t+g> —g(t—;)}, (32.18)
and 5

Construct a function L such that

3} 1 _ou(R,t) 2, R
L= ooRa(R ) + - R = =g (t+ a). (32.20)
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It is obvious that for R = 0 and ¢t = ¢,

2 ~ (=
oo = o9 (to) = (g to)- (32.21)

L|,_, g'(to) = u(¥, to)
R=atg

but . .

(i = — ¢ ay 0= — j+ R)dQ 2.22

W7 R.0) = f a7+ B0 = § (5 + Ay (32.22)
and

= f (G + R)d (32.23)
t=
Substitute (32.23) and (32. 22) into (32 20) and use the explicit form of the function L
(32.21):
0o 1 L 3 V(Y + R)dQ o
[ﬁREfcp(y—kR ) + Rf—} o =7 to)
—ato

Denote ¢y = 7, to =t and write

=g}

(7,1) = — szt f dQ+tf¢ } (32.24)

R = at(cos psin 0, sin p sin 0, cos ).

Thus, we have obtained the solution of the homogeneous wave equation with arbitrary
initial conditions in the whole space.

Putting y = ¥ + R and going from the double integral to the surface integral over
the sphere |7 — ] = at, from relation (32.24), in view of dS, = (at)?dS2, we arrive at
the formula

(f,t):4;a2{%[% / <p(g)dsy}+% / w(g)dsy}. (32.25)

|Z—g|=at |Z—7|=at

=g}

To solve the nonhomogeneous equation (32.7), we use, as in the one-dimensional
case, Duhamel’s principle that specifies the solution v(Z,t) in the form

v(Z, 1) :/U(f,t,T)dT, (32.26)

where U(Z,t,7) is a solution of the Cauchy problem

Utt = (IQAU, (3227)
Ul,_. =0, = F(%,7).

t’tZT
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Direct checking, as in proving Statement 29.1, makes us sure that (32.26) is valid.
Then, using formula (32.25), we write the solution of the problem (32.27)

1
/ F(y,7)dS,.

dra?(t — 1)
|Z—gl=a(t—7)

U(Z,t,T) =

Substituting this relation into (32.26) yields

t

o) = [ ar | F@nas,

dra? | t—T
0 |F—F1=a(t—r)

from which, with the change t — 7 = r/a, we find

o(F, 1) = 4;@2 / [ / Mdé‘y} dr —
|

1 Fy,t— |77

_,\|

17—y

|Z—y]<at

Substitution of (32.25) and (32.28) into (32.4) yields Kirchhoff’s formula (32.3), Q. E.
D.

¢ Kirchhoft’s formula (32.3) holds true if the space dimension exceeds three, i.e.,
reR" n>3.

Example 32.1. Solve the Cauchy problem

g = a*Au + f(Z,t), 7 € R3, (32.29)
ul,_y = (@), uy,_y = (), (32.30)

for
a* =8, [f(@t)=2ait*, @(@)=ua3 (@) =23 (32.31)

Solution. The solution of the problem is given by Kirchhoff’s formula

1 1 |y — |
Hat = = = <_‘7t_ )d_‘
u(# ) = oy / (= s

|7—Z|<at

zt/@/) )dS" + 2;[ /w(ﬁ)ds’} (32.32)

|7—&|=at |g—Z|=at

The first integral in (32.32) is a triple integral over a sphere of radius at

(@ —)* < (at)?,
while the other two are surface integrals over a sphere (7 — 7)? . To calculate

them, it is convenient to go to a spherical coordinate system with the origin at the
point ¥ = (z1, g, 3):

_ a,2t2

Y1 = x1 + psinb cos g,
Yo = To + psinfsin g, (32.33)

Y3 = T3 + pCos .
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Calculate the first integral in (32.32). In view of (32.31), we have
[ 1 / yﬂt—\/(yl—$1)2+(y2—9€2)2+(y3—$3)2/a]2 S (32.34)
1= :
47m2|4 at Vi — 1)+ (y2 — 22)2 + (y3 — x3)?
Y—r|xa
and, going to the coordinates (32.33), we can write
at iy 2m 0 9 9
: ‘
L=— /dep/sinedQ/dgo(xl +psinfeos o) (t = p/a)” (32.35)
dma p
0 0
Successive calculation of the integrals
2
/(:pl + psinf cos p)dy = 2ma? + 7p?sin? 0,
0
/(27@% + mp*sin? 0) sin 0dO = 4n <x% + §>’ (32.36)
0
* 2 4 246
PN* (.2, P aftt  a’t
i [ (= 5) (ot 5 o = ama [+ g
7T/p o) \Fi+ g )do = dna® |50+ 1o
0
yields
~ 1 2t a*tt 22t a2t
I = ——4ma? |2 | == ,
' e 2 T80l T 12 T so
and, since a® = 8,
~ a2
L ="+ =4 2.
1 19 + 15 (32.37)
Calculate the second integral in (32.32). In view of (32.31), we have
I = . / yidS' = ! /d(p/(x + at cos )*(at)* sin 0df) =
7 dra’t ! drat ’
|y—Z|=at
0242
/ w3 + at cos §)? sin 0df) = t<x1 + T)
0
and, finally,
I = t<x3 n ?>. (32.38)

The third integral in (32.32) is calculated in a similar way:

2

I3 = / ysdS' = /dcp/(xg + at sin @ sin )?(at)? sin 0df = 47T(at)2<x§ +
0 0

|7—&|=at

242

at)
3 )
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whence

L= o (1) = i )] = v

or, for a? =8,
Iy = 22 + 8t2. (32.39)
Substitution of (32.37), (32.38), and (32.39) into (32.32) yields
it 2 8t? 5 5
U($1,$2,$3,t)—f+4—5t +t< +?>+(x2+8t ).

Direct checking makes us sure that the resulting relation is correct.

32.2 The descent method and Poisson’s formula

Theorem 32.2. The classical solution of the Cauchy problem (32.1), (32.2) for ¥ €
R? has the form

j)dij 19 ( / e(y)dy )
u(x, + = +
@ / \/a2t2 |x — g2 2ma 0t N

|x yl<at |Z—7]<at

—;

y, )dy )dy
d 32.40
27TCL T / \/&2 —» —»|2 27TCL / \/a2t2 |ZL’ a ( )

0 |g—Z|<a(t—T7) |§—|<at

where (Z) and () are, respectively, twice and singly differentiable functions in R?
and the function f(Z,t) is continuously differentiable with respect to all its variables.

Relation (32.40) is called Poisson’s formula of the Cauchy problem for the wave
equation in R2.

Proof. As in the proof of Theorem 32.1, use the reduction of the problem (32.1),
(32.2) in the form (32.4)—(32.8), putting here Z € R?. To find the function @(7,t), we
apply the descent method, proposed by Hadamard, which allows us, using a known
solution in R™*!, to construct a solution of a problem of lower dimension (R**! with
k < mn). The essence of the method is that the solution (32.25) can be considered as
a solution in R?, provided that the initial conditions depend only on x; and s, i.e.,
o(Z) = p(a1,22), and Y(T) = P(z1,22), and du/Oxs = 0.

By the formula of reducing surface integrals to double ones, known from calculus,
we have

/f(yl,yz,ya)dSz /f(yl,yz,ys(yl,yz))\/H <ay3) + <8y3> dydys,
S E

oy ys

where FE is the projection of the surface S on the plane y3 = 0. Apply this formula to
(32.25) and take into account that the surface S, given by |Z — ¢| = at or x3 — y3 =

+4/a2t? — (x1 — y1)? — (v2 — y2)?, is projected on the plane y3 = x3 two times (the
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top and bottom hemisphere). Also take into account that
Ws _ T1— Y1
Oy Va2t = (wy —y1)? — (12 — 1)
Ws _ Ty — Yo
0y V@ = (z = y1)? = (22 — y2)*

Iys\? | (Oys\? t
1+ + = :
\/ <8y1> <8y2) Va2 — (zy — y1)? — (22 — yo)?

As a result, for 7,7 € R?, we obtain

I~g1

. )dyj 19 / (9)dy
— . (3241
(513' 27‘(’& \/a2t2 ‘l’ _ y‘Q 27Ta ot \/a2t2 _ |l—.’_ 37|2 ( )

|Z—7]<at |Z—y]<at

Now, applying Duhamel’s principle, for finding the function v(7, ) in R? (see The-
orem 32.1), in view of (32.41), we obtain

-~ Jj, 7)dy
(T, t dr . 32.42
(1) = 27ra/ / \/a2t—7' — |7 —y? ( )

0 |Z—y|<a(t—T)

Substituting (32.41) and (32.42) into (32.4), we arrive at Poisson’s formula (32.40), Q.
E. D.

¢ Applying the descent method to Poisson’s formula, we obtain d’Alembert’s for-
mula (28.2).

{ The stability of the solution of the Cauchy problem (32.1), (32.2) in R? and R?
(Kirchhoff’s and Poisson’s formulas, respectively) is proved in the same manner as the
stability of d’Alembert’s formula.

¢ Kirchhoft’s, Poisson’s, and d’Alembert’s formulas describe spherical, cylindrical,
and plane waves, respectively.

Example 32.2. Solve the Cauchy problem

gy = a*Au + f(Z,t), 7 € R?, (32.43)
ul,_y = (@), w,_y = ¥(T), (32.44)

for
a=1, f(Zt) = 6x1a9t, p(T) = x] — 23, Y(Z) = 2122 (32.45)

Solution. The solution of the problem is given by Poisson’s formula (32.40)

dy
u(Z,t) = /dT / - y, )4y =+
27'('61, \/a, |y gj|

0 |y Z|<a(t—7)

dy 19 / p(9)dy
+ = . (32.46
/ \/a2t2 — g2 2ma Ot N ( )

\y Z|<at |j—Z|<at

All integrals in (32.46) are double integrals over a circle of radius at

(1 — 21)° + (12 — 22)* < (at)®.
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To calculate these integrals, it is convenient to go to a polar coordinate system with
the origin at the point ¥ = (21, x2)

Y1 = X1 + pcosy, Yo = Xo + psing. (32.47)

Then for the first integral of (32.46), in view of (32.45) and (32.47), we have

/ 6y1y27 dy1dys _
Va2t — )2 — (y1 — 21)2 — (ya — 2)2

|[y—Z|<a(t—T)
a(t—r)

— 67 / odp / ot Peos ) (s & psing) (32.48)
) ) \/a2(t—7')2—p2

Successive calculation of the integrals

2w

/(:pl + pcos)(xy + psinp)dp = 2w T,

0
a(t—T)

/ \/CLQ(t[idf)?—p2 = V@G =alt-7)

yields
I, = 6727wz 200(t — T). (32.49)

The quantity 1, according to Poisson’s formula (32.46), should also be integrated with
respect to 7. Then

t t

-1
I, =— | Iidr = 6x1:p2/7(t — 7)dT = 11391%. (32.50)
2ma
0 0

The rest two integrals are calculated in a similar manner. Indeed,

/ Y1y2dy1dys _
V@t — (y1 — 21)? — (y2 — 22)°

|y Z|<at

22+ psin p)dp =

zm/\/m/““’cow

$1$2 /
\/a2t2 — p?
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and
_ (Yt — 3)dy1dys B
I3 = =
Ve — (g —x1)? — (g2 — 22)?
|g—Z|<at
at J 2
= [ L [[(x1+ peosg)® — (a2 + psing)?]dp =
a2t — p?
0 0
at d
=21 (2? — x3) / N e G 2m (23 — 23)at,
[a?t2 — p?
0
whence L9 9
I3 = [I3] = 5 [t(2] — 23)] = 2] — 3. (32.52)

2ma Ot
Substituting (32.50), (32.51), and (32.52) into (32.46), we get

uw(Z,t) = zyw9t® + 2120t + 22 — 22

Direct checking makes us sure that the resulting relation is correct.



CHAPTER 7
Parabolic equations

33 The Cauchy problem for the one-dimensional heat
equation. Green’s function of the Cauchy problem
33.1 The Cauchy problem. The method of separation of variables

Let us consider an infinitely thin, long homogeneous heat conducting rod whose
lateral surface is thermally insulated. The heat equation for this case has the form
(see Sec. “The heat equation for a rod”)

ou  ,0%u
5 = @ a2 t>0, —oo<z<o0. (33.1)

¢ For a long rod, the heat exchange processes occurring in its middle part are
affected only by the initial temperature distribution and the boundary conditions,
while the heat exchange at the rod ends can be neglected. Assume that the initial
temperature distribution is given by

u(z,0) = uli—g = p(z). (33.2)
4 The problem of finding a solution of Eq. (33.1) with condition (33.2) is called
the Cauchy problem.
Seek a particular solution of Eq. (33.1) in the form
u(z,t) =T() X (z). (33.3)
Substitution of this expression into (33.1) yields

1T/_X//—

T A T — 2\T = X" —\X =0.
2T X , a 0, 0

The general solution of the equation for T'(¢) has the form
T(t) = Ce ™. (33.4)
Since there is no heat source in the rod, there is no = at which the rod temperature

would be infinite, i.e., |u(x,t)| < co. Hence, |T'(t)| < oo and | X (x)| < occ.
Thus, A can be only negative. Put A = —w?. Then

2,2

T(t) = Ce ™t (33.5)
and for the function X (z) we have the equation

X"+ w’X =0
whose general solution has the form

X(z) = A, coswz + B, sinw.
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Introducing a complex coefficient C,,, we obtain
X(z) = Ce™" + Cre ™",
and, correspondingly,
Uy (x,t) = e’ (A, coswr + B, sinwz) =
= e (O e 4 Cremir),
Integration of this equation with respect to w from zero to infinity yields

u(z,t) = / dw e Y (A, coswz + B, sin wz)
0

or
[ee)

u(z,t) = /dwe“"%QtC’wei“’x. (33.6)

For ¢t = 0, condition (33.2) must be fulfilled:

u(z,0) = / dw Ce™" = p(r) = / dw a,e™”,
where -
o o
Q, = — e
o ply Y

are Fourier coefficients of the function ¢(x). From the equality of two Fourier integrals
it follows that C, = ay,, i.e.,

LT s
u(:p,t):g/dw/dygp(y)e_w”tew(m_y). (33.7)

33.2 The Green’s function of the Cauchy problem
¢ A generalized function G(x,y,t) which satisfies the conditions

(7G(:E,y,t) o QaQG(x’yvt)

is called the Green’s function of the Cauchy problem for the heat equation (33.1).

Statement 33.1. For the Green’s function, the representation

o0

1 .
Gla,y.1) = 5 / e Pl @y) g, (33.10)

—00

18 valid.
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In view of (33.10), relation (33.7) can be written as

o0

u(z,t) = /G(x,y,t)go(y)dy. (33.11)

—00

Since the function u(x,t) satisfies Eq. (33.1), from (33.11) it follows that the function
G(z,y,t) satisfies Eq. (33.8).
For t = 0 we get

1T,
G(z,y,0) = - / e dw = §(x — y).

—00

Here we have used the representation of the §-function by a Fourier integral (see Sec.
“Fourier transforms of slowly rising generalized functions” of Part II). The validity of
Eq. (33.8) can be verified by direct substitution of (33.10) into (33.8), which proves
the statement.

From definition (33.10), we can easily derive the following property of the function

G(z,y,t):
Property 1. The relation

(e 9]

/ G(z,y,t)de =1 (33.12)
is valid.
Proof. Indeed, we have
1 —w?a?t jiw(z—y)
G(z,y,t)de =— [ dx [ e e Vdw =
2m
— / dw e—w2a2t62wy_ / ezwxdl, —
27
_ / dw e—wgagteiwy(s(w) _ e—wgagteiwy o _ 17
Q. E. D.
Property 2. The relation
/ G(z,y,t)dy =1
is valid.
Proof is similar to that of the preceding property.
Property 3. The relation
1 2
G(z,y,t) = ——e¢ [@7v)/2aVD)] (33.13)

2v/mta?

is valid.
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Proof. Calculate the integral with respect to w in (33.10). For doing this, represent
the function G(z,y,t) in the form

U [ e
G(z,y,t) = o / e " eosw(z — y) +isinw(x — y)|dw.

The integral of the second term vanishes because of the oddness of the sine function.
Thus,

oo

]_ 2,2
G(z,y,t) = - / e " cosw(r — y)dw.

— 00

Perform in this integral the change of variables

z d dz
w=— w=—.
av't av't
Then -
Gla,y,t) = / - dz — (33.14)
x,y,t)=— [ e * cos xz—=, = . :
PUT NG NG
0

Denoting

J(x) = /6_22 cos »zdz,

0

we find

d [
% = /e_z (—z) sin »zdz.
0

Calculate the second integral by parts, putting U = sin >z and dV = —ze % dz. Then
dU = s cos sezdz and V = e *° /2, and

dJ () 16722 sin z’oo %/ez2 cos »zdz
—t == » - = »wzdz.
ds 2 0 2
0

The term outside the integral vanishes and the integral is equal to J(s¢). Thus, for
J(») we obtain the differential equation

dJ () P
b A
d% 2 (%)7
whose solution is the function
J(3) = Ce /4,

The constant multiplier C' is determined from the condition

oo

J(0) = / e dz.

0
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Perform the change of variables 22 =t, z = V/t, and dz = dt/(2+/t). Then

L[ i, ] Vi
== = -T(1/2) = ¥—
50) =5 [t = 51/ = YT
0
i.e.,
C = ﬁ) J () = ﬁe—%2/4
2 2

Since,

G(z,y,t) =

1
J(x),
" (%)
we come to (33.13). Thus, Property 5 is proved.

Corollary. For processes described by the heat equation, the rate of heat transfer is
equal to infinity.

Proof. Assume that the initial temperature distribution in a rod has the form

f(z), x €la,b
o(x) :{ 0( ) Ny L b} (33.15)
where f(z) is a continuous function. Then, according to (33.10),
() b
u(wt) = [ Gy ety = [ Gyt i Wiy (33.16)

From the explicit form of Green’s function (33.13) it follows that the function (33.16)
is infinitely differentiable with respect to = and ¢ at ¢ # 0. Moreover, u(x,t) # 0
at t # 0 (no matter how small) for any = (no matter how great), while the initial
temperature u(z,0) = p(x) (33.15) is equal to zero for x ¢ [a,b]. Hence, the rate of
heat transfer is infinite.

¢ For other parabolic equations, the conclusion that the rate of transfer of an
“interaction” is infinite holds true.

Example 33.1. Find the form of the Klein-Gordon equation (14.7) in the nonrela-
tivistic limit as ¢ — oo.

Solution. In the Klein—-Gordon equation

h2
— Wy — FPAV + mj® ¥ =0, (33.17)
C
perform the change
2
U(T,1) = (7, 1) exp ( - z‘m%c t). (33.18)
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In view of the relations

2
.MoC —imoc2t/h
v, = (% —1 )e 0c”t/ ,

h
2 2 4
_ .moC mpc —imoc?t/h
\I’tt—<90tt—2’l 3 Yt — 72 >€ 0 )

we obtain )

g%t + 2mo(—ihyy) + (—ih)zA(p = 0.

In the limit, as ¢ — oo, we have

h?Ag 1
—ih)p, — -0(5). 33.19
(<t~ P =0 (33.19)
Thus, as ¢ — oo, the Klein—-Gordon equation goes into a Schrédinger equation.

Green’s function of the Cauchy problem, G(z,y,t), allows us to find a particular
solution of the nonhomogeneous heat equation.

Property 4 (Duhamel’s principle). The solution of the Cauchy problem for the
nonhomogeneous heat equation with a homogeneous initial condition

ou 9%*u ~
E :azﬁ—kf(x,t), U|t:0:0
has the form .
o) = [ ar [ dyGacpt =)0, (33.20)
0 —00

where G(x,y,t) is Green’s function (33.13) of the heat equation.
4 Relation (33.20) is called Duhamel’s formula for the one-dimensional heat equa-
tion.

Proof. Indeed, from (33.20) we have

ou iy / T 0G(x - T
5 = /G(x,y,O)f(y,t)der/dT/dy é(’ty_’i) )f(y,f)-

—00 0 —00

Taking into account that G(x,y,0) = §(z — y) and denoting 7' =t — 7, we get

o [T 0C(,y.T
6_1: = f(x,t) +/d7’ / dyi(g’Ty’ )f(y,T)
0 —0o0

Similarly,
t

8% [ 8G(x,y,T)
@_/dT/dny(yuT)'

0 —00

Substituting this into Eq. (33.1), we find

t [ee]

01 0% oG ,8*G(r,y,T)

5_@_f(x’t)+/d7/dy<8_T_a—8952 )f(y7t>'
0 —00
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Since the bracketed expression is equal to zero, we have

ou 0%*u

At

Q. E. D.

Property 5 (preservation of evenness). The evenness of an initial state is pre-
served; that is, if a function u(x,0) = ¢(z) is even (odd):

o(—x) = £p(x), (33.21)
the function u(z,t) will be even (odd) for all ¢ > 0:
u(—z,t) = fu(z,t). (33.22)
Proof. From the explicit form of the function G(z,y,t) (33.13) it follows that
G(—x,—y,t) = G(z,y,t). (33.23)

For the solution of the Cauchy problem (33.1), (33.2), according to (33.11), we have

o0

u(—,t) = / Gz, . D)p(y)dy.

—00

Making in this integral the change of variables y — —y and using relations (33.23)
and (33.21), we get

u(-a,) = [ Gl —yit)ol-y)dy =
— [ Gy ey = £ulz ).
This proves the statement.
Corollary. If
p(—x) = —p(x), (33.24)
then
u(0,t) = 0. (33.25)

Proof immediately follows from (33.22).
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34 Mixed problems for the one-dimensional
homogeneous heat equation on an interval

Let us consider the mixed problem for the nonhomogeneous heat equation

ou 0%
ou
uhoo = p(@), 52| = ki{ulemo =m0},
P (34.2)
o = ke{ulom — pa2(t)}
or lz=i

Assume that the compatibility conditions

@
ox |1

ou

—0 —
=0 Ox

= k1 [p(x) — m(t)]

o=l = k2 [@(«T) - MQ(t)}

t=0

=l

=0
t=0 t=0

are fulfilled. Below we shall restrict ourselves to a detailed solution of this problem with
boundary conditions of the first kind only. The procedure of solution of the problem
(34.1), (34.2) for a more general situation was presented in the section devoted to the
Sturm—Liouville problem.

34.1 The homogeneous mixed problem

Let us consider the mixed problem for the homogeneous heat equation with homo-
geneous boundary conditions

U = AUy, t2=0, 0< o<, (34.3)
uli=o = p(x),  Ule=0=0,  ul==0.

Seek a particular solution of Eq. (34.3) in the form
u(z,t) = X(x)T(t). (34.4)
Substitution of (34.4) into (34.3) gives us

A G

- A
a?T X

or

T—-X’T =0, X"-AX=0, X(0)=X()=0.

The solution of the Sturm—Liouville problem for the function X (x) has been obtained
in Example 111.2.2:

2
X,(z) = A, sin % Ay = —<@> . (34.5)

Substituting \,, into the equation for 7', we find

T,(t) = B, exp{ — <7TTM>2t}.
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Thus, the solution of Eq. (34.3) has the form

u(z,t) = nifln exp { - <7TTM>215} sin WTm, (34.6)

where A,, = A, B,,. From the initial conditions we find
A, = ay, (34.7)

where «,, are Fourier coefficients of the function ¢(z):

™y

o(y) sin ——dy. (34.8)

. TN
E ansm—, o, = l

~ D
O\N

¢ A generalized function g(x,y,t) is called the Green’s function (fundamental solu-
tion) of the mixed problem (34.1), (34.2) for the heat equation if this function satisfies
the equation

i@, y,t) = @ guu(2,, 1), (34.9)
the initial condition
and the homogeneous boundary conditions
(92 = k19)|,_o = (92 — k29)[,_, = 0. (34.11)

Statement 34.1. The Green’s function of the mized problem (34.3) can be represented

in the form
9 2
g(x,y,t) Z 78 sin —7T7”Ll' sin _W?l‘by exp { (_m;a) t}. (34.12)

8

Substitute the coefficients «,, (34.8) in the explicit form into (34.6) and interchange
the summation and the integration to get

l

u(z,t) = /g(x,y,t)so(y)dy, (34.13)

0

where g(z,y,t) is defined by (34.12). Hence, the function g(x,y,t) is a solution of the
heat equation, for which, by construction, the boundary conditions (34.3) are fulfilled.
For t = 0, we obtain

2
g(z,y,0 Zf inﬂ—msinﬁTW:(S(x—y).

Thus, the statement is proved.
{ The properties of the function g(x,y,t) (34.12) are completely similar to the
properties of the Green’s function of the Cauchy problem for the heat equation.
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34.2 The nonhomogeneous mixed problem

Now we consider the mixed problem for the nonhomogeneous heat equation with
nonhomogeneous boundary conditions of the first kind

U = a*ugy + fa,t), t>0, 0<uz<lI; (34.14)
w(0,t) = pa(t), u(l,t)=pua(t), u(x,0)=p(x). (34.15)

Introduce a new function v(z,t) by the relation
u(z,t) = w(z,t) + v(z, t),

where w(z, t) is an arbitrary function satisfying the conditions w(0,t) = u1(t), w(l, t) =
o (t), for instance,

we,t) = u(t) + Fa() = (1)

Then the function v(z,t) will be found as a solution of the homogeneous boundary
value problem

vy = a®vg + fl,1), t>0, 0<z<l; (34.16)
v(0,t) =0, v(l,t) =0, v(z,0) = p(z), (34.17)
p(x) = p(r) —w(2,0),  flz,t) = fla,t) — [, — a*wyy).

As for the one-dimensional d’Alembert equation, the solution of the problem (34.1
(34.17) can be represented as the sum of solutions of two simpler problems: v(x,t)
L(z,t) + M(z,t), where

(a) L(x,t) is a solution of a homogeneous equation with nonzero initial conditions

)

Ly = a?L,,, t>0, 0<xz<l; (34.18)
L(0,t) = 0, L(l,t) = 0, L(x,0) = @(x). (34.19)

According to (34.6), the solution of the problem (34.18), (34.19) has the form

Zan exp [ <7T7lw)2 ] sin 7Tl—n:p,

where
l

2
a, = 7/ ) sin l y)dy (34.20)
0

(b) M(x,t) is a solution of a nonhomogeneous equation with nonzero boundary
conditions

M; = a* M, + f(x,1), t>0, 0<az<l; (34.21)

M(0,t) =0, M(l,t) =0, M (z,0) = 0. (34.22)

The solution of the problem (34.21), (34.22) is sought, as for d’Alembert’s equation,
in the form

=3 5.(t)sin @. (34.23)

=1
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Substitute (34.23) into (34.21) and expand the function f(z,t) in a Fourier series:

Z () sin @, (34.24)

l

/ ) sin 7rn y) dy.

0

Nl[\:)

As a result, we obtain the following equation for the function S, (t):

S+ (mlw) S, = fu(t),  Sn(0) =0. (34.25)

The solution of Eq. (34.25) has the form

S, () = / F(7) exp {(@)Q(T—t)}dr (34.26)

Hence,
> 2
= Z/ W (7) exp m;a) (1 — t)] dr sin ?x, (34.27)
n=1

Substituting the Fourier coefficients f,,(7) (34.23) in the explicit form into (34.26) and
interchanging the summation and the integration, we get

t l

M(z,t) = /dT/g(x,y,t— ) f(y, 7)dy, (34.28)

0 0

where g(z,y,t) is defined by relation (34.13).
¢ Formula (34.28) is called Duhamel’s formula.

Example 34.1 (Problem of the safety of a nuclear reactor). Determine the
parameters of a nuclear reactor for which a chain reaction will not occur at any initial
distribution of neutrons in the reactor (the reactor will not “explode”).

Solution. We already mentioned that in the diffusion approximation, the propagation
of neutrons in a reactor is described by the equation

uy = DAu + yu, (34.29)

where u(Z,t) is the concentration of neutrons, D is the effective coefficient of their
diffusion, and ~ is their multiplication factor. The coefficients D and v are determined
experimentally.

We assume that the working body of the reactor has the form of a solid sphere of
radius b and the initial distribution of neutrons is described by a spherically symmetric

function, i.e.,
uli—o = @(r),  T=Va2+y+ 2%
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We also assume that the neutron concentration at the sphere surface is equal to zero.
As a result, we arrive at the following problem:

uy = DAu + ~vyu, t>0, r<hb,
{ ' K (34.30)

ul—o = ¢(r), ulp—p = 0.

If the expression for the neutron concentration u(Z,t) involves terms increasing ex-
ponentially with ¢, the chain reaction will take place and the reactor will “explode”.
Therefore, the parameters of the reactor must ensure the fulfillment of the condition

|u(Z,t)] < oo, t >0,

regardless of the choice of the initial data — the function (7).
By virtue of the spherical symmetry of the problem (34.30), we seek its solution in
the form
u(7,t) = u(r,t) = v(r, t)e’. (34.31)

As a result, we arrive at the following problem for the function v(r,¢) (see Sec. “Spher-

ical waves”):

11 .
DY = o = (34.32)

’U\t=0290(7“), U|r:b:0, r <b.

Seek a solution of this equation in the form rv(r,t) = w(r,t). Then we have for the
function w(r,t) the following problem:

1
Bwt = ’ww, t > O’ T < b, (3433)
wli=o = rp(r), Wlr—p = w|p=p = 0.

The solution of this problem was obtained earlier [see (34.14)] and it has the form

t) = " —(an/0)*Dt i T 34.34
w(r,t) ;(x e sin ——, ( )
where
b
2
=7 /rgo(r) sin %dr. (34.35)
0

Returning to the original notations, we get

u(r,t) = ian% sin W—ZT exp{ [7 — <%>2D}t}.
n=1

Thus, the answer to the problem’s question is determined by the inequality
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that should be satisfied by the reactor parameters. Hence, for b < b., and given D and
v, the chain reaction will not occur. The critical radius is defined by the relation

(34.36)

D
by = 4| —.
g

This radius is associated with the critical mass
4

_ 3
Mey = —TpbL,.

3

Example 34.2. In an infinitely long homogeneous cylinder of radius b, starting from
the time ¢t = 0, heat sources of constant density () are operative. The initial tempera-
ture of the cylinder is 7'. Find the temperature distribution in the cylinder at ¢ > 0 if
the cylinder surface is kept at constant temperature ©.

Solution. The mathematical formulation of the problem is
uy = a*Au + Q; uli—o =T, Ulr—p = O. (34.37)

Write Eq. (34.37) in cylindrical coordinates. Since the initial and boundary conditions
are independent of z and ¢, then

u(r, @, z,t) = u(r,t).
Thus, for the function u(r,t) we get

ou 2 (82u 10u

o~ a2 ?E)“?'

Reduce this problem to a mixed problem with homogeneous boundary conditions:
u(r,t) = wv(r,t) + ©.
The function v(r,t) is a solution of the mixed problem

2
1
ov a2<8 v ov

= — )+ —0o=T-06 r=b = 0.
ot or? = r 8r> @ vlio + Ve
The change

v(r,t) = ew(r, t)

yields for the function w(r,t) the equation

ow  ,/Pw 10w
=G o) (34.38)

with the initial condition w|;—g = T'— © and the boundary condition w|,—, = 0.
Seek a solution of Eq. (34.38) by separation of variables in the form

w(r,t) = R(r)T(t).
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Separating the variables, we have

"  R'(r)+R(r)/r

- =\
a*T R ’
whence for the function T'(t) we get
T — \a*T = 0; IT(t)| < o0, t>0, (34.39)

and the function R(r) is a solution of the Sturm-Liouville problem
1
R"+-R — AR =0, |R(r)| < oo, R(b)=0, r<b. (34.40)
r
The problem (34.40) was considered in Sec. “The Sturm-Liouville problem for Bessel’s
equation” of Part III, where we have obtained
0

Ro(r) = CJO( "b) An:—(%)Q, n=T,00,

where o are roots of Bessel’s function Jy(z). Then from Eq. (34.39) we find

T,(t) = Bt = Bne_(o‘ga/b)Qt, n =1, 00,

and the solution of the problem (34.38) will be written in the form

ZA e (a0F)

where A, = B,,C,,. To determine the coefficients A,,, we use the initial condition

ZAJO< ) T-0.

Expanding the function 77— © on the interval ]0,b[ in a Fourier—Bessel series in or-
thogonal functions Jy(alr/b), n =1, 00, we obtain (see Example IT1.11.1)

rJo(alr/b) g — 2(T — ©)

A, =(T—0) [ L\r/2) 2L —F)
= T=9) [ " = i)
0

and the solution of the original problem (34.37), in view of (34.38) and (34.39), becomes

0 —(aa, /b)?t+Qt
@+ZQOJ1 a?) ( "b)

Example 34.3. Solve the mixed problem

Up = Uy, Uglomo =1, Ulp=1 =0, uft—g =0. (34.41)
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Solution. Seek a solution of the problem (34.41) in the form
u(z,t) =x —1+v(x,t). (34.42)

Then for the function v(z,t) we obtain a mixed problem with homogeneous boundary
conditions:

Vp = Ugy, Vglemo =0, 0|p=1 =0, vj=o=1-—12. (34.43)
Seek a solution of the problem (34.43) by separation of variables in the form
v(z,t) = X(z)T(t). (34.44)
For T'(t), we have the equation '
T =M\T, (34.45)
and the function X (z) is a solution of the Sturm-Liouville problem
X"(x) = X (2), X'0)=X'"(1)=0 (34.46)
with eigenfunctions
X,(x) = A, cos w, n=0,00 (34.47)

and eigenvalues (see Example 111.2.3)

Substitution of (34.47) into (34.45) yields

T,(t) = B, exp{ — [@] 2t}.

0, co.

Then

ZA eXp{ [ (1;271)} t} cos 7r(1+272n)x (34.48)

Here A,, = A,,B,,. From the boundary condition (34.42) we find

2
ZA cos +n) =x—1.

Expanding the right side in a Fourier series in functions X, (z) (34.47) and equating
the coefficients of identical functions X, (z), we get

1
- 142 8
A, =2 /(x — 1) cos wdm =——. (34.49)
2 2(1 + 2n)?
0
Substituting (34.49) and (34.48) into (34.42), we obtain the solution of the problem

(34.41)

+§2 i 1 = exp{ B |:7T(1 —;— 2n)]2t} cos (1 4—2272)3:
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Example 34.4. Solve the mixed problem

Up — Uy — 9u = 4sin® t cos 3z — 92 — 2,

34.50
ua:|a::0 =0, ua:|a::7r = 2m, u|t:0 = + 2. ( )

Solution. Seek a solution of the problem (34.50) in the form
u(z,t) = 2* +v(z,t). (34.51)

Then the function v(x, t) is a solution of the mixed problem with homogeneous bound-
ary conditions

Uy — Vgw — 90 = 4sin? ¢ cos 3z, (34.52)
/Ua:‘:)::O - 07 /UCE‘CEZTI' - 07 U|t=0 =2.

Let us reduce the problem (34.52), putting
v(x,t) =w(x,t) +w(x,t).

Here the function w(z,t) is a solution of the mixed problem for the homogeneous heat
equation
W — Wep — W =0,  Wy|reo = We|zer = 0, w|i=o = 2, (34.53)

and the function w is a solution of the nonhomogeneous equation with zero initial
conditions

Wy — Wyy — 9W = 4sin® ¢ cos 3z, (34.54)
wz|z:0 - wa}|a}:7r = 0, w|t:0 =0.

The solution of the problem (34.53) has the form
w(z,t) = Z A, e cos .
n=0
From the initial condition, we find

w(z,0) = Z A, cosnx = 2.
n=0

Hence, Ay =2, A, =0, n =1, 00, and
w(z,t) = 2. (34.55)
The solution of the problem (34.54) is sought in the form

w(z,t) = Z Sy, COS N (34.56)

n=0

Substituting (34.56) into (34.54) and expanding the right side into a Fourier series in
X,(z) = cosnz

(e.]
4sin’tcos 3z = 4sin’t g 03 COS N,
n=0
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we get
[ee]

Z S! () cosnw = 4sin®t Z O3 COS ML

n=0

Equating the coefficients of identical functions X, (z) = cosnx, we have for n =3

S = 4sin®t, S3(0) =0

and for n # 3
S+ (n*—9)S, =0,  S,0)=0.
Hence,
Sn(t) = (2t — sin 2t)d,3, n =0, co.
Finally,

u(z,t) = 2% + 2 + (2t — sin 2t) cos 3.

35 The Cauchy problem for a multidimensional heat
equation. Green’s function of the Cauchy problem

4 By the Green’s function of the heat equation

uy = a*Au (35.1)
is meant a generalized function G(Z,v,t), ,y € R", which satisfies this equation and
the initial condition

G(Z,5,0) = 6(Z — 7). (35.2)

oG _ a’AG, G(%,7,0) = 6(% — 7)) (35.3)

has the form
G(Z,7y,t) = G(x1,y1,t)G(x9, Yo, t) - - - G(Tp, Y, t) =
k=1

where G(xy,yr,t), k = 1,n is the Green’s function of the Cauchy problem for the
one-dimensional heat equation (33.13).

Find the partial derivatives

a Z :E y) aG(xkaykat)
G :L‘ka ylﬁ ot ’

Z l’ y) a G(l‘kaykat)
G( t) .

2
xkayka axk
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At the same time,

aG(xk7yk7t) o QaG(xkayIWt)
=a , k
ot ox?

Thus, G(Z, 7, t) satisfies Eq. (35.3). For t = 0 we get

n

Glio = [] Glaowt)|_ = [T 00w = ) = 3@~ )

k=1 k=1

which was to be shown.

Statement 35.2. The solution of the Cauchy problem for the homogeneous heat equa-
tion

0
6_1: = a’Au, u)i—o = @(7), x €R", (35.5)
has the form
@) = [ G@.g el (35.6)
R3

Obviously, the function (35.6) satisfies Eq. (35.5). In addition,

u(F,0) = / G(Z, 7,0)p(7)df = / 5@ — P)o)di = (@)

R R

which was to be demonstrated.
¢ From the explicit form of Green’s function (33.13), one can easily obtain

o o Ly (7 — y)?
t) = - . .
¢@0.0) = (=) o |~ 1) (35.7)
Substitution of (35.7) into (35.5) yields
t) = - dy. :
@) = (=) / oo [~ TP ag (35.8)

4 Relation (35.8) is called Poisson’s formula of the Cauchy problem for the heat
equation.

Statement 35.3. The solution of the Cauchy problem for the nonhomogeneous heat
equation
du

- = a’Au+ f(7,1), =g = 0, (35.9)
has the form
t
u(Z,t) = /dT/G(f, gyt — 1) f(y, 7)dy. (35.10)
0 RS

¢ Relation (35.10) is called Duhamel’s formula.
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The proof is similar to that for the one-dimensional case.
Corollary. The solution of the Cauchy problem for the nonhomogeneous heat equa-
tion 9
U

5= a?Au+ f(Z,1), uli—o=¢(@), TER" t>0,

is the sum of solutions (35.6) and (35.10) and has the form

2

u(i,t) = (\/;m)n/w(ﬁ)exp [

]dgj+
Rn

(£ —§)°

+O/d7<\/ﬁ);[f(y_’, T) exp [— m} dy.

(35.11)

Proof is obvious.
Example 35.1. Find a solution of the Cauchy problem

Uy = 2Uyy, u’ = exp(—42” + 8z).

t=0

Solution. According to Poisson’s formula (35.8), the solution of the Cauchy problem
for the heat equation with a = v/2 has the form

1
u(@,t) = 9\/2nt

]o exp(—4y* + 8y) exp [_(95;71%3/)2] dy. (35.12)

Complete the perfect square in the exponential power of the integrand

2
- 1
—4y2+8y—%:—§[32y2t—64yt—|—x2—2xy+y2]:
1 32t +x
S 1[2—2 } 2}:
8t{( R v )
1 32t +x\2 (32t +x)?
= ——|(32 1( - ) T 2}.
St[( R Ay o 211
Making in (35.12) the change
+32t—i—x
= Z e
4 320+ 1
we find
1 1 (32 + 227 [ 32t + 1
0= ool CAE) (L)
e t) = B P g 1P T e P \T Ty )"

In view of the value of the Gauss integral

(o] \/_
2.2 T
e dz = —,

a

— 00
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we finally obtain

(2.1) 1 <4x2 — 81 — 128t>
u(x,t) = ——=ex
A1 P\ 32+ 1
Example 35.2. Solve the Cauchy problem
Uy = a*Ugy + f(,1), u’tzo =p(x), zeR, t>0, (35.13)

for
a’ =1, f(x,t) =e "cosu, p(x) = cos . (35.14)

Solution. The solution of the problem (35.13), (35.14) is given by Poisson’s formula
(35.8) with n = 1:

u(z,t) )?/4a Fcosy dy+
2a\/_
t 00 1
+/d7/ =T e cos ydy. (35.15)
2 _
) ar/m(t 7')

The first integral in (35.15)

I = e~ @Yt gy g ,
1= Qa\/_ yay
by the change of variables
gL 2, y = 2aVtz +z, dy = 2aV/t dz, (35.16)
2a+/t

is reduced to an integral of the form
1 2
I, = NG / [ cos 2aV/tz cos & + sin 2av/tz sin z)e  dz, (35.17)
™

calculated in Sec. “Green’s functions of the Cauchy problem” when proving Property

3:

e}

/ e cos xzdz = /me /4, (35.18)

— 00
o0

/ e sin sz dz = 0. (35.19)

Substitution of (35.18) and (35.19) into (35.17) yields

I, = cosze ", (35.20)
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Successive calculation of the integrals with a = 1:

/ e~ W=m A7) o= cos g dy = 2a/7(t — 7)e ") cos x =
a=1 a=1
= 2/7(t — 1)e " cosz,
¢ t
/COS ze T dr = cosze / dr = e 'tcosx
0 0

yields for the second integral in (35.15)

t [ee]
1
I, = /dT / 2—6(17‘”2/%2({/77)677 cosy dy = e 'tcosu. (35.21)
a a=1
0 —0o0

Vr(t—71)
Substitution of (35.20) and (35.21) into (35.15) yields
u(z,t) = e (1 +t)cosm.

Example 35.3. Let there be an infinitely long homogeneous rod and through its
surface there occurs convective heat exchange with a medium of zero temperature.
Find the temperature distribution in the rod if the initial temperature distribution

has the form u|,—q = 2y/7d(x).

Solution. The mathematical formulation of the problem is (see Eq. (11.5))
Up = AUy — U, Ul—o = 2/ ().
Seek a solution of the problem in the form
u(x,t) = e to(z, t).
Then for the function v(z,t) we have the Cauchy problem

U = 00, V=0 = 2V/70(x),

whose solution is given by Poisson’s formula
(35.8) with n = 1. In view of the properties of
the delta-function, we obtain

2

_exp(—t) x
u(z,t) = N exp [— m] (35.22)
The plot of the function (35.22) for a = 1
is given in Fig. 40. Here we have used for the
delta-function the delta-like sequence

1/2¢ |z| <¢,
(5(1’,5)—{0 2] > e, e>0

with ¢ = 0.01.
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Example 35.4. Solve the Cauchy problem
uy = a*Au+ f(Z, 1), u}t:O:go(f), 7 € R?,

for

—

a=1, f(#,t) = sin xy sin x9 sin t, o(Z) =

(35.23)

(35.24)

Solution. According to Poisson’s formula (35.8), for n = 2, in view of (35.24), we

find

} Y R P
u(x’t)://me [(y1—21)"+(y2—z2) V4tdy1dy2_|_

t oo 00
n / i / / 1 o=z + (g —r2)?] /A=)
) (2y/7(t —7))?

X sin yq sin Y, sin 7 dy; dys.

The change of variables

yl_l'l_u Yo — T2 Y1 — 11 Y2 — T2

= U, ) T =U, =1
2/t 2Vt 2/t —1 2/t —1
yields
= 1 a2 2
u(:c,t):—/e “du/e Y du+
T

t o] o]

v
0 —00 —00

whence, in view of the relation
sin(a 4 ) = sinacos B + cos asin

and formulas (35.18), (35.19), we obtain

t t

1 9 5
+—/d7 sinT/e“ sin[?x/t—Tﬂ+x]dﬂ/e” sin[2v/t — 70 + x]dv,

(35.25)

(35.26)

w(@ t) =1 +sinaysinzs [ sinTe 2 dr =1+ sinzy sinzge 2 [ sinre? dr =
Y

0 0
t

0

1
=1+ sin z; sin xge’%g [€2T(2 sin T — cos 27}
1
=1+ —sinz; sinzge 2 [(2 sint — cos 2t + e’Qt} )

Example 35.5. Solve the Cauchy problem
uy = a*Au+ f(T1), u}t:O:go(f), 7 eR3,

for
a® = 2, f(@t) =tcosmxy, ©(T) = cos g cos x3.

(35.27)

(35.28)
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Solution. According to Poisson’s formula (35.8) for n = 3 (see the preceding exam-
ple), in view of (35.28), we have

t
uw(Z,t) =1 + / Iyrdr, (35.29)
0
where

o0 o0

1 2 2 1 2 2
I = — e mmm)/ ety / e~ (@2=v2) /407t (g0 dagy
! / 2a\/ 7t n 2a\/ 7t 2@l

Il "

—(x3—y3)?/4a”t
X —e cos Yz d 35.30
/ Sav/nt ysdys ( )

and
I, = / 1 6—(w1—y1)2/4a2(t—’r)dy1/ ;6—@32—?&)2/4612@_7) COS ¥Yo dy2><
2a+/7(t — 7) 2a/m(t —7)
X / ;6—(“—%)2/@2@—7) cosys dys. (35.31)
2a+/7(t — )

All integrals involved in (35.30) and (35.31) were calculated in two preceding examples;
therefore, the quantities I; and I can be written at once:

I, = cos x5 cos xze 20, (35.32)

I, = coszye” @ 7). (35.33)

Integration of I, with respect to 7 yields
t t

/IQTdT = /cosxle_GQ(t_T)TdT =

0 0
t

2 2
= coszTie “t/ea Trdr =

0

COS T

et =1 e (35.34)

Substituting (35.32) and (35.34) into (35.29), we find

coS T
w(Z, t) = cos zy cos zze 20t 4 _41 a2 — 1+ e,
a

and, in view of the fact that a® = 2, this yields

1
u(Z,1) = cos zy cos xze * + 7 Co8 %1 [2t —1+e7?].
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