CHAPTER 7

Multi-variable PDEs

43. Basic problems of mathematical physics

As before, 2 denotes a region (an open connected set) in RY and,
by assumption, the boundary 0f2 is piecewise smooth. Recall that a
boundary of a region is smooth if it is a level set of a function whose
gradient does not vanish in a neighborhood of the level set. Suppose
that a function v : © C RY — C has continuous partial derivatives,
then the gradient of u at a point x € € is the vector

ou
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Vu=gradu = Za—ej
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where e; is the standard basis in RY. In what follows a vector between
vertical bars denotes the Euclidean length of the vector

|X|:\/g;§+x§+...+x§v:,/—x.x

Let n be a unit vector in RV. The Euclidean dot product
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is called the direction derivative of u or the derivative of u along the
vector u. Its value determine the rate of change of u in the direction of
n. It follows from the inequality |a-b| < |a| |b| that the maximal rate of
change of a function occurs in the direction of its gradient and is equal
to the length ||grad u|| of the gradient. Among other properties of the
gradient, it is worth noting that the non-zero vector V u is normal to
level sets of the function, u(x) = const. This property follows from the
fact the function has no rate of change in any direction tangential to
the surface on which the function has a constant value (a level surface)
and, hence, the directional derivative in any direction tangent to a
level surface vanishes which implies that V u # 0 is orthogonal to any
tangent vector. If the level set u(x) = k defines the boundary of a
region, then a unit normal vector on the boundary is

n(x) =+ Vu, x: u(x)=k

[Vl
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512 7. MULTI-VARIABLE PDES

The sign is chosen in accord with a required orientation of the boundary
(e.g., inward or outward for a closed surface).
The gradient is a particular example of vector fields. A vector-

valued function F : Q — RY (or CV) is called a vector field. A vector
field is defined by its components in the standard basis

F(X) = Fl(x)el + FQ(X)GQ + -4 FN(X)eN .

Suppose that the components of a vector field have continuous partial
derivatives. The divergence of a vector field is a scalar function defined
by the rule

oF, OF: 0FN
divF= -t ~2, .42V
v 0xy * 0xs L oxn
In particular, the differential operator
, Pu *u 0%u
Lu:dlvgraduza—ﬁ—l-a—w—l—---—l—%:Au

is called the Laplace operator.

43.1. Basic equations of mathematical physics. Let the functions p and
p be strictly positive in the closure €2, that is,

p(x) >0, px)>0, xe€Q.
Let the function ¢ be non-negative in Q:
q(x) >0, x€Q.

Let a real variable 0 < t <T' < oo denote time. In theoretical physics
it is shown that the second-order partial differential equation
2

U .
Py = div(pgradu) —qu+ f(x,1),

describes various vibrational processes and wave propagation. The
equation

(43.1)

ou
P ot
describes various diffusion processes and heat conductance. The equa-
tion
(43.3) —div (pgrad u) + qu = f(x)
describes the corresponding stationary processes (e.g., standing waves
or a stationary temperature field). Equation (43.3) is defined in Q and

the region  is said to be the domain of Eq. (43.3). Equations (43.1)
and (43.2) are defined in the open cylinder

Iy = Qx (0,T) c RV,

(43.2) = div (pgradu) — qu + f(x,1),
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The boundary of the cylinder contains three parts, the side 92 x (0,7,
the top 2 x {T'}, and the bottom Q x {0}. To make sense from the
mathematical point of view, it is also necessary to assume that

peC’Q), peCH), qeC’Q).

Under the above assumptions, the generalized wave equation (43.1)
is said to be of the hyperbolic type, the diffusion equation (43.2) is of the
parabolic type, and the stationary equation (43.3) is the elliptic type.
The classification of PDEs into the hyperbolic, parabolic, and elliptic
types will be discussed in detail later. At this point, it is only noted
that different types of PDEs are related to different types of physical
processes described by the equations. In order to have a unique descrip-
tion of the physical process by a PDE, in addition to the very equation
one has to specify the initial state of that process (initial conditions)
and the state of the process at the boundary of the region in which the
process is considered (boundary conditions). Three following problems
are usually considered:

(i) The Cauchy problem for equations of the hyperbolic and parabolic
types. In this case, Q = RY and initial conditions, conditions on u(x, t)
at ¢ = 0, are set.
(i) The boundary value problem for equations of the elliptic type in
which boundary conditions, conditions on u(x) where x € 02, are im-
posed, while there are no initial conditions.
(iii) The mixed problem for equations of the hyperbolic and parabolic
types in which both initial and boundary conditions are set and 2 C
RV,
43.2. The Cauchy problem.
Wave (hyperbolic) equation. For the wave equation (43.1) the Cauchy
problem is formulated as follows: Find a function

u(x,t) € C*(t > 0)NCt > 0)
satisfying (43.1) in the half-space ¢ > 0 and the initial conditions at
t=0":

ou
43.4 = — =
( ) Yo Uo(x) Ot lt=0 (%),
where the value at ¢t = 0 is understood in the sense of the limit t — 0
(the limit from the right) because the equation and its solution are

defined for ¢ > 0. In addition, it is required that
feCt>0), uecCYRY), wu €C%RY),
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The Cauchy problem for the wave equation also admits the following
generalization. Let ¥ be a piecewise smooth surface in RY defined by
the equation t = o(x). Suppose that the Cauchy data up and wu; are
functions on ¥. The Cauchy problem for the wave equation (43.1) is
to find a solution to (43.1) in a part of the region ¢ > o(x) that is
adjacent to the surface ¥ and the solution must also fulfill the initial
conditions:

(43.5) ul =wuo, Ou

- :ul
5 Onlx ’

where n is the unit normal to ¥ direction into the region ¢ > o(x).

Diffusion (parabolic) equation. For the diffusion equation (43.2) the
Cauchy problem is to find a function

u(z,t) € C*(t > 0)NCt > 0)

satisfying (43.2) in the half-space t > 0 and the initial condition at
t=0":
(43.6) ul = wup(x).
t=0
In addition, it is required that

feC’t>0), wuecC'RY.

43.3. Boundary value problem for elliptic equations. The problem is stated
as: Find a function

u(x) € C*(Q) N CY(Q)
satisfying Eq. (43.3) in a region 2 and the boundary condition

(43.7) (au + 0 g—z) Lm: v, a, B,veC’09),

where n is the unit outward normal to the surface 02, and «, (3, and
v are given continuous functions on the boundary 0€) such that

a(x) >0, [(x)>0, ax)+p(x)>0, xed.
If « =1 and 3 = 0, the boundary condition has the form

43.8 U
( ) 89

and is called the boundary condition of type I. If « = 0 and 3 = 1, then
the boundary condition

(43.9) Our _,,
' onlaa !
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is called the boundary condition of type II. The boundary condition of
type I11is defined by =1 and a > 0,

(43.10) <8_u + au) }aﬂ = Uy

For the Laplace (f = 0) and Poisson equation (f # 0), the bound-
ary value problem of type I

(43.11) Au=—f, u‘a = ug
Q
is called the Dirichlet problem; the boundary value problem of type II,
ou
43.12 Au = — — =

is called the Neumann problem.

Let €2 be a bounded region. Consider the region 2. that is the com-
plement of the closure  in RV, that is, Q. = RV \ Q. For the boundary
value problem in 2. for an elliptic equation, some conditions at spa-
tial infinity are often imposed in addition to boundary conditions at
09, = 012. Conditions at infinity can, for example, define the behavior
of a solution at infinity. For instance, for the Helmholtz equation

(43.13) Au+k*u=—Ff,

where k is a non-negative constant, in addition to the aforementioned
boundary conditions at €., one can impose the so called scattering or
Sommerfeld radiation conditions at infinity: For large |z| =r — oo, a
solution should behave as

v

u(@) = 4 ox), o) =00, S —ike = o),

or

where 7 = |x| and a is a unit vector. The symbol O(r~!) means that
v falls to zero inversely proportional to r as r — oo, while the symbol
o(r~') means that the corresponding quantity falls to zero faster than
r~t as r — oo, that is, ro(r7!) — 0 as r — oo. With f = 0, such
a solution describe a scattering of a monochromatic plane wave on an
obstacle of the shape 0f).. The function v obeying the Sommerfeld
radiation conditions describes the wave outgoing from the scattering
region, while the part e?*®* describe an incident plane wave propagating
in the direction of a. The Sommerfeld radiation conditions can also be
added to the stationary Schréodinger equation
2

—h—Aw + V= Ey
2m

where h is the Planck constant, m is the mass of a particle, F =
R2k?/(2m) > 0 is the energy of the particle, and V = V(x) is the



516 7. MULTI-VARIABLE PDES

potential energy such that V(z) — 0 as |x| — oo. Such a solution
describes a scattering of a quantum particle on a system described by
the potential V. If £ < 0, then instead of the Sommerfeld radiation
condition, a solution of the stationary Schrodinger equation is required
to be from £,. The conditions of the form

u(x)=0(1) or wu(x)=o(l), |z|]=r— o0,

where O(1) = O(r°) and similarly for o(1), are often used for the
Poisson equation.

43.4. Mixed (initial value) problems.

Wave (hyperbolic) equation. For the wave equation (43.1), the mixed
problem is to find a function
u(x,t) € C*(Ily) N CH(I1y)

that satisfies Eq. (43.1), the initial conditions (43.4), and the boundary
condition (43.7) on the side boundary of the cylinder Il (that is, (43.7)
should hold for all 0 < ¢t < T"). In addition, the following smoothness
conditions are required

FeCYly), ueC' @), ueC’Q), veCOx[0,T])

and the self-consistency conditions (the consistency between the initial
and boundary data)

(43.14) (auo + ﬁ%) ‘m: v

t=0

Diffusion or heat (parabolic) equation. For the diffusion equation (43.2)
the mixed problem is to find a function

u(x,t) € C*(p) N C%Iy), Vu(x,t) e C'Ily),

where V, denote the gradient with respect to x, that satisfies Eq.
(43.2) in II7, the initial condition (43.5), and the boundary condition
(43.7) on the side boundary of the cylinder IIy (in the same sense as
in the case of the mixed problem for the wave equation).

Remarks of smoothness of the solution. It should be noted that solu-
tions of the stated boundary value problems that are C'' smooth up to
the boundary of the region in which the equation is formulated do not
always exist. The way out is to required mere continuity of solutions
up to the boundary of the region. This formulation of the boundary
value problem is natural if the problem does not involve partial deriva-
tives in the boundary conditions. For example, this is suitable for Egs.
(43.2) and (43.3) with boundary conditions of type I. If the boundary
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conditions contain partial derivatives, then in each particular case one

should define in what sense these conditions are to be fulfilled. For

example, for the mixed problem for the wave equation (43.1), the sec-

ond initial condition (43.4) can be understood in the sense of L£2(12)
oy

topology:
|5

In the Neumann problem for the Laplace equation, the boundary con-
dition (43.9) can be required to be satisfied in the following sense. Let
x’ € € be a point on the line through the point x € 92 and parallel to
the normal n, at x. In other words, if n, is the outward normal, then
x' = x — sn, for some s > 0 and x’ — x means s — 0". Then the
condition (43.9) is understood in the sense of uniform convergence or
in the supremum norm:

ou

—0, t—0t.

ou
on,

g(s) = sup (x') —ui(x)| — 0, s — 07,

x€0N
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44. General Fourier method

44.1. The eigenvalue problem for elliptic operators. Unless stated oth-
erwise, a region (2 is always assumed to be bounded throughout this
section. Consider a linear differential operator

Lu = —div (pgrad u) + qu.
The domain M, of L consists of all functions from C?(Q)NC*(Q) that

satisfy the boundary condition

(44.1) (au + ﬁg—u) ‘

n

=0.
o0
The parameters of L and those of the boundary conditions are required
to satisfy the conditions:

peCi(Q), ¢eC’Q); plx)>0, q(x)>0, z€Q
(44.2)
a, 3€C%00); a(z)>0, B(z) >0, alz) +B(z) >0, v€0N.
If P is a set of all polynomials (of N variables if Q C RY), then
PCC*Q)Cc M, CC%Q) C L)

Recall the discussion after Theorem ?7: The set of continuous func-
tions is dense in the space of square integrable functions, while by the
Weierstrass theorem P is dense in the space of continuous functions.
Therefore P is dense in the space of square integrable functions. Since
My is larger than P, it must be dense in Lo(£2)

The eigenvalue problem for an elliptic operator L is to find all values
of A (eigenvalues of L) at which the equation

Lu= M, uée My,

has a non-trivial solution as well as to find all such solutions (eigen-
functions of L).

It should be noted that eigenfunctions of smoothness C(2) may
not always exist and the smoothness conditions on the boundary 02
need to be relaxed to smoothness C'°(Q) (for example, it is natural for
boundary value problems of type I when 5 = 0).

44.2. Green’s formulas.

THEOREM 44.1. (Gauss-Ostrogradsky or divergence theorem)
Let Q be a bounded region in RY with a piecewise smooth boundary
00 oriented outward by the unit normal n. Suppose that components
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of a vector field ¥ have continuous partial derivatives in a region that

contains €. Then
/dide:p:/ (F,n)ds,
Q o0

where dS denotes the Lebesgue measure on 0S) (the surface area ele-
ment).

The theorem can also be extended to unbounded regions if F de-
creases fast enough as || — oo to ensure the existence of the integrals.
The following consequences of the divergence theorem can be proved.

THEOREM 44.2. (Green's formulas)
Letu € CHQ)NCYQ) and v € CHQ). Then
(44.3)

/vLudx:/p(gradv,gradu)dx—/ pva—udS—l—/quvdx.
Q Q o0 On Q

If, in addition, v € C?(2) N CH(Q), then

ou ov
(44.4) /QvLudx—/QvLudx—/an (v%—ua—n) as

The relations (44.3) and (44.4) are known as the first and second
Green’s formulas, respectively. If p = 1 and ¢ = 0, then they become

/vAudx: —/(gradv,gradu)da?— v%dS,
Q Q

a0 8n
Ju ov
/Q(vAu—uAv) dx = /{m (v%—ua—n) das'.

A proof of Green’s formulas is based on the divergence theorem and
the absolute continuity of the Lebesgue integral. Let 2’ be a proper
subregion of €. It is easy to verify the identity

vdivF = div(vF) — (grad v, F)

by calculating the divergence in the left side explicitly in terms of par-
tial derivatives of v and components of F. By mean of this identity for
F = pgrad u, one infers that

/vLudx:/ v[—div(pgradu)%—qu}da:

= —/ div(pv gradu)dx+/ [p (grad v, grad u) + quv | dx
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The first term in the right side of this relation is transformed by means
of the divergence theorem (the hypotheses of the theorem are fulfilled
for € by its definition as a proper subregion of ):

/ div(pv grad u)dx = / pv % ds .
’ oY an

Finally, one can take successively larger subregions of €2, that is, con-
sider the limit ' — Q. By the absolute continuity of the Lebesgue
integral, the integrals over Q \ €' and 02\ 92’ can be made arbitrary
small for a large enough proper subregion of 2. Thus, the above two
relations hold for €2, too, and the first Green’s formula follows.

If u and v are both from C?(Q) N C*(Q), then v and v can be
swapped in Eq. (44.3). The obtained equation is subtracted from
(44.3). The resulting relation is the second Green’s formula (44.4).

44.3. Eigenvalues and eigenfunctions of the operator L.

THEOREM 44.3. (Properties of the operator L)
The operator is hermitian and positive semi-definite:

(44.5) (Lu,v) = (u, Lv), wu,ve Mg,
(44.6) (Lu,u) >0, ue Mj.

PROOF. As noted before My, is dense in £5(€2). For any u and v
from M, the images Lv and L@ = Lu under the action of L are from
L5(2). Therefore the second Green’s formula (44.4) can be written in
the form

/Q (@ Lv — v Lu) dz = (Lv,u) — (v, Lu)

The function v and v satisfy the boundary conditions

ov ou
(av+68_n)}aﬂ =0, (au+68_n)}aﬂ =0
By the assumption, a(z) + F(x) > 0 for any = € 9f2. This implies that
this homogeneous linear system of equations has a nontrivial solution
(v and (3 do not vanish simultaneously anywhere in 0€2), which, in turn,
is possible if the determinant of the matrix composed of the coefficients
of a and ( vanishes:

v@—’@—o.

on u@n_
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Thus, the integrand in the integral over 0f) is identically zero and,
hence, (Lv,u) — (v, Lu) = 0 which, by definition, means that L is
hermitian.

Put v = @ in the first Green'’s formula (44.3). Since Lu € L5(2),

ou

(Lu,u>:/p|gradu|2dx—/ pu—d5+/q|u|2dx
Q a0 On Q

The first and third terms in the right side are non-negative because
p>0and ¢ > 0 in €. The second term can be transformed by means
of the boundary condition (44.1),

g—z:—%u, if fB(z)>0, ze€0Q,
u=0, if Bx)=0, z€dQ,
and, hence,
(44.7)  (Lu,u) :/<p|gradu|2+q|u|2) dx+/ gp|u|20l520,
Q 20, P

where 02 is the part of Q2 where a(x) > 0 and f(z) > 0 (both a and
(3 do not vanish). Thus, the operator L is positive definite. This also
implies that L is hermitian. U

COROLLARY 44.1. (Eigenvalues and eigenfunctions of the operator L)
Let the operator L be defined as in Section 44.1. Then

(i) All eigenvalues of L are non-negative;

(ii) Eigenfunctions of L corresponding to distinct eigenvalues are
orthogonal;

(iii) Eigenfunctions of L can be chosen to be real.

PROOF. Let )y be an eigenvalue of L. Then Luy = A\gug where uy # 0.
Since L is hermitian, g is real. By Theorem 44.3 the operator is also
positive definite and, hence,

0 S <LUQ,’U0> = )\(](uO,U(]> = )\0”’&0”2 = )\0 Z 0.

By Theorem 36.2 eigenfunctions of L corresponding to different eigen-
values are orthogonal (as for any hermitian operator). If ug is a complex-
valued eigenfunction of L, then put uy = u; + iu2 where u; o are real-
valued functions. Since the corresponding eigenvalue )y is real and
Lu; 5 are real-valued functions,

Lug = )\(]U(] = L(u1 + ZUQ) = )\o(ul + ’l’ng)
= Luj=Mu;, j=1,2.

This shows that the real-valued functions u; are also eigenfunctions of
L corresponding to the eigenvalue . O
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THEOREM 44.4. (Zero eigenvalue of the operator L)
Let Q be a bounded region and L be the operator defined in Section
44.1. In order for X = 0 to be an eigenvalue of L, it is necessary and
sufficient that ¢ = 0 and o = 0, and in this case A = 0 is a simple
eigenvalue and the corresponding eigenfunction is a constant function.

PROOF. Necessity. Let A = 0 be an eigenvalue of L and wug be the
corresponding eigenfunction so that Lug = 0, ug € My. It follows
from (44.7) that

o)

0 = (Lug, up) = / <p|gradu0|2 + q|uo|2)dx +/
Q a9, B

This requires that p|grad ug|? = 0 and ¢|ug|? = 0. Since p(x) > 0 and
q(x) > 0in €, it is concluded that grad ug = 0 or uy must be a non-zero
constant function in 2. The latter implies that ¢ = 0. Furthermore, if
up is a constant function, then the boundary condition (44.1) is fulfilled
if aug =0 or @ = 0 (since ug # 0). The above line of arguments also
shows that ug = const is the only (linearly independent) eigenfunction
corresponding the zero eigenvalue, that is, if A = 0 is eigenvalue, then
it is a simple eigenvalue.

Sufficiency. Let ¢ = 0 and a« = 0. Then by (44.2) $ > 0 and the
eigenvalue problem for A = 0 reads

p|u0|2dS

8u0
Lu = —di d =0, —| =0
u iv (pgrad ug) S
A constant function ug = const is a solution to this problem and, hence,
an eigenfunction of L corresponding to the eigenvalue \ = 0. O

In previous sections, it was found that an orthogonal set of eigen-
functions of the Laplace operator (p = 1, ¢ = 0) form a complete
set in the space of square integrable functions over a bounded region.
The eigenvalues form an unbounded sequence without limit points and
each eigenvalue has a finite multiplicity. They have been established by
separating variables and reducing a multidimensional eigenvalue prob-
lem to several one-dimensional (Sturm-Liouville) problems. On other
hand, even for regions of relatively simple shapes, the method of sepa-
rating variables appears to be inapplicable. Do these properties remain
valid for general elliptic operators in arbitrary regions? The following
theorem answers this important question.

Let © be a bounded region in RY. For N > 2 it is assumed that
either 5 =1 or § = 0 in the boundary condition (44.1). In other words,
the boundary condition can only have one of the following two forms:

0
either u| =0 or (—u+au)‘ =0, aa>0.
o9 o0
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If in addition the boundary 0f) is a smooth enough surface and the
coefficients p > 0, ¢ > 0, and o > 0 are sufficiently smooth functions,
the following theorem holds

THEOREM 44.5. (Fourier series over eigenfunctions of the operator L)

(i) The set of all eigenvalues of L does not have limit points and
each eigenvalue has a finite multiplicity;
(ii) For any u € My, the Fourier series of u over an orthogonal
set of eigenfunctions of L converges uniformly to u;
(iii) The set of eigenfunctions of L is complete in Lo(S2)

The exact smoothness conditions on the parameters of the operator
L under which the theorem holds have been stated for the case N =
1 (the Sturm-Liouville problem). The exact smoothness conditions
on 00 C RN, N > 2, will be stated later for the Dirichlet problem
(L = —A). If the boundary 99 is from the class C? (that is, it is a
level set of a twice-continuously differentiable function whose gradient
vanishes nowhere), then it is typically sufficient for the theorem to
hold. However, specific examples studied by separating variables show
that in many problems this condition of the smoothness of 92 may be
relaxed.

Theorem 44.5 implies that the set of eigenvalues of L is countable.
Indeed, since the set of eigenvalues does not have a limit point in R,
for every eigenvalue A there is an open interval of a finite length that
contains A and no other (distinct) eigenvalues. Thus, distinct eigen-
values form a countable set. Furthermore, each eigenvalue has a finite
multiplicity. Therefore all eigenvalues of L can be ordered:

0§)\1§)\2§, )\k—>OO, k‘—>OO,

where each A is repeated in this sequence as many times as is its
multiplicity. Note that M is an infinite dimensional linear set. If the
Fourier series of f € M, over eigenfunctions of L converges to f, then
the set of linearly independent eigenfunctions must be countable (not
finite), which means that the sequence {\;} must have infinitely many
distinct elements and, hence, Ay — oo as k — oo (a monotonically
increasing sequence can only be bounded by its limit point which does
not exists for the sequence of the eigenvalues of L). Let ¢, be an
eigenfunction corresponding to \:

Low = Mo, k=1,2,..., €My

By Corollaries 7?7 and 44.1 the eigenfunctions ¢, can be chosen real
and orthonormal so that

(Low, 05) = Ml r, 05) = Ml -
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Theorem 44.5 states that for any f € My, the Fourier series of f over
the orthonormal set {¢y}5°

fl@) = fonl@), fr=1(f b

converges uniformly to f in Q, that is,

f— Z Jio
h=1

Note that the supremum here is equal to the maximal value because
any continuous functions on a bounded closed set in a Euclidean space
attains its extreme values.

Finally, since M, is dense in L£5(£2), the set of eigenfunctions { ¢y }3°
is complete in L5(£2) (Theorem ?? and recall also Theorem ?7). Thus,
for any f € L£2(Q) its Fourier series over the set of eigenfunctions of
the operator L converges to f in the mean (almost everywhere):

—0, n—ooo.

flz) - Z fror(x)

= sup
Q

e}

F@) = (f.66) dr(r) ae., [feLs().
k=1
Suppose f € My. Can the Fourier series of f over {¢x}° be
differentiated term by term? The following theorem holds.

THEOREM 44.6. (Differentiation of Fourier series)
Let f € My. Then its Fourier series converges uniformly

max| Y (F, 6x)on(x) = f(@)] =0, n— oo,
k=1

and it can be differentiated one time term by term and the obtained
series converges in L2(2) to the corresponding derivative of f:

(44.8) grad f(z) = > (f, o) gradgu(z) ae., feMy

k=1

44.4. Variational principle for eigenvalues. Suppose L is the Sturm-Liouville
operator (or the elliptic operator L defined in Section 7.2). The follow-
ing variational principle holds.

THEOREM 44.7. (Variational principle for eigenvalues)
Let {\}5° be the sequence of the eigenvalues of L ordered in the in-
creasing order (in which each eigenvalue is repeated as many times as
is its multiplicity). Let MY C My, be the subset of functions from the
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domain M, which are orthogonal to the first k —1 eigenfunctions, that
is, f € MY if (f,¢;) =0, 5=1,2,....k — 1, where Lp; = \jd;. Then

. (Lf, )
f
T TE

and the infimum is reached on any eigenfunction corresponding to the
eigenvalue \j.

A =

PROOF. Let f € MY, Then the first k — 1 its Fourier coefficients over
the set {¢,}9° vanishes f; =0, j =1,2,...,k — 1. Using the result (7?)

(LI =Y NP =MD 1P
=k =k
because A\, < \; if j > k. By the Parseval-Steklov equality (?7?)

LA =) 11
j=k

as the set of eigenfunctions in complete in M. Therefore

(LS. f)
A
CS

In particular, ¢, € M5 because (¢, ¢;) =0if j =1,2,...,k — 1, and
Lo = M¢i. Therefore the equality can actually be reached for f = ¢y

because
= A

If11? [EAls
The proof is complete. 0J
Note that the variational principle uses only the completeness of the
set of eigenfunctions and the monotonicity of the sequence of eigenval-
ues. Therefore it is also valid for hermitian operators acting on periodic
functions (for example, the Laplace operator on a torus S' x --- x S1).
The lowest eigenvalue of L is

fe M.

= Ak

L
)\1: inf < f’§>
reme | f]]
It is zero if the minimum of (Lf, f) given by (44.7) over normalized
functions from My, that is, ||f|| = 1 is zero. The minimum value

vanishes if and only if ¢ = 0 and o = 0 according to (44.7) and, in this
case, it is achieved for a constant function. By the variational principle,
the minimum is achieved on an eigenfunction and, hence, a non-zero
constant function is an eigenfunction of L. In this regard, recall the
proof of Theorem 44.4.
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44.5. The boundary and initial value problem for a hyperbolic equation.
Let Q be a bounded region in RY. Consider the boundary and initial
value problem for the hyperbolic equation. For simplicity, let us take
first p = 1:

u:flt(x> t) = —Lmu(x, t) + .f(X> t) 5
u(x,t) e My, t>0,
u(x,0) = up(x), uy(x,0)=ui(x).

Note that the boundary conditions are included into the domain of the
Sturm-Liouville operator L,. It does not depend on the variable ¢ so
that its action on u(x,t) is calculated for each (fixed) value of ¢. This
also implies that u(x,t) must be from the domain of L, at every value
of t > 0.

Let Xx(x) be a real orthonormal basis in L£5(€2)

<Xk, Xk/> = /QXk(X)Xk/ (X) dx = 5kk’

made of linearly independent eigenfunctions of the Sturm-Liouville op-
erator L,, where the boldface index k denotes a collection of integers
needed to label the basis functions. For example, spherical harmonics
Y™ are labeled by two integers [ = 0,1,2,... and |m| <. In this case,
k = (I,m) and O = dprdpmmy. Since each eigenvalue of L, has a finite
multiplicity, one can always make a specific ordering in labels of the ba-
sis functions. For example, one can start with the smallest eigenvalue
and count all basis eigenfunctions corresponding to it, then take the
second smallest eigenvalue and count all basis functions corresponding
to it, etc. The sum

denotes a linear combination of the basis functions with n first terms.
Suppose that the parameters of the problem are linear combinations
of the basis functions

foet) = D Fut) X(x),
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In this case, the solution to the problem is a linear combination of all
basis functions which enter into the expansions of the parameters:

)= Ti(t)Xu(x)
k|<n

Indeed, the substitution of the above expansion in to the equation
yields

DT HXK(x) = = > AT Xae(x) + > Fielt) Xie(x
[k|<n k| <n [k|<n

where the relation L, Xy = A\ Xk was taken into account. Since Xy are
linearly independent, the equation holds if the coefficients at Xy in the
left and right side match. Similarly, the initial conditions require that

Z Tk Xk Z aka

k|<n k|<n
> R0 — Y i
k|<n k|<n

Thus, the expansion coefficients satisfy the initial value problem:
(44.9) Tli/(t) + )\ka(t) = Fk(t) , Tk(O) = ag, TI/{(O) = by

which is identical to the initial value problem for the expansion coeffi-
cients in a two-dimensional wave equation describing vibrations of an
elastic string. Put wx = v/ Ax. Its solution reads

1
T (t) = ay cos(wit) + b sin(wgt) + — / sinfwi(t — 7)] Fx(7) dT .
Wk Wk Jo

If the parameters of the problem are not linear combination of the
basis functions, then they can be expanded into Fourier series over the
basis Xx:

Floxt) = SO, Filt) = (150 = [ 1x.0)Xilx) dx

x) = Y X, = (0, Xid) = [ o) Xilx)d
" Q

X) = Yo hN) b= (X = [ () Xilx) d
" Q

The solution can also be sought as a Fourier series

(44.10) u(x,t) = Ti(t) Xi(x)



528 7. MULTI-VARIABLE PDES

However, the crucial difference with the case when the parameters are
linear combination of the basis functions is that for a Fourier series
converging in the mean the order of summation and differentiation
cannot be rearranged:

0? 0?

in contrast to sums with finitely many terms. For this reason is not
generally possible to conclude that the expansion coefficients satisfy
the stated initial value problem. On the other hand, if the Fourier
expansions of the parameters are changed to the corresponding partial
sums, then the solution can always be found. Since the partial sums of
the parameters converge to the actual parameters, one can hope that
the associated sequence of solutions would converge to the actual solu-
tion. So, the series (44.10), where the expansion coefficients satisfy the
initial value problem (44.9), is called a formal solution to the problem.
If the sum of the series is proved to be from the class C*(Q) N CY(Q),
then it is the classical solution.

44.6. The boundary and initial value problem for a parabolic equation.
Let Q be a bounded region in RY. Consider the boundary and initial
value problem for the hyperbolic equation:

UQ(X, t) = —Lmu(x, t) + .f(X> t) ’
u(x,t) e My, t>0,
u(x,0) = up(x).

The boundary conditions are included into the domain of the Sturm-
Liouville operator L,. It does not depend on the variable ¢ so that
its action on u(x,t) is calculated for each (fixed) value of ¢. This also
implies that u(x,t) must be from the domain of L, at every value of
t>0.

The analysis of the preceding section can be repeated for this prob-
lem. The only difference is that the expansion coefficients T () in the
formal solution (44.10) must satisfy the first-order initial value prob-
lem:

(44.11) Tllt(t) + )\ka(t) = Fk(t) , Tk(O) =ak,
ax = (ug, Xx) = / uo(x) Xk (x) dx .

Q
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The solution to the initial value problem can be found by the method
of variation of parameters:

t
Ti(t) = axe M +/ e TR () dr
0

If the sum of the series (44.10) with the above coefficients Ty is proved
to be smooth enough, then it is the classical solution to the problem.

44.7. The boundary value problem for an elliptic equation in a cylinder.
Some boundary value problems for elliptic equations can be solved by
separation of variables in combination with the Fourier method. Let
II be a bounded region in R¥*!. Suppose that the Sturm-Liouville
operator has the following form
0%u
Lu(x,2) = ——=—= + L,u
(x,2) = =55
where x € R™ and L, is a general Sturm-Liouville operator that
depends and acts only on the variables x. For example, a three-
dimensional Laplace operator can viewed as the sum
0*u Pu 0%
——+ L,u, Lou=——— —
022 or?  0y?
Let © be a bounded region in RY. Consider the boundary value prob-
lem for the elliptic equation Lu = f in the cylinder II = (0,1) x Q
where z € (0,) and x €

_u/z/z(x> t) = —Lmu(x, Z) + .f(X> Z) )

u(x,z) e M, 0<z<I,

U(X, 0) = uO(X) ) U(X, l) = ul(x) :
The boundary conditions of the side surface of the cylinder are included
into the definition of the domain of the operator L,. For example, if (2
is a disk, 72 = 2% +y* < a?, on a plane spanned by (z,y) and L, = —A
in the plane, then the boundary condition on the side of the cylinder
2+yt=a%0<z<lis

—AU(ZL’, Y, Z) =

=0

r=a

u(z,y,z) € My, = (au —l—ﬁ%)

where the constants o and [ satisfy the usual conditions for a Sturm-
Liouville operator.

This boundary value problem can be solved by separating variables
so in exactly the same way as the initial and boundary value problem
for the hyperbolic equation (here z used in place of ¢). Let Xy be an
orthonormal basis in £2(£2) obtained from the eigenfunctions of the
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operator L,. Then the formal solution is given by the Fourier series
(compare with (44.10))

u(z,x) =Y Zi(2)Xi(x)

in which the expansion coefficients Zy(z) satisfy the boundary value
problem:

(44.12) —7Z0(2) + MNeZi(z) = Fx(t),
Zk(O) = ak, Zk(l) = bk

ax = (ug, Xx) = /Quo(x)Xk(x) dx

b = (uy, Xg) = /QUO(X)Xk(X) dx

Fuz) = (£, %) = / £(%, 2)Xie(x) dx.

It can be solved by the Green’s function method. The needed Green’s
function was found in Section 11:

sinh[v Ak (I — 2)] e sinh(zv/Ax)
. sinh(lv/ k) « sinh(lv/Ax)

!
+/ Gx(z, 2" Fx(2') d2',
0

B 1 sinh(zy/Ax) sinh <\/X(l - z’)) , 2< 2,
~ Vsinh(lv/A) | sinh (ﬁ(l - z)) sinh(2'v ), 2 <z.

Zx(z) = a

Gk(Z> Z/)

If the sum of the Fourier series is proved to be smooth enough, then it
is the classical solution to the problem.



45. THE LAPLACE OPERATOR IN A RECTANGLE 531

45. The Laplace operator in a rectangle

The Laplace operator is the simplest elliptic operator (see Section
43 to review notations). Let Q be a bounded region in RY with a
piecewise smooth boundary 0f2 oriented outward by the unit vector n.
The eigenvalue problems for the Laplace operator read

(45.1) —Au=Xu, z€Q; Ulyg =0,

(45.2) —Au= X u, x€; <@ + au)
on

where « is a continuous function on the boundary 0f2. One can view

Problem (45.1) as the (formally) limit case of Problem (45.2) as o« — o0

everywhere on the boundary 02 (divide the boundary condition by

a > 0 and take the limit).

Let © be a rectangle in R?. Suppose that the coordinate system is
chosen so that 2 = (0,a) x (0,b). Let the first and second coordinates
are denoted x and y, respectively. Then the boundary of €2 consists of
four straight line segments parallel to the coordinate axes. If e; = (1,0)
and ey = (0, 1) are the standard basis in R?, then the outward normal
on the boundary lines z = a and y = b are e; and e,, respectively,
while the outward normal on the boundary lines x = 0 and y = 0 are
the opposite vectors, —e; and —es, respectively. Note that the line
x = ais a level set g(z,y) = = — a so that gradg = (1,0) = ey, and
similarly for y = b.

The analysis is readily extended to rectangular regions in higher
dimensional spaces. For example, if Q = (0,a) x (0,b) x (0,c¢) C R3,
then 02 are faces of the rectangular box that are parts of six planes
parallel to the coordinate planes. The outward normals on the faces
that are in the planes © = a, y = b, and z = ¢ are e; = (1,0,0),
ez = (0,1,0), and e3 = (0,0, 1), respectively. The outward normals on
the faces that lie in the planes = 0, y = 0, and z = 0 are the opposite
vectors —e;, —ey, and —egs, respectively.

=0, a=>0
o0

45.1. Rectangular domains in Problem (45.1). Consider the eigenvalue
problem for the Laplace operator in a rectangle

Q= (0,a) x (0,b) C R?

Let 0 < z < a and 0 < y < b. Solutions to (45.1) are found by
separating variable

0%u " 0%u

a 5 :XY//,
T
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By dividing the equation by XY it assumes the form

CX'@) Y'()
X(@)  Y(y)

from which it follows that

—X"(z) = pX(x), Y'(y)=vY(y), pt+v=2»A

=\

where p and v are constants. The boundary condition requires that
uw(0,y) =0, wu(a,y)=0, 0<y<b
u(z,0) =0, wu(z,b)=0, 0<z<a.

Therefore the two-dimensional eigenvalue problem is reduced to two
one-dimensional eigenvalue (Sturm-Liouville) problems

(45.3) —X"(x) = pX(x), X(0)=X(a)=0;
(45.4) _Y'(y) = vY(y), Y(0)=Y(b)=0.

The eigenvalues and the corresponding orthonormal eigenfunctions are
found in Section ?7?:

2,2 2
(45.5) ,UZ,un:Wn , Xp(x) = \/jsin<@x), n=12 ..;
a

a? a
Zm? 2 ™
(45.6) v = vy, = Wa? , Yo(y) = \/%Siﬂ(T y) , m=1,2 ...
Therefore the eigenvalues and the corresponding eigenfunctions are
n?  m?
(45.7) A= A = ftn + Uy = 7° (—2 + ?) , nym =12 ..,
a

(45.8) u = dpm(z,y) = Xp(2)Yo(y) = \/ia_bsinC;—n [L’) sin(? y)

The eigenfunctions are orthonormal in Lo(£2)

a b
/gbnmgbn/m/ dxdy :/Xn(z)Xn/(z) dz/Ym(y)Ym/(y) dy = Spn/ Oy
Q 0 0

where the Fubini theorem was used to calculate the integral.

The region Q = D; x D, is the direct product of two intervals
Dy = (0,a) and Dy = (0,b). The functions X,,(z) form a complete
orthonormal set (basis) in L£o(D;), while the functions Y;,(y) form a
complete orthonormal set (basis) in £Lo(Ds). By Theorem 77, the eigen-
functions ¢ (z,y) = X, (2)Y,(y) form a complete orthonormal set in
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L5(€2). Thus, for any function f € L£5(€2), the Fourier series

f(‘%y) = Z Z(f» ¢nm> ¢nm($>y) a.e.

n=1 m=1

converges in the mean (the sum coincides with f(z,y) almost every-
where).

Evidently, the method can readily be extended to a rectangular
domain in RV, If

Q=(0,a1) x (0,a2) x --- x (0,ay) C RY,
0<:17j<aj, j:1,2,...,N,

then the eigenvalues and the corresponding orthonormal eigenfunctions
are

2 2 2
ny n n
2 (™M 2 N
A=dn=m 3+ =+ 4+, nj=12..,
ay  ap N

2N 1/2 N ' ™;
u = ¢n($) = (m) ESIH (a—J ZL’J) s

where the vectors n = (ny, ns, ..., ny) with positive integer-valued com-
ponents are used to label the eigenvalues and the corresponding eigen-
functions. The details of derivation of these equations are left to the
reader as an exercise.

45.2. Rectangular domains in Problem (45.2). Let 2 = (0,a) x (0,b) C
R2. The boundary of this rectangle consists of four smooth pieces
(straight line segments):

0Q) = S1L US1rU Sor U Sag,

Sip ={x =0} x[0,b], Sig={x=a}x][0,0],

S2L = [O,G] X {y: 0}> S2R = [0,&] X {y: b}
Here the subscripts 1 and 2 stand for the “first” and “second” vari-
ables in the ordered pair (x,y), while the subscripts L and R stand for
the “left” and “right” endpoints of the interval spanned by the corre-

sponding (first or second) variable. If OS2 is oriented outward by the
unit normal vector n, then

n =—€e1, n
SiL

=€, n
Sir

= —€2, 1 = €2,
SQL SZR

where e;, j = 1,2, is the standard basis in R?. Note that the normal n
is not defined at the four corners of the rectangle because its boundary
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is not smooth at these points. In the above relations, the corner points
are not included. Since

gradu(:c,y) = elu;($>y) + e u;($>y) )

the normal derivative is

ou , ou

e I aul 0<y<b
o0 ls. uz(0,9), o~ 6 ug(a,y) y<b;
ou , ou

— = — 0 — = (x,b 0<z<
Sl =0, G|~ 0<a<a,

where the normal derivative is continuously extended to the endpoints
of the specified (closed) intervals, assuming, of course that u € C'(€Q).
If 982 is piecewise smooth, then the boundary condition (45.2) is un-
derstood as the set of boundary conditions for each smooth piece of OS2
and in each boundary condition the normal derivative is continuously
extended to the boundary of the corresponding smooth piece of 0S2. In
the case considered, there are for smooth pieces in 9€). In particular

ou

on
and the other three boundary conditions are obtained similarly. Even
though the variables can be separated in the Laplace operator, the
boundary conditions may not admit the existence of a solution in the
form u(z,y) = X(x)Y(y). This is a limitation of the method. If
u(x,y) = X(x)Y (y), then the condition at Sy, yields

. = —u,(0,y) + a(0,)u(0,y), 0<y<b
1L

+ au
SiL

= —X'"(0)Y(y) +a(0,»)X(0)Y (y) =0, ye[0,0].

It cannot be reduced is reduced to a boundary condition for X inde-
pendent of y unless a(0,y) = a = const, 0 < y < b, in which case

—X'(0) + aX(0) = 0.

A similar analysis shows that o must be a constant function on the
other three smooth pieces of the boundary. If, in addition, the func-
tion « is required to be continuous in 02, then the problem admits a
separation of variables if the function « is a constant function on the
boundary 02, that is, a(x,y) = « for all (z,y) € 0. In the next
section, it is shown that the continuity condition may be relaxed in
some cases.

Thus, if « is a non-negative constant on 02, then the original two-
dimensional eigenvalue problem is equivalent to two one-dimensional
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(Sturm-Liouville) problems:

o e, {5000
ww =, (ISR

where A = p+ v. Each of these problems can be solved by the method
of Section 8.2 (see also Example 8.1). By setting | = a (or | = b),
apg = ag = a and fy = B = 1 in (36.3), the boundary conditions
in (45.9) (or (45.10) are obtained. By Theorem 44.4, © = 0 is an
eigenvalue if and only if @ = 0 and in this case the corresponding
eigenfunction is a constant function. The details of the case o = 0 are
left to the reader as an exercise. In what follows it is assumed that
a > 0. In this case all eigenvalues must be strictly positive, u > 0.
Equation (36.8) determines the solution of the equation in (45.9) that
satisfies the first boundary condition is

X(z: 1) = Z(a:p) = cos(y/fiz) + % sin( /i @)

The second boundary condition yields an equation for the eigenvalues:

—y/psin(y/pa) + acos(y/pa) + a[cos(\/ﬁa) + % sin(y/pa)| =0

or

(45.11) cot(af) = % (9 — %2) , 0= /1.

The function in the right side of this transcendent equation is strictly
monotonic because its derivative is positive

1 o2\ 1 a?
— ) = —(1+ =
2@(9 9) 2a(+92)>0, 6>0

The graph of this function has a vertical asymptote at # = 0 and tends
to —oo as # — 0T. It also has slant asymptote given by the graph of
the linear function 6/(2«) which is approached from below. Therefore
the graph intersects the graph of cot(a#l) only once in each interval
m(n—1)/a <0 <mn/a,n=1,2,.... Thus, Eq. (45.11) has countably
many simple roots:

mn=1) < Op(a) < @, n=12...

a a

A similar analysis holds for the problem (45.10). The eigenvalues and
the corresponding eigenfunctions of the problems (45.9) and (45.10)

0=0,(a),
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are, respectively,

(45.13) v =1, =02(b), Y =Yn(y)=2Z(y;vm), m=12, ...

The eigenvalues and the corresponding eigenfunctions for Problem (77)
in a two-dimensional rectangle are

(45.14) A= Aum = fn + U,
(45.15) U = G (,y) = Xn(2)Yon ()

The functions (45.15) form an orthogonal complete set in Lo(2). In-
deed, by the general analysis of the Sturm-Liouville problem, the set
{X,,}3° is a complete orthogonal set in L£4(0,a), while the set {Y,,}5°
is a complete orthogonal set in £5(0,b). Since 2 = (0,a) x (0,b), the
set {¢nm} has to be complete and orthogonal in £5(€2) by Theorem
??. An orthonormal complete set is obtained by normalizing ¢y,,. A
calculation of the normalization constant ||¢.,|| is left to the reader as
an exercise.

45.3. More general boundary conditions. Let the eigenvalue problem for
the Laplace operator in = (0, a) x (0, b) with the boundary condition

(45.16) (ﬁ(x)g—z + a(x)u)

The boundary 0f) consists of four smooth pieces Sir, Sigr, S2L and
Sor. The functions a and 3 restricted to the interior of these pieces are
denoted by oy and (s, s = 1L, 1R, 2L, 2R, respectively. For example,

:alL(y):a(an)a ﬁle:ﬁlL(y):ﬁ(0>y)> 0<y<b>

1L

= mp(r) = a(z,b), [

Sar

=0.
a0

«

«

. = (er(y) = B(z,b), 0<z<a.

Note the open intervals in the domain of these functions; they corre-
spond to the interior of the intervals Sy, and Syg.

Then eigenvalue problem for the Laplace operator subject to the
boundary condition (45.16) in a rectangle can be written in the form:

_u/m/m_ugy:)\u> ($>y)€Q>
aru(0,y) — Birul(0,y) = 0
45.17 F 0<y<bd
( ) {alRu(a,y) + Girug(a,y) =0 Y ’
aopu(,0) — Bapuy(x,0) = 0
. <z <
(45.18) { azru(w,b) + Boruy(x,0) =0 7 Vo=
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In the boundary conditions (45.17), it is assumed that the functions
as(y) and Fs(y), s = 1L, 1R, are continuous in (0,b) and can be con-
tinuously extended to the endpoints of the interval [0, b] (the limits of
these functions as y — 01 and y — b~ exist). Similarly, in (45.18), it
is assumed that the functions as(x) and Gs(x), s = 2L, 2R, are contin-
uous in (0, a) and can be continuously extended to the endpoints z = 0
and x = a. Note that under these assumptions, the functions o and
£ in (45.16) may have jump discontinuities at the four corners of the
rectangle, while they are continuous elsewhere.

If a solution is sought in the form u(z,y) = X(z)Y (y), then the
boundary conditions cannot be fulfilled, unless the functions o and (s
are constant functions. Indeed, take, for instance, the first condition
n (45.17):

a1L(y)X(0)Y (y) = Bui(y) X' (0)Y (y) =0, 0<y<b.

If a1, and By vary in Syp, then the boundary condition is impossible to
fulfill by choosing the constants X (0) and X’(0). A similar observation
can be made for the other three boundary conditions.

Suppose that o, and s are constants. This means that the function
a and 3 in (45.16) are piecewise constant along the boundary and
may have jump discontinuities at the four corners of the rectangle. In
this case, the eigenvalue problem can be solved by separating variables.
Moreover if a, and 3, are constants such that

as >0, [Bs>0, as+p0s>0, s=1L, 1R, 2L, 2R,

then the eigenvalues are non-negative. Indeed, in this case the problem
can be reduced to two Sturm-Liouville problems

X(0) = f1X'(0) =0
_X// — X alL
@ =wx(@). {2
Y(0) = B2.Y'(0) = 0
_Y// — Y OZQL
(y) =vY(y), { asrY (b) + BarY(b) = 0
A=pu+v.
Let p = p, and X = X,(z), n = 1,2,..., be the eigenvalues and
the corresponding orthonormal eigenfunctions in the first problem and,
similarly, v = v, and Y = Y,,(y). The sets {X,,}° and {Y,,}{° are
complete in L£5(0,a) and L4(0,b), respectively. Then the eigenvalues of
the Laplace operator and the corresponding eigenfunctions are

)‘nm:lj“n_l—ym? ¢nm($>y):Xn(I)Ym(y)> n>m:172>""
By Theorem ?7?. the set {¢,,} is a complete orthogonal set in L(2).
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Clearly, the above analysis is straightforward to extend to the bound-
ary value problem for the Laplace operator for a rectangular domain
in RV,

45.4. Periodic boundary conditions. Consider a straight line segment.
The endpoints of the segment are glued so that the segment becomes
a circle. A circle is denoted S'. A function on S' is a periodic function
on R. Consider a rectangle (0,a) x (0,b) in R?. Let us glue together
two opposite sides of the rectangle The result is a cylindrical shell, e.g.,
Q = (0,a) x S'. Functions on a cylindrical shell are functions of two
real variables that are periodic in one of the variables. If two edges of
a cylindrical shell are glued together, a two-dimensional torus, S' x S,
is obtained. Function on a torus are periodic functions of two real
variables. Similarly, functions on an N—dimensional torus are periodic
functions of n real variables.

Two-dimensional cylindrical shell. One can pose the eigenvalue problem
for the Laplace operator on a cylindrical shell:

_u/m/m_ugy:)‘u> ($>y) S (0,&) XSla
aOU(an) - ﬁ(]u/m(oay) =0
aau(a,y) + ﬁau;(aay) =07

u(z,y +b) =u(z,y), re€l0,a, yeR.

yeR,

Here the variable y spans a circle S! and b is the circumference so
that the cylindrical shell has radius b/(27). If the parameters in the
boundary conditions are constants (independent of the variable y), the
problem can be solved by separating variables

u(z,y)=X(@)Y(y), A=p+v,
~Y'(y)=vY(y), Y(y+b)=Y(y), yecR

" Oé(]XO —ﬁoX/O =0
—X(z) = nX(2), {aaX((ag +ﬁaX’Ea§ =0

Using the results of Section 77,

U(l’,y) = QSkm(l',y) = Xk(l’)Ym(y), A= Agm = e + Vm
. 9 2
Yiu(y) = 2mmult =y = (%) C m=0,41,42, ..,

and p = p and X(x) = Xy(x), k = 1,2, ..., are the eigenvalues and
the corresponding eigenfunctions of the Sturm-Liouville operator L =
—d?/dx?. The functions X}, form a complete orthogonal set in £5(0, a)
while the functions Y;,(y) form a complete orthogonal set in L4(0,b)

Y
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By Theorem ??, the functions ¢, (z,y) form a complete orthogonal
set in Lo(92) where Q = (0,a) x S'. Note also that eigenfunctions of

the operator L = —d?/dy? on S* can be chosen real
2 2
Y(y) =Y.(y) = {1, cos(% y) , sin(% y) } , n=12 ..

Each eigenvalue, except v = 0, has multiplicity two.

Two-dimensional torus. The following example illustrates the method
of solving the eigenvalue problem on a two-dimensional torus. The
method is readily extended to a higher-dimensional torus.

ExAMPLE 45.1. (Eigenvalue problem on a torus)
Find the eigenvalues and eigenfunctions of the Laplace operator on a
two-dimensional torus St x St:

—Au = \u, u € C*(S' x §Y).
Show that eigenfunctions form a complete orthogonal set in Lo(S* x St).

SOLUTION: Let a and b be the dimensions of the torus. Solutions
satisfy the periodicity conditions:
u(z +a,y) =u(z,y), ulz,y+b)=u(ry).

Let u(z,y) = X(2)Y(y). Then the problem is reduced to two one-
dimensional problems

—X"(2) = pX(z), X(z+a)=X();
“Y'y)=vY(y), Y(y+b)=Y(y),
where A = p + v. Therefore using the results of Section 77?7

B 2mn

p=FK, k,="—, X=X,(z)=e™", n=0%142 .,;
a
2 .

V=1, Dm= —gm, Y=Y,(y) =P, m=0,+1,+2, ...

Note that X_,, and X,,, n # 0 correspond to the same eigenvalue k?
(which has multiplicity 2). Any linear combination of them is also
an eigenfunction corresponding to k2. The functions X_,, and X, are
orthogonal. The eigenvalues and eigenfunctions the Laplace operator
are

Aom = k2402, bum(z,y) = X (2)Yon(y), n,m=0,41,42, ...

Each set of functions X,,, n = 0,£1,..., and Y,,, m = 0,£1,..., is a
complete orthogonal set in £o(S'). By Theorem ??, the functions ¢,
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form a complete orthogonal set in Lo(S* x S'):

a rb
<¢nm> ¢n’m’> == // ¢nm ($> y)¢n’m’ ([L’, y) dl’d’y = ab 5nn’ 5mm’
0J0

Fourier series over ¢,,, are two-dimensional trigonometric Fourier se-
ries. O

45.5. Physical interpretation. Consider a wave equation in a Euclidean
space RV

1o

c? ot?
Let k = (ki, ks, ..., kx) € RY be a (fixed) vector and
(k,x) = kix1 + koxo + - -+ + knay

denote the dot product in RY so that the length of a vector is

= B+ R+ k= k).

(x,t) = Au(z,t), z = (x1,79,...,x5) € RV,

The function
(45.19) u(z,t; k) = Ae~wttiko)

where A is a constant, is a solution to the wave equation if the param-
eters w and k satisfy the relation

(45.20) w? = A|k)?.
Indeed,
0u 7 N\2 2 2 2 2
= kYu = Au= (B K+ Ry = — b
J
1P (—iw)? WP
2 ot2 2 “= c2 “

so that the wave equation is satisfied, provided (45.20) holds. Note
also that the real and imaginary parts of (45.19) also satisfy the wave
equation

u(x,t) = Beos(wt — (k,x)) or wu(z,t)=Csin(wt — (k,z)).
If u(z,t) denotes a “deviation” of some quantity from its equilibrium
value (e.g., air density for sound waves, or a component of the electric

(or magnetic) field for electromagnetic waves (radio waves, light)), then
the deviation has a constant value A in space on the set

(k,x)=wt=clklt = (k,x)=ct
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where k = k/|k| is the unit vector in the direction of the vector k. For
every t, the above equation describes a plane in space perpendicular
to the vector k. The plane moves parallel in the direction of k at a
constant rate (speed) ¢ with increasing ¢.

Thus, the amplitude of the solution remains constant on a plane
in space that moves in the direction of the vector k at a constant
rate ¢. At any fixed point x, the amplitude of the solution oscillates
with frequency w. If x is moved along the vector k by the distance
A = 27 /|k|, then the dot product (k, x) is changed by 27 so that u(x,t)
does not change. In other words, at a fixed t, u(x,t) is a periodic
function along the line parallel to the vector k£ with period A. For this
reason the solution (45.19) (or its real or imaginary parts) is called a
plane wave propagating in the direction k, the vector k is called the
wave vector of a plane wave, w is the frequency, A = 27/|k| is the wave
length, the relation (45.20) is called the dispersion relation of the wave,
and a constant A is an amplitude of the wave.

Visible light is a superposition of electromagnetic waves (c is the
speed of light in a medium through which the light is propagating).
The color of light is determined by wavelength (or frequency) of the
wave. For example, variations of red, green, and blue colors correspond
to electromagnetic waves of wavelength ranges: 620750 nm (dark red
to light red), 495+ 570 nm , and 450 + 495 nm, respectively. So, every
color can be precisely defined by the corresponding numerical value of
the wavelength or frequency of light. This is why solutions of the wave
equation with a fixed frequency are also called monochromatic.

The most general form of a monochromatic solution is

(45.21) u(z,t) = uy(z)e™™"

where u,(x) is the oscillation amplitude at a point x in space. For
example, there can be several plane waves passing through the point x
in different directions or with different wave vectors k,, n = 1,2, ..., m.
In this case,

Uy () = Z A, ettkna) |kn| = %
n=1

Note that all wave vectors should have the same length by the disper-
sion relation (45.20). The substitution of (45.21) into the wave equation
yields an equation for the amplitude of the monochromatic wave:

—Auy, = Ny, , )\:g.
c
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This equation looks like the eigenvalue problem for the Laplace opera-
tor where the wavelength of the monochromatic wave (or its frequency)
plays the role of the spectral parameter (the eigenvalue). If the wave
equation is considered in the entire space, then the corresponding equa-
tion is known as the Helmholtz equation which has solutions for any A
or any wavelength. An example is provided by a superposition of plane
waves of the same frequency.

The situation changes if the wave equation is considered in a bounded
spatial region 2. If the wave cannot propagate beyond the boundary
082, then any (physical) solution is required to satisfy some bound-
ary conditions. The boundary conditions depend on the interaction
of waves with the boundary. For example, if the boundary acts like a
mirror, a perfect reflector, then the amplitude of the wave must vanish
on the boundary (recall the reflection principle for the wave equation).
In this case, a bounded region () is called a wave resonator. A res-
onator supports only waves of certain wavelengths (frequencies). An
amplitude of a monochromatic wave in a resonator is a solution to the
eigenvalue problem of the Laplace operator is a bounded region:

—Auy, =N, A==, wu,| =0,
In particular, in a rectangular resonator (domain)
Q= (0,&1) X (0,&2) XKoo X (0>aN)

the solution exists only for discrete values of the frequency w or wave-
length A:

1/2
c(n? n3 n /
w:wn:— ——I——2_|_..._|__2 , nj:1727“‘7
an

2
T \ai a3
. ™1 . TnNno . NN
Uy () = Pn(x) = sin (— 171) sin (— 172) - sin (— :EN) )
a as an

The functions ¢, form a complete orthogonal set in £5(€2) by Theorem
77

<¢n7¢n/> = / / / an(l’)QSn/(l’) dl’ldl'zdl»N
0 0 0
= 2_Na1a2 DY aN 51111/

where the Kronecker symbol dpw = 1 if n = n’ (or n; = n; for all
j=1,2,...,N) and it vanishes otherwise.
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A solution to the wave equation in a resonator is a superposition of
standing waves:

(45.22) u(x,t) = Z (An cos(wnt) + % sin(wnt))gbn(z) ,

n
n

where the summation is carried out over all possible distinct sets of
positive integers n = (ny,na, ..., ny). For physical solutions the coeffi-
cients A, and B, should decay fast enough with increasing the length
In| of the vector n in order for the Fourier to converge to a sufficiently
smooth function. The solution satisfies the initial conditions:

u(z,0) = up(x) = ZAnaSn(z) = A,=-—""C

(
uy(2,0) = ui(z) = ZBngbn(:p) = B,= %

Other boundary conditions. In a similar fashion, the superposition prin-
ciple can be used to obtain a formal solution to the wave equation
with periodic boundary condition for some of the variables and general
Sturm-Liouville boundary conditions for the other variables.

EXAMPLE 45.2. Find the formal solution to the wave equation in a
three-dimensional space spanned by real variables (z,y, z)

up = Aul, +uly, +ul,),  (z,y,2) € (0,a) x (0,0) xS", >0,
that satisfies the initial conditions
w(z,y,2,0) =0, u(z,y,2) = Bx(a— x)sin’(z)
for all (z,y,2) € [0,a] x [0,b] x R and the boundary conditions
u(0,y,z,t) =ula,y,2,t) =0, (y,z)€[0,0] xR,
w,(r,0,2,t) = w,(z,b,2,t) =0, (r,2)€[0,a] xR,
u(z,y, 2+ 2m,t) = u(x,y, 2,t), (z,y,2) €[0,a] x [0,b] xR,

for all t > 0. Determine whether the formal solution is also a classical
solution to the problem.

SOLUTION: The fist step is to find the eigenfunctions of the Laplace
operator on Q = (0,a) x (0,b) x St. The eigenfunctions are sought in
the form

uo(r,y,2) = X(2)Y (y) Z(2)
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The equation
Pu, Pu, O*uy
9z 0y? 922
is reduced to three one-dimensional eigenvalue problems:

—X"(z) = i*X () p=pn=mn/a, n=12 ..
{X(O) =X(a)=0 { X(2) = Xp(z) = sin(pn2)

{—Yﬂ(y):;ﬂy N { —wm/b m=0,1,..

)V/ = cos(Vm)
(25749 (3o

= \u,

ﬁk—k: k:—O 1,42,

zkz

Z(z+2m) =Z(2) )=¢e

where the eigenfrequencies of the standing waves are

1 7
- = M?L+V72n+ﬁ]3> n:(n>m7k)
c

and the corresponding eigenmodes are
On (2,9, 2) = Xo(2)Yn(y) Zr(2) = sin(n) cos(vmy)e™

The modes are orthogonal and form a complete set in L5(€2), where
Q= (0,a) x (0,b) x S'. They have the norm:

(G ) = / / / bn(, 1, 2)0m(, 3, 2) ddyd
/ X / Vo) Vi) dy / () Z5(2) d2
_ /0 sin?(pinz) da /0 ’ cos? (vy) dy /0 s

a b mab
= —-—-27‘(‘:—’
2 2 2

if v, 20 or m # 0. For all n = (n,0,k) (in this case Yy(y) = 1) the
integral over [0, b] contributes the factor b so that

(G m) = {T“b’ m =0

smab,  m >0

Next, the Fourier coefficients of the initial data have to be calculated.
Note that A, = 0 in the series (45.22) because ug(x) = 0 in this
example. The other initial data has the form of the product:

ui(x) = f(x)g(y)h(z),

flx)==z(a—=), g(y) = B, h(z) =sin’(z)
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Therefore the triple integral for the Fourier coefficients becomes the
product of three ordinary integrals:

(ur, Pn) = /// uy (2, Y, 2)pu(z, y, 2) dedydz
= [ se%mas [ oty [ b7 0

The integrals are easy to calculate (see Section 37.5 for the first inte-
gral):
2(1—-(=1)")

1,

/ F(2)Xn(2) dz = /Oax(a — &) sin(pnr) de =

/0 o)) V(g dy = B / Yo(y)Vinly) dy = Bbéo

21
/ sinz(z)Zk(z) dz = 7T(50k — Eégk — E(;_gk
0 2 2

where the identity

2 _ 1 1 _ 1 1 2ix —21z
sin (z)—§—§cos(2z)—§—z(e +e7%%)
= 3%2) - 3(%()+ 222()

and the orthogonality of Zy(z) were used to compute the last integral.
The Fourier coefficients vanish for all m > 0, kK # 0,42, and even
n=2p, p=1,2 .., so that

n 4B
Bn: <UI’¢>: 3 ’ n:(2p_170>0)
<¢n> ¢11> alu“2;n—1
2B
By=——5—, n=(2p—-1,0,£2).
a/J“2p—1

The triple Fourier sum in (45.22) is reduced to three single sums over
p=1,2, ... for pairs (k,m) = (0,0), (0, £2). The corresponding eigen-
frequencies of the contributing modes are

Hop—1 1
Wop = %9 Wap = E\//J“%p—l +4.
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The formal solution to the stated problem reads:

ww,y, oty = 30 DD v i) 20(2)

=1 awOP/J“Zp 1
o Z %Sin—(wp))ﬁp 1(x)Yo(y) (Zz(z) + Z_g(z))

p:l awOP/J“Q;n 1

_ % Z sin(p12p—17) (Sin(w()pt) _ sin(wspt) cos(2z)) ‘

Wop Wap

3
1 HMop—

To analyze the convergence of the series, let us estimate the growth
of pop—1, wop, and wayy, as p — oo. Since |sin(f)] < 1 and |cos(f)| < 1
for all @, the series is majorated by the series

=1 1 1 > ¢ Wop
S () B2
o1 Hap—1 \Wop  W2p 1 Hap—1 Wap

for all ¢ and all (z,y, z). Furthermore by the inequality

Wop Hop—1

w2p \/ /J“gp—l + 4

the above series is majorated by the convergent series

QCa
Z 2p — 1)

,Uzp 1 —

<1

e}

Z

Thus, the series converges uniformly for all (x, y, z,t) and therefore the
sum is a continuous function. Furthermore, each differentiation with
respect to ¢ gives factors wp, ~ 2p — 1 and wy, < wg,. Therefore the
series obtained by the double term-by-term differentiation with respect
to t is also majorated by the convergent series

e}

p=

and, hence, converges uniformly for all (z,y, z,t). The double differen-
tiation with respect to  gives the factor yi3, ;| ~ (2p—1)? in each term
of the series. Therefore, the obtained series also converges uniformly
for all (z,y, z,t). Finally, the differentiation with respect y and z does
not produce any growing factors in the Fourier series. Thus, the sum of
the Fourier series is has continuous partial derivatives up to the second
order and, therefore, is a classical solution of the problem. O
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The wave equation in two spatial dimensions one of which is wrapped
into a circle S* describes vibrations of a thin cylindrical shell embed-
ded into three dimensional Euclidean space. The function u(t, z,y) is
a deviation of the shell from its equilibrium cylindrical shape S* x (0, b)
at a position (z,y) € St x (0, ) in the normal direction. If the shell has
the (circular) boundaries fixed, then u(t,z,0) = u(t,z,b) = 0. Simi-
larly, the two spatial dimensions can be wrapped into torus. In this
case, the wave equation describes vibrations of a thin toroidal shell. A
solution of the wave equation describing free vibrations of such shells is
a linear combinations of standing waves (defined by the corresponding
eigenvalue problem for the Laplace operator).

45.6. Superposition principle in quantum mechanics. Quantum mechan-
ics postulates that a particle moving in a conservative force field with
a potential V (z) (recall that a conservative force field is a force field of
the form F' = —gradV) is described by the Schrédinger equation

oY

ihor = Hi, 9(0,2) = do(2),
2

h
HY = —— AU+ V(@)y,

where £ is the Planck constant, m is the mass of particle, and (¢, x) is
the wave function or probability amplitude whose physical significance
is that the integral

Po(t) = / ()|

is the probability to find the particle in a spatial region €2 at time ¢ in
any experiment. If the particle is allowed to be anywhere in space, then
Po(t) = 1if Q@ = RY. This condition is the normalization condition
for the wave function. Therefore quantum theory, by its very phys-
ical interpretation, requires the use of the space of square integrable
functions and linear (differential) operators in it. In fact, the linear
operator H mapping its domain My C Ly to Ly is called the energy
operator or the Hamiltonian of the physical system and the number

B, = (Ho, ) = /@dea:, /|w|2dx 1,

is called the expectation value of the energy of the system in a state 1.
Since the energy of a physical system cannot be negative, the Hamil-
tonian is necessarily hermitian

<H¢>w>20> wEMLC‘C2
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Similarly to the wave equation, one can try to use the superposition
principle to find a solution to the Schrodinger equation as a linear
combination of eigenfunctions of H:

U(t,x) =Y Ape P Mp(z),  Hip(r) = Egp(z),

where constants Ag are chosen so that the initial condition is satisfied.
An apparent problem with the superposition principle is the “sum”
does not make any sense if the eigenvalues do not form a countable set.
In fact, eigenvalues of physical Hamiltonian are quite often form non-
countable subsets or real numbers when the problem is formulated in
RY. If, however, a physical system (a particle) is confined in a bounded
region {2, then the superposition principle is easy to use to obtain the
solution. First, note that if a particle cannot be found in any region
' that does not overlap with €2, the probability to find the particle in
' should be zero. The latter implies that the wave function must be
zero almost everywhere outside §2:

[W(@)Pde =0, V¥ NQ=0 = ¢(@)=0 ae., z¢Q.
Q/

In this case, the eigenvalue problem can be formulated in L£(£2):

h2

Hp=——Ayp+Vip=FEyp, | =0.

2m a0
One can prove that, if V' (z) > 0, the eigenvalues are positive (E > 0)
and form a countable set without any limit point, £ = E,, n =1,2, ...,
and each eigenvalue has a finite multiplicity (see the last section in this
chapter). The corresponding eigenfunctions form an orthonormal set
in L5(€2). If the initial wave function is a linear combination of the
eigenfunctions ¢ g, ()

Yo(z) = Y Antbs, (x)

for some integer M, then the solution of the Schrodinger equation is

M
Ut w) = Ape My ().
n=1

The initial data g can be any square integrable function. In this case,
the finite sum becomes the Fourier series, M — oo, and

An <¢0> wEn>

<¢En ) ¢En>
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are the Fourier coefficients of the initial probability amplitude. By the
very interpretation of quantum mechanics, the convergence in the mean
is sufficient as only integrals of |1(x,)|* over subregions of 2 have a
physical significance (they define the probability to find the particle in
portions of 2). Suppose that the eigenfunction are normalized so that
they form a complete orthonormal set. Let 1y (x,t) be the sequence
of partial sums of the Fourier series, M = 1,2, .... Then for any ¢

M M
sl = [ onste e = Y[ A= 34,2
0 n=1 n=1

Therefore by the Parseval-Steklov equality
17 = Bim fosarl? = 37142 = ol = 1.
n=1

This shows that the Fourier series always converges in the mean and the
L5 norm of the solution does not change in due course of time evolution.
The physical interpretation of this conclusion is straightforward. The
particle cannot leave the region ) and, therefore, the probability to
find it in the whole €2 must remain 1 for all £ > 0 if it were 1 at ¢t = 0.
Of course, the integral of |¢(z,t)|* over subregions of Q will generally
depend on time t as a particle can travel from one part of €2 to another.

45.7. Exercises.
1. Solve the eigenvalue problem by separating variables

—Uy, — Uy, = AU, (z,y) € 2= (0,a) x St
u(0,y) =u(a,y) =0, y € R
u(z,y +b) =ulz,y), 0<z<a, yecR.

Verify hypotheses of relevant theorems to prove that eigenfunctions
form an orthonormal complete set in Lo(£2).

2. Solve the eigenvalue problem by separating variables
_ _ 1
_u/m/m_ugy_u/z/z_)‘u> (x,y,z)EQ—(O,a)x(O,b)xS
u,(0,y,2) = uz(a,y,2) =0, (y,2) € [0,0] xR
u(x,0,2) = uy(x,b,2) =0, (z,2) €[0,a] xR,
w(@,y,z+1) =u(z,y,2), (z,9,2) €[0,a] x [0,0] x R.

Verify hypotheses of relevant theorems to prove that eigenfunctions
form an orthonormal complete set in Lo(2).
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3. Solve the eigenvalue problem by separating variables for the Laplace
operator in an N dimensional torus:

~Au(r) = u(zr), z€Q=S"x---x8§'.

Verify hypotheses of relevant theorems to prove that eigenfunctions
form an orthonormal complete set in Lo(£2).

4. Use the superposition principle to solve the initial value (mixed)
problem for a vibrating elastic rectangular membrane
cul = Au, (t,r) € (0,00) xQ, Q= (0,a;) x (0,az)
u(0,z) = ug(x) = 2sin(mwzy/ay) sin(2mrxe/as) ,
(0, 2) = uy(x) = —3sin(27w1 /ay) sin(wxs/as)

t =0
ut. )| =0,
where z = (71, 72) € R2

5. Use the superposition principle to solve the mixed problem for the
wave equation describing vibrations of a thin cylindrical shell of radius
a and of length [ with fixed boundaries:

-2 1 N "
C Uy = Uy, + uyy )

u(t,z+2ma,y) = u(t, z,y), u(t,z,0) =u(t z,1)=0,
u(0,z,y) = ug cos(z/a) sin(my/l),  u;(0,x,y) = wysin(2my/l),

where ug and u; are constants.

6. Find the formal solution to the wave equation in a two-dimensional
space (plane) spanned by real variables (z,y) that satisfies the given
boundary and initial conditions:

Uty = Uy + 1y, (2,y) € (0,1) x ST,
u,(0,y,t) =u(l,y,t), yeR, t>0,
u(z,y+2m,t) = u(x,y,t), (x,y)€[0,1] xR, t>0,
uw(z,y,0) =0, uj(z,y,0) = Bax*(1 —x)cos’(y).

Investigate whether the formal solution is also a classical solution to

the problem.

7. Find eigenvalues of the Hamiltonian for a free particle (V' = 0)
is a rectangular box Q = (—ay,a;) X (—ag, as) x (—as,asz) C R3. Solve
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the mixed (inital value) problem for the Schrédinger equation for a free
particle in the box € if the initial wave function of the particle is

¥(0,2) = Po(x) = co cos(?) sin(ﬂw) sin(gﬂﬁ) ,

aq a9 as

where ¢y is the normalization constant (such that ||¢y|| = 1). Find the
normalization constant.

8. Consider a quantum particle of mass m in a square 2 = (0, 1) x (0, ().
Assume that the particle cannot penetrate the boundary of the square.
Suppose that the particle is initially localized in a smaller square 2y =
(0,1/2) x (0,1/2) with a uniform probability density so that the initial
wave function has a constant value in )

?/)(557?/70):?/)0(%?/)207 ($>y)EQO
and vanishes otherwise, ¥y = 0 if (z,y) ¢ €. Find the probability
amplitude ¥ (z,y,t) for t > 0
Hint: Find the value of C' from the condition ||¢]|> = 1 in L£3(Q).
Impose the zero boundary condition ¢ (z,y,t) = 0 if (z,y) € 002 and
use the Fourier method to find the formal solution of the initial value
problem for the Schrodinger equation.
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46. Eigenvalue problem for the Bessel operator

46.1. Bessel equation. The equation

220+ zu' + (27 — v )u =0
is called the Bessel equation. Consider its solutions for real v. The
coefficient at the second derivative vanishes at © = 0. According to
the theory of linear homogeneous equations, the Bessel equation has
two linearly independent solutions on a single interval of continuity of
the coefficient where the coefficient at the second derivative does not
vanish. The standard form of the equation reads

W p@) (e =0, pla)=—, ae) =T a0

Note that x = 0 is the so called reqular singular point of the equation
because xp(z) = 1 and x%q(x) = 2% — v? are functions analytic every-
where (in particular, at x = 0). So two linearly independent solutions
for x > 0 can be found by the method of Frobenius:

[e.e]
u(x) =" Z apx”
k=0

where r and the coefficients a,, are to be found by the substitution of
the power series into the Bessel equation. Collecting the coefficients at
2% = 1, the indicial equation is obtained

r(r—=1)4+por+q =0, po= lir(% wp(r) =1, q= lif(% ’q(z) = =1

from which it follows that
r=+v.

It is not then difficult to find a recurrence relation for the coefficients in
the power series for each root r = £v, solve it, and obtain two linearly
independent solutions

1)n 2k+v

(_
ul(x) = aogml’ s

—1)" 2k—v
u2(£) = bOkZ:O 4kk‘('(1 )_ V)k Y ’
(e =tt+1)(t+2)---(t+k—1).

The constants ag and by are arbitrary (the sum u; + uy is a general
solution of the Bessel equation).
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DEFINITION 46.1. (Gamma function)
For x > 0, the function defined by the improper integral

F(:E):/ t" e tdt
0

1s called the Gamma function.

Note that the convergence of the integral on the upper limit is
guaranteed for all x > 0 by the exponential decay of the integrand as
t — oo. For 0 < x < 1, the convergence of the integral on the lower
limit is guaranteed by integrability of the power function ™ on (0, 1)
forn > —1.

THEOREM 46.1. (Properties of the Gamma function)
The gamma function has the following properties:

Mx+1) =z2l(x), x>0,
Fn+1)=n!, n=123,..,
r(1/2) = V7.

The first property is proved by integration by parts. Since I'(1) = 1,
the second property follows from the first one. The last property is
obtained by means of the substitution s = v/t in the integral repre-
sentation of I'(1/2) that converts the integral into a Gaussian integral.
Note that the stated properties allow one to compute the values of
[' at a half-integer argument. For example I'(5/2) = (3/2)['(3/2) =
(3/2)(1/2)T'(1/2) = 3+/7/4 or, in general,

r(k+§) = (k;—l) (k;—1+l)

|
_ Ay
It follows from the properties of the Gamma function that

T(t + k)
D= ——’
=T
It is then convenient to choose the coefficient ag = 1/(2"T'(1 + v)) so
that the first linearly independent solution u; assumes the form

o (—1)k N 2k+v
(46.1) Tol@) = kZ:O KT(1+ v+ k) (E) '
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This function is called the Bessel function of order v. If v > 0, it is a
reqular solution of the Bessel equation. If x is replaced by a complex
variable z, then the series (46.1) defines an analytic extension of the
Bessel function to the complex plane. Using the ratio test, it is not
difficult to show that the series converges absolutely for all complex z.
In other words, the series has infinite radius of convergence. The Bessel
functions are analytic in the entire complex plane and their derivatives
and integrals can be obtained by term-by-term differentiation and in-
tegration of the series (46.1).
In particular, it follows from the relation

k(2K + 1) (2k +1)!

R+ 3+ k) = =5 VT = "

that the Bessel functions of a half-integer order are expressed in ele-
mentary functions:

(46.2) Jij2(x) = \/%Z %Iznﬂ _ :_I sin(z)

(46.3)  J_1)2(x) = \/%Z ((;;))' " = \/% cos(x)

Furthermore, if ¥ > 0 and v is not an integer, then J, and J_, are
linearly independent solutions of the Bessel equation. The linear com-
bination

(46.4) N, (z) = cos(vm)Jy,(x) — J_,

sin(vm)

is also a solution of the Bessel equation, known as the Neumann (or
Weber) function of order v. If v is not an integer, then a general
solution of the Bessel equation is a linear combination of the Bessel
and Neumann functions of order v.

If v = n > 0 (an integer), then by using the property of the gamma
function I'(—k) = o0, k = 0,1, 2, ..., it follows that

S (-1 AR
o) =Y sy (8) - OV

where the last equality is obtained by changing the summation index
k=m-+n,m=0,1,2,....if k=n,n+1,... and by using the property
['(m 4+ 1) = m!. Therefore J_,, is not linearly independent of .J,. If
v is a non-negative integer, then the indicial equation has two roots
r = 4+n # 0 or one root r = 0 of multiplicity two and, by the method
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of Frobenius, a second linearly independent solution can be found in
the form

uz(z) = CpJn(z) In(x) + Z be "

where C), and by are to be determined from the Bessel equation. In
particular one show that the following limit exists

cos(vm)d,(z) — J_,(x)

N,(z) = lim N, (z) = lim

v—n v—n sin(vm)

and defines a second linearly independent solution of the Bessel equa-
tion, which is called the Neumann function of order n.

Another choice of two linearly independent solutions of the Bessel
equation is known as the Hankel functions of the first kind of order v:

7

(1) — —iny

Hl/ sin(mr) [JI,(ZL’)6 J—V(z)} ) V%n,

B = () + L | 224D (g 0L E)
T Ov ov |,_,

and the Hankel functions of the second kind of order v:
ngl) = ; [Jl,(z)e“”’ - J_,,({L’)} , VEN,

isin(vm)

@) _ 1 0J,(x) a n0J-u()

HY = ) - 1 [P - 2]

Evidently, H is the complex conjugation of HY. A general solution
of the Bessel equation can also be written as a linear combination of
the Hankel functions of the first and second kind. All solutions of the
Bessel equation are also called cylindrical functions.

46.2. Generalized eigenvalue problem. Let L be a differential operator
in an open bounded connected region €2 in RY. Consider the generalized
eigenvalue problem

Lu(z) = MAo(2)u(z), z€QcCRY,

where 0 € C°Q) and o(z) > 0 in Q. The objective is to find all
(complex) values of A\ € C (eigenvalues of L) at which the equation has
a non-trivial solution and all such solutions as well (eigenfunctions of
L). The difference with the standard eigenvalue problem is a particular
case when o(z) = 1.
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Suppose that L is hermitian in L£(£2), that is,
(Lu,v) = (u, Lv) .

Then eigenvalues A are real. Indeed, let u be an eigenfunction for some
A, Lu = Aou. Then using the inner product in the space £5(€2;0):

(Lu,u) = )\/Q|u(:v)|2a(:v) dx
(u, Lu) = /Qu(z)Lu(x) dx :X/Q lu(z) o (z) dv

Since the left sides of these relation are equal by hermiticity of L, it
follows that A\ = \.

Eigenfunctions corresponding to distinct eigenvalues are orthogonal
in the space £2(€2,0). Let Luj = N\jou;, j = 1,2, and Ay # Ao. Then

AUy, ug)y = /)\uluzadx = /(Lul)uzdz: (Luy, ug)
Q Q

= (u1, Lug) = (u1, Aaiz)o = No(u1, Us)s
= ()\1 — )\2)(U1,U2>U =0
= <U1, u2>0— =0
because \; # \y. B

If o(z) > 0 in the closure €2, then the problem is equivalent to a
reqular eigenvalue problem

1
Lou=—Lu=Mu.
o

If L is hermitian in £5(£2), then the operator L, = (1/0)L is hermitian
in Lo(2; 0) because

(Lou,v)y = (Lu,v) .
So, all the results established for a hermitian operator L in L5(f2) are
valid for the operator L, in L£5(€2;0). In particular, one can consider
the Sturm-Liouville problem in £5((a,b); o), which is to find solutions

u(z) € C*(a,b) x C([a,b]), u" € La(a,b),
to the generalized Sturm-Liouville equation
Lu=—(pu) +qu=Xu, a<z<b,
that satisfy the boundary conditions
agu(a) — Bau'(a) =0, apu(b) + Byu/(b) =0,

where all the parameters are non-negative and o, + (3, > 0, cp+ 3 > 0.
The functions p and ¢ are from the same class as the corresponding
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functions in the Sturm-Liouville problem. The weight o(z) is required
to be continuous and positive:

o€ Ca,b], o(z) >0, z€a,bl.

In this case, the problem is called a regular Sturm-Liouville problem.
Theorem 36.4 also hold for the regular Sturm-Liouville problem. In
particular, the eigenvalues \ are non-negative and simple; they form a
countable set with no limit points. The corresponding eigenfunctions
form a complete orthogonal set in Ly((a,b); o).

If the positivity condition for p(z) and o(x) in the closed interval
la, b] is relaxed to the positivity in the open interval (a,b), then the
corresponding problem is called singular Sturm-Liouville problem. The
following eigenvalue problem gives an example of a singular Sturm-
Liouville problem. The eigenvalue problem for the Bessel operator is
an example of a singular Sturm-Liouville problem.

46.3. Eigenvalue problem for the Bessel operator. Let v > 0. Consider
the following (generalized) eigenvalue problem

2

(46.6) L,,uz—(:zu’)’+y—u:)\a:u, O<z<1,
T

(46.7) uw(z) =0(") asx — 07 au(l)+ Bu'(1) =0,
v =min(y,1), a«>0, >0, a+3>0.

The condition (46.7) means that the function u(z) =~ cx7 for some
constant ¢ as x — 0% (it vanishes as a power function). The domain
of the operator L, consists of functions from C?((0,1]) that satisfy
the boundary conditions (46.7) and the condition that the function
=2 L, u is square integrable:

we My, ifueC*(0,1]), 272 L,u € £5(0,1), u satisfies (46.7) .

The set of p times continuously differentiable functions on [0, 1], p > 2,
that vanish at the endpoints of the interval is contained in M and
also dense in £5(0, 1). Therefore M, is dense in £4(0, 1). The operator
L, defined by the rule (46.6) on the domain M, is called the Bessel
operator.

THEOREM 46.2. (Hermiticity of the Bessel operator)
The Bessel operator is positive semidefinite and, hence, hermitian:

(Lyu,uy >0, uweMig,.
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ProOOF. Using the integration by parts in the improper integral

1 1,12
u
(Lyu,u) = — lim [ (zu/)adz +v* lim Jul® dx
a—0t J, a—0t J, T
1 1 1 |u|2
= lim [ zfu/|*dz — lim zu'u| +* lim —dx
a—0t a—0*t a a—0*t x

a a

If v = 0, then the last term vanishes. If v > 0, then u(x) = O(z")
where 0 < v < 1 and, hence, v/(z) = O(27"!) as * — 07. Therefore
zju'(x)]? = O(x*>~!) where —1 < 2y — 1 and therefore the limit in
the first term exists. Similarly, zv'a = O(z*) — 0 as * — 0T in
the boundary term. The value of the boundary term at z = 1 is
transformed by means of the boundary condition (46.7):

v - { OWOR 220

—zu'u

0 0, 6=0

The last term |u|?/x = O(2*'~1) and, hence, it is integrable. Thus,

' "2 2 ! Jul? Q2
(Lyu,u)y = | z|u|"de+v —dx + =|u' (1) > 0.
0 o T B
Thus, the operator L, is positive and therefore hermitian because its
domain is dense in £5(0,1). O

THEOREM 46.3. (Eigenvalues of the Bessel operator)
Let L,, be the Bessel operator. Let \g be an eigenvalue of L, L,ug(z) =
Xozug(z), ug € My. Then
(i) Ao is simple and non-negative;
(ii) In order for \g = 0, it is necessary and sufficient that v = 0
and o = 0, and in this case the corresponding eigenfunction is
a constant function, ug(z) = const.

A proof of this theorem is analogous to the proof of Parts (i) and
(iii) of Theorem 36.4. Part (ii) is proved in the same way as Theorem
36.3. The details are left to the reader as an exercise.

46.4. Eigenfunctions of the Bessel operator. Theorem 46.3 states that
if A\ = 0 is an eigenvalue than the corresponding eigenfunction is a
constant function. So without loss of generality suppose that A > 0.
By multiplying Eq. (46.6) by x, it can be rewritten

22" 4 o+ (A — vH)u =0
By changing the variable z to z = v/Az the above equation becomes
the Bessel equation whose general solution is a linear combination of
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J,(z) and N, (z) and therefore any eigenfunction must have the forms
u(x; \) = C1J, (VA x) + CoN, (VA z)

where the constants C 2 and A are chosen so that u(x; \) € My,. The
first boundary condition in (46.7) (the regularity condition at x = 0)
requires that Co = 0. The second condition yields that A = p? where
1 is a positive root of the equation

(46.8) alt,(p) + Bud, () =0, «,3>0, a+pF>0.

THEOREM 46.4. (Roots of Eq. (46.8))
Let v > —1. Then the roots of Eq. (46.8) are real and simple except
possibly the zero root. The set of roots is countable and symmetric
about zero and has no limit points

A proof is omitted. That the roots are real and simple can be also
understood from the fact that L, is a positive operator. The fact that
there are countably many roots may be anticipated from the graph of
J,(z); it has an oscillatory behavior like trigonometric functions with
the amplitude of oscillations decreasing with increasing = (see, e.g.,
Ji/2(x)). A more accurate consideration is based on the theorem from
the theory of functions of complex variable: The set of zeros of an
entire function does not have limit points.

It follows from this theorem that the roots of Eq. (46.8) can be
enumerated and arranged in the increasing order

1% ::U“gzy)(OQﬁ)a n = 1727"'7 ng)(%ﬁ) < ,Ug/)(a»ﬁ) <

The Bessel function has an asymptotic behavior

2
Jy(x) = “ECOS (:B—%V—g) +0(z7%?), z— o0,

from which an approximate expression for the roots of J,(u) can be
deduced

3mom
p=pu(1,0) M Tgvtm

THEOREM 46.5. (Orthogonality of Bessel functions)
Let p11 and py be two roots of Eq. (46.8) and v > —1. Then

1
/ xJy () Sy (per)dr =0, 1 # po
0

2

wo) [ s na)ds = L[] + 2 (1 - ;T) ()
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PrROOF. The orthogonality of eigenfunctions follows from hermiticity
of the Bessel operator as this is a particular case of the generalized
eigenvalue problem discussed in Section 9.2. The normalization relation
is established as follows. Let p; and g be real numbers. The functions
Jy(pmx) and J,(ugx) satisfy the Bessel equation:

d {I M] . (,@x - V;) Ju(u) = 0

dx dx
d dJ, (pox) ) V2 _
o) s (1= ) ) =0

Let us multiply the second equation by J,(p;x) and subtract the result
from the first equation multiplied by J, (u22). The resulting relation is
then integrated over the interval (0, 1) to obtain

1
— = 42) [ ) ) da
0

The integral of the derivative in the right side has a contribution only
from the upper limit. Indeed, it follows from (46.1) that

hine) = g () + 06
xpd! (pr) = ﬁ (%)V + O(z"+?)

Therefore

e, (paw) g, (nw) — poxd, (i) g, (pex) = O(@**?) — 0, x — 0F

that is, the contribution of the lower limit in the integral of the deriv-
ative vanishes. Thus, if p; # o, then

1

1

/xJ,,(ma:)Jy(uzaf)dI = [MlJu(Mz)JL(Ml) — p2Ju (1)) (p2)
0 Ha — M7

Suppose that p; 2 are roots of Eq. (46.8) (they are eigenvalues of the

Bessel operator). Then the numbers o and (3 satisfy the linear homo-

geneous system

oy (pn) + BpaJy (1)
o, (p2) + o, (p2)

0
0
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But a + 3 > 0 and therefore they cannot vanish simultaneously. This
is only possible if the determinant of the linear system vanishes:

Jo(pa) pady(pa)\ _ , B ) B
det (Jy(ug) MQJ;(MQ)) = paJy (1), (42) = paJy(p2) J, () = 0.

Note that gives an alternative proof of the orthogonality of the eigen-
functions of the Bessel operator. Suppose p; is an eigenvalue (it satisfies
Eq. (46.8)), while py is not (it is a real variable). The right side of
(46.9) is given by the following limit which is calculated by by means
of I’'Hospital’s rule

’ o ’
lim pady (pa)Jy () — pody (pa)J), (p12)

Ha—p 1 — i3
=[] = o [ + 22 )]
5 |7v H1 201 L7V K1) T Hidy, (Ha

_ %[J;(m)r + % (1 - :—z) T2 ()

1

where the second derivative J” (1) has been expressed in terms of the
Bessel function and its derivative using the Bessel equation. The proof
is complete. O
Theorems 46.4 and 46.5 allow us to conclude that the Bessel oper-
ator (46.5) has:
(v)

(i) simple eigenvalues N\, = ()%, n = 1,2, ..., such that \; <
Ao < -+ where ,ugf') are positive roots of Eq.(46.8);

(i) eigenfunctions u(x; \,) = J,,(,ugf')x) corresponding to A, form
an orthogonal set in the space Lo(€),0) with Q = (0,1) and
weight o(z) = x.

Let u € M. Then one can define a Fourier series
u(e) ~ Yol 0), ) = = [ au() () 2)de
n=1 nJ0

where ¢, is given by the integral (46.9). This series is called the Fourier-
Bessel series of a function u. The following theorem addresses the
question about convergence of Fourier-Bessel series.

THEOREM 46.6. (Convergence of Fourier-Bessel series)
Let w € My. Then the Fourier series of the function v/x u(x) over the

set \/EJI,(,ugf')x), n=12 ..,

oo (v)
u, Jy(pn ' T))o
Vzu(r) = E N J,(uVz), oW = < ('l(i) ) , o(x)==z
i 1T (i ) ||
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converges uniformly.

The set of functions \/zu(z), u € My, is dense in £5(0,1). By
the above theorem each such function can be approximated in £4(0, 1)

by linear combinations of \/z Jl,(,ugf') (). Therefore the set of functions
(VT J, (1) (x)}$° is complete in £2(0,1) and the following assertion is
true

COROLLARY 46.1. (Completeness of Bessel functions)
The set Jl,(,ugf')a:), n=1,2,..., is complete in Lo(§2;0) with Q = (0,1)
and weight o(x) = x.

46.5. Further properties of the Bessel functions. Recall that a convergent
power series can be differentiated and integrated term-by-term and the
obtained series have the same radius of convergence. In particular,
let us multiply the series (46.1) by % and then differentiate it. The
obtained series can be expressed via the series for the Bessel function
of the orders v + 1,

% [x”Jl,(x)} =z"J,—1(x),
drl(x))  J(x)
%[ } R

using the property I'(a + 1) = al'(a). It follows from the first relation

that

~—

v ’

/x”J,,_l(a:) de =2"J,(z)+ C

This indefinite integral is useful for calculation of the Fourier-Bessel
coefficients of a power function (see Example below). By taking the
derivatives in the first two relations in this section, they can be restated
in an alternative form:

Ty) = Joa(@) = = Jufa),
T (2) = —Jy(2) + gjy(g;) .
Taking the difference of these relations, one infers that
Jour(z) — 2?” Jo(x) + o (x) = 0.

Suppose that ,u,(:) are positive zeros of J,(z). Then

T (uff)) =0 = J (uff)) = Jo-1 (uff)) = —Jus (uff))
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EXAMPLE 46.1. Let f(x) = 2%, v > 0, and ¢p(z) = Jl,(,u,(:)x),
k = 1,2,..., be a complete orthonormal Bessel set on L2((0,1);0),
where o(x) = x. Find the Fourier-Bessel coefficients of f. In particu-
lar, consider the case when the boundary conditions in the eigenvalue

problem for the Bessel operator are chosen so that ,u,(:) are roots of

J,(x), that is, J,(u") = 0.

SOLUTION: Then

1 1 ng")
<.f7 ¢k>cr = / 1J/+1Jl/ (M](:)x) dr = T/ ZV+1JV(Z) dz
0 [ 17+2 Jo
1 v+1 ! Jyi1 (:UI(:))
e 7([/) V+2Z Jy+1 (Z) = 7(11)
1] 0 M,
AT
e

The squared norm of the eigenfunctions is given by (46.9). In particular

if ,u,(:) are roots of J,, then the second term in the right side of (46.9)
vanishes so that the Fourier-Bessel coefficients are given by

<.f7 ¢k>cr _ 2Jz/—l—l (H](:)) _ 2
(D6 0n)o T2 1 Ty ()

C =

46.6. Exercises.
1. Prove Theorem 9.2 following the guidelines given after it in the text.

2. Consider the (singular) eigenvalue problem
/
Lu(x) = —((1 - xz)u’(x)) =u(z), —-l<xz<l.

Note that L resembles the Sturm-Liouville operator with one impor-
tant difference that p(z) = 1 — 22 is not strictly positive in the clo-
sure ) = [—1,1] because p(+1) = 0. Formulate regularity condi-
tions at © = £1 to obtain a domain M C Lo(—1,1) of L that is
dense in L9(—1,1) and such that L is positive in it. Show that if
A=\, =n(n+1),n=0,1,2,..., the corresponding eigenfunctions are
given by the Legendre polynomials.
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3. Use the power series of the exponential to prove that

exp (g (t - %)) - _i)o T ()"

Hint: Recall the binomial expansion:

n

n n' n—kipk

k=0
Let a =t and b = —1/t. Regroup the terms in the power series repre-

sentation of e* where u = (x/2)(t — 1/t) to convert it to a series over
powers tF, k= 0,41,42, ... and use (46.1).

4. Use the result of Problem 3 to prove that

1 L .
Jo () /e“""—“m‘”de, n=0,1,2,...

" or

Hint: Put t = ¢™¥ and use the orthogonality of €™, n =0, +1, 42, ...

—Tr

5. Show that the power series (46.1) has infinite radius of conver-
gence.

6. Find the Fourier-Bessel coefficients of the function f(x) = z over the
basis ¢x(x) = Ji(purz), k = 1,2, ..., where p; are roots of the equation
Ji(p) + pJi(p) = 0. Explain why do these function form a complete
orthogonal set in L5((0,1);0), o(x) = z.
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47. The Laplace operator in axially symmetric regions

47.1. The eigenvalue problem for the Laplace operator in a disk. Consider
the eigenvalue problem for the Laplace operator

—Au= >, (z,y)eQ={(z,y)|z*+y*<d®}, u o 0.
Note that the transformation that defines polar coordinates maps the
rectangle ' = (0,a) x (0,27) onto € with the interval y = 0, 0 <
x < a, removed. So the idea is to reformulate the problem in the
polar coordinates in the rectangle €’ by imposing appropriate boundary
conditions at 0€2'.

Let u(z,y) be a solution. Then in the polar coordinates it is a
function of two variables

U(r,¢) = u(rcosf, rsinf)

It follows from this representation that the solution is 27 periodic for
every 0 < r < a so that the interval (0,27) can be wrapped into a
circle S*. Thus,

T: (0,a) xS" — Q\{(0,0)}
So, the function U must be periodic in ¢
Ulr,p+2m)=U(r,¢), 0<r<a.

The boundary condition requires that

U= U(a,p) =0, 0<60<2r.
The Jacobian J = r of the transformation vanishes at the origin
(x,y) = (0,0) and therefore differential operators are generally not

defined at the origin. Indeed, the equation becomes

18(8U) 1 9*U

(47.1) o\ ) e

which makes no sense for r = 0. Since any solution u is from C?((Q)
and the origin is an interior point of 2, second partial derivatives of u
exist and are continuous at the origin. This implies that U(r, ¢) must
at least be regular at r = 0. In other words, U(0, ) is defined by the
limit of U(r, p) as r — 07 so that

U0, 9)| < o0.

A solution U(r, @) that satisfy the reqularity condition can be extended
to the origin by transforming it back to the rectangular coordinates
which is then used to wverify the equation in rectangular coordinates
at the origin.

—\U,
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Since the domain ' of Eq. (47.1) is the direct product (0,a) x S,
one can try to find a solution by separating variables:

U(r,¢) = R(r)®(p).
The substitution of this relation into (47.1) and the subsequent division
of the result by U yields

1 19
o R/ / _ - )\

rR (i) r2 o
The equation is satisfied if and only if ®”/® = v is a constant. As
a result, the original two-dimensional problem is reduced to two one-

dimensional problems in S' and in (0, a):

(47.2) —0" =vd, D(p+20)=(p);

(47.3) r(rRY + (M?* —v)R=0, |R(0)] <oo, R(a)=0.
The eigenvalue problem for the second derivative operator with periodic
boundary conditions (47.2) was already solved. The eigenvalues and
the corresponding eigenfunctions orthonormal in L£y(S!) are

9 1

V=Up=m", Dr,(p) = etimd

V2r ’

Equation (47.3) is the Bessel equation whose general solution for v =
2 .

m* is

m=20,1,2,....

R(r) = e1Jm(VAT) + caNpo(VAr), m=0,1,2, ...

Note that eigenvalues are positive A > 0 by Theorem 46.3. The regu-
larity condition demands that c¢o = 0 and the boundary condition gives
an equation for \:
(m)y2
Jn(VAa) =0 = A=A\, = @ i=1,2, ..,
a

where p1 = ,ug»m) are positive roots of the Bessel function J,,,(11) = 0. The
corresponding orthonormal functions are obtained by the orthogonality

of Bessel functions stated in Theorem 46.5
T
Riyj(r) = cmjdm (Ng )5) ;

1 Tl P a (m)
S J(.m—)d RN AN
= (/ 2 (1) ) )

Since the Bessel functions form a complete set in £2((0,a); o), where
o(r) = r, and the functions ®,, form a complete in £5(S'), by Theorem
?7?7 the eigenfunctions functions

(47.4)  Upy(r,9) = Ruyi(r)®am(p), m=0,1,.., j =12,
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form a complete orthonormal set in £5(€)'; J), where J = r is the Jaco-
bian and €' = (0,a) x (0, 27). When going over back to the rectangular
coordinates, ' is mapped onto € safe for a set of zero measure and,
hence, the set (47.4) is complete and orthonormal in L5(2) by Theorem
?7?. Note that the eigenfunction can be chosen real in accord with the
general theory:

Rj(r)cos(mb), Ry;(r)sin(mé).

For m = 0, the second eigenfunction vanishes. So the eigenvalues \,,;
are simple for m = 0 and have multiplicity 2 for m = 1,2, ....

It is still left to verify that the regular solutions (47.4) obtained for
A = A\p; satisfy the original equation in rectangular coordinates at the
origin. By the Euler formula

rEiy =r(cosh £isinf) =re® = (zdiy)™ =",

Using the power series representation of the Bessel function (46.1),
where I'(k +m + 1) = (k +m)!, and that (z £ iy)™ = r™e*™ and
r? = 22 4 12, it is easy to see that for any p > 0 the product

i m (TR o (DR (2 + )"
Jn(ur)e™ = ( 2 ) kzzo Rk + m)!

is a power series in the original rectangular coordinates x and y. Hence,
all eigenfunctions Up,;(r, ¢) = umj(z,y) are from C*>(Q) for all m =
0,1,...and 7 = 1,2,... (as any function represented by a power series).
Therefore the obtained solutions also fulfill the equation at the origin.

47.2. Eigenvalue problem for the Laplace operator in an annulus. Con-
sider the eigenvalue problem

—Au(x,y) = )\U([L’,y), (x,y) € Q>

u(z,y) o 0,

Q={(z,9)]0 < a® < 2*+9* < b?*}

The annulus 2 is the image of the rectangle Q' = (a,b) x [0,27) in
the plane spanned by the polar coordinates (r, ). Since the solution
has to satisfy zero boundary conditions, the problem can be solved by
separating variables in polar coordinates

u(x,y) =u(rcosd,rsin@) =U(r,p) = R(r)®(p)

The technicalities of separating variables in the equation are essentially
the same as in the example in the previous section (see the derivation
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of (47.2) and (47.3)). The original eigenvalue problem is reduced to
two one-dimensional eigenvalue problems

LB b, Dlp+20) = B(y):
—RY+Y%R=X R, R(a)=Rb) =0.
T

Note that the origin where the Jacobian J = r vanishes in not in €.
In contrast to (47.3), the last eigenvalue problem is a regular Sturm-
Liouville problem in an interval (a,b) with weight o(r) = r. By the
general theory for regular Sturm-Liouville problems presented in Sec-
tion 46.2, the eigenvalues are positive (because of the zero boundary
conditions), simple and they form a countable set with no limit point.
The corresponding eigenfunctions form a complete orthonormal set in
Ls((a,b); o) where 0 = r. Since

V="1pm=m> ®(p)=bin(p)=e" m=0,1,2,..,
The general solution of the equation for R(r) is given by

R(r; 1) = erJp(pr) + coNp(pr), p=VA>0.
The boundary conditions require

c1Im(pa) + caNp(pa) =0
c1Im (1) 4+ ca Ny (ub) =0

The system must have a non-zero solution for the pair (¢, ¢), otherwise
R(r) = 0. A homogeneous system of linear equations has a non-zero
solution if and only if the determinant of the matriz of coefficients in
the system vanishes. This yields a desired equation for the eigenvalues:

Jm(pa) N(pa)\ _ _
ot () S8 ) — () Vo (38) = S ) N ) = 0
Although one cannot solve this equation explicitly, but a general theory
of Section 46.2 guarantees that this equation has countably many simple
positive roots that have have no limit point, p = pjm, 7 = 1,2,...,
and ptj, — oo as j — oo for every non-negative integer m. When the
determinant vanishes, the equations are no longer independent and one
of them may be used to find a relation between ¢; and cy. It follows
from the first equation that

c1dm(fjma) + caNp(phjma) = 0
= ¢ =cNp(pmb), 2 = —cJm(pjmb)

for any ¢ # 0. Note that the substitution of ¢; and ¢, into the equation
turns it into the determinant of the system. The latter vanishes as ptjm,
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is its root. The corresponding eigenfunctions are
Rjm (1) = Nin(ttjmb) i (tjm7) = Jin (1jmb) Now (ttjm) -

By the general theory these functions are orthogonal in Lo((a,b);0):

b
<ij’ Rj’m>cr = / Rj (T)Rj/m(T)TdT = 0’ ] 7£ j/

and form a complete (orthogonal) set in £5((a,b);0), 0 = r, for every
m =0,1,2,.... Every f that is square integrable with weight o on (a, b)
can be expanded into the Fourier series

<.f7 ij>0

fr) = ;fijjm(T)’ Jim = (Rjm, Rjm)o

that converges in the mean. Furthermore, let My _ be the set of func-
tions from C?(a, b)NC([a, b]) that vanish at a and b (the domain of the
Sturm-Liouville operator in the equation for R(r)). Then if f € My, ,
then the Fourier series converges uniformly (according to the general
analysis of the Sturm-Liouville problem).

Thus, the eigenvalues and the corresponding eigenfunctions in the
Laplace operator in an annulus are

A=Xjm=p5p, =12, m=0.1,..,
U(r,p) = Usp (1,0) = Rjm (1)@ (0)

By theorem 7?7, they form a complete orthogonal set in the space
Lo(; 0) where ' = (a,b) x S! and ¢ = r. If so desired, the eigenfunc-
tions can be expressed in the original rectangular coordinates (x,y) by
means of the power series representation of Bessel and Neumann func-
tions and by the Euler formula r™e*™ = (z £ iy)™ just like in the
previous section. By the change of variable theorem, the functions

+ " : _
ug,, (2,y) = ug,, (rcost,rsind) = Uz (1, ¢)

form a complete orthonormal set in £2(€2). Every function g(z,y) that
is square integrable on the annulus €2 can be expanded into the Fourier
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series
y) = E gjOUjO(z>y)+ § § |:ng jm [L’ Y +g;mu;m(z>y) )
j=1 m=1 j=1
+
+ <g>ujm> +
= =, (U, u) =27 (Rjm, Rjm)o
gjm <u;|:m’u;|:m> <jm i > < J J >

(g,u5,,) = / 9(x,y) uj, (z,y)dedy

/ / rcos @, rsin) U Uz (r, ) rdrdf

The Fourier series converges in the mean.

47.3. Eigenvalue problem for the Laplace operator in a cylinder. Let us
begin with the eigenvalue problem for the Laplace operator on a three-
dimensional cylinder with the zero boundary conditions. The cylinder
has radius a and height (.

EXAMPLE 47.1. Solve the eigenvalue problem
—AU(I,y,Z):)\U(I,y,Z), ([L’,y,Z) € Q>
ul =0,

o0
Q={(z,y,2)|2* +y* <a®, 0< z<h},

by separating variables in cylindrical coordinates

SOLUTION: Under the transformation defined by cylindrical coordi-
nates () is the image of a rectangular box ' = [0,a) x [0,27) x (0,1)
where 0 <r < a,0 <60 < 27,and 0 < z < [. So, one can try to find
solutions in the form

u(x,y,z) =u(rcos@,rsinf, z) = U(r,p,z) = R(r)®(p)Z(2)
As in polar coordinates, U must be periodic in ¢:
Ulr,o+2m,2) =U(r,p,2) = ®(p+2m) = d(p)

for all (r,h) and, as before, the periodicity in ¢ will be indicated as
¢ € S* (the variable ¢ spans a circle). The Jacobian of the cylindrical
coordinates J = r vanishes on the z axis. The z axis is intersecting €2
and its boundary. Therefore the regularity conditions must be imposed:

U0,p,2)] <00, 0€S*, z€[0,]] = |R(0)] < oo.
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The boundary 0f) consists of three surfaces, a cylindrical shell S; and
two disks, S, and Ss:

S1={(z,y,2)[2" +y*=a®, 0< 2 <1},

Sy = {(z,y,2)|2* +y* < a®, 2 =0},

Sy ={(z,y,2) |2 +y* < d*, z=1}.

In cylindrical coordinates, the zero boundary on 02 reads

Ul =U(a,p,2) =0, eS', 2€[0,]] = R(a)=0,

u| =U(r,p,00=0, 68", ref0,a] = Z(0)=0,

So

Ul =U(r,p,1)=0, 6€S', ref0,a) = Z()=0.
3

The equation to solve is written in cylindrical coordinates:

1o (OUN _LOU Uy,
ror \' or r2 002 922 T
—%<T’R/) - Ii—QZ " — RDZ" = ARDZ ,

r
(TR/)/ 1 (b// Z// B

rR r2 @ YA

The only way to fulfill this equation for all (admissible) values of inde-
pendent variables r, ¢, and z is to require that the fractions ®”/® and
Z"|Z are constants. This case the eigenvalue problem for the three-
dimensional Laplace operator is equivalent to three one-dimensional
boundary value problems:

—0"(p) =v®(p), D(p+2m)=P(p),
~Z"(z) =nZ(z), Z(0)=2(1)=0,
~(rR()) = Z ) =7R(r), |R(0)] < o0, R(a) =0,
Yy=A—1n.
The first two problems have been solved before. So the solutions are

v=m?, ®(p)=i,(p) = m=0,%+1,%+2, ..

77:(7;_71)2’ Z(Z):Zn(z):sin<7rl—nz), n=12 ...

The third problem is the eigenvalue problem for the Bessel operator

A

_(TR/(T))f — == R(r) = yrR(r), |R(O)] < o0, R(a) =0
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Its solution is found in the previous section:

(15™)? mry
V= Y = RO = Byn(r) = Jn (17 5) =12,
where ,ug»m) are roots of the Bessel function J,,. Thus, the eigenvalues

and the corresponding eigenfunctions are

(m)

- () ()

U(T> s Z) = U;tmn(r> 12 Z) = Rj (T)éﬂ:m (SO)Zn(Z) )

where j,n = 1,2,... and m = 0,1,2,.... Using the power series rep-
resentation for the Bessel function, it is not difficult to see that these
functions are regular at on the z axis (when (z,y) = (0,0)) in the
original rectangular variables. The analysis is identical to that carried
out in the case of the eigenvalue problem for the Laplace operator in a
disk. By Theorem ?? these functions are orthogonal in L£5(§Y; o) where
o = r for distinct triples of integers (7, m,n) and different indices +.
The norm of the eigenfunctions is computed by Fubini’s theorem for a
triple integral over rectangular box V':

UL IP = / Uy 0, 2) Prdrdédz
Q/

a 21 l
_ / Ry (r) rdr / B (i)l / 12 (2) 2z
0 0 0

a2 y (m) 2 l 7Ta2l y (m) 2

= S (™)) 2m 5 = T (™))
Changing the variables back to the original coordinates, it is concluded
that the obtained eigenfunctions form an orthogonal complete set in

General boundary conditions on a cylinder. Let  be a cylinder in R3:
Q={(z,y,2)|2* +y*<a®, 0<2<1}=(0,1)x D

where D is a disk of radius a. Consider the eigenvalue problem for
the Laplace operator with general boundary conditions for an elliptic
operator:

(47.5) —Au= A, (zr,y,2z)€, (au + ﬁa—u) =0,
om /| ,q

where a > 0, 8 > 0, and a + 3 > 0 on the boundary 9f). Let us
analyze under what conditions on the functions o and 3 the problem
can be solved by separating variables in cylindrical coordinates.
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Since the region of the eigenvalue problem is the direct product of
two regions, one can try to solve the problem by separating the variable
z first. Put

u(x,y,2)=V(e,y)Z(2), (x,y)e D, z€(0,1),

and

"
vy

The boundary 95 consists of three pieces: the disks Sy = {z =0} x D
and S; = {z = {} x D and the cylinder S = [0,1] x 9D, where 9D is
the boundary of D (the circle of radius a). The outward unit normal
on the boundary 0f2 is

"

"
Lu= Lyyu+ L,u, Lyyu = —ugy, —u L.u=—u,,.

:n(z>y>0):_ez> $2+y2<a7

n(z,y,z) ;
0

n(w,y,z)’s =n(z,y,l)=e,, 2°+y°<a,
l

where e, = e3 = (0,0, 1) is the unit vector in the direction of the z axis
and e, = (cosf,sind,0) is the unit vector normal to a circle centered
at the origin in the xy plane (¢ is the polar angle). The boundary
condition for each smooth piece of 0f) reads

ou ou —
(au—l—ﬁa—n) SO— (au—ﬁ&) 220—0, (x,y) € D,
ou ou —
(au+ﬁa—n) sl_ (au%—ﬁ&) Z:l—O, (x,y) € D,
ou ou
oau + f— = lau+ [f— =0, 0<z<I, (z,y) €0D.
on /| or )|, _,

where 7 = (22 4 y?)'/? (the radial variable of polar coordinates). The
normal is not defined on two circles along which the cylinder S is
attached to the disks Sy and S;. The first and second equations above
are defined at the circle 22 + y? = a? in the sense of the limit r — a~
(they are continuously extended to the boundary dD). Similarly, the
third equation is continuously extended to the boundary circles of S
by the limits 2 — 0" and z — [~.

Let ag and [y be the functions v and 3 restricted to the open disk
Sp continuously extended to its boundary circle. Similarly, o; and 3; be
the functions o and 3 restricted to the open disk S; and continuously
extended to its boundary circle, and «, and 3, are o and [ restricted
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to the open cylindrical shell 22 + 3% = a2, 0 < z < [, and continuously
extended to its boundary circles in the planes z = 0 and z = [. Then
separating the variables in the original equation
~AVZ)=—-Z(V, +V,)=VZ"=\VZ
1 Z//
VLA - =

the original problem is reduced to two eigenvalue problems:

o _ a9 Z(0) — %2'(0) = 0

(47.6) Z" = pz, { aZ(l)+ B Z' (1) =07
" " o

(477) _V;nm — V;/y = 77V, o,V T:a‘l’ﬁaE r:a: 07

where p and 7 are separation constants, A = p + 7. Thus, the variable
can indeed be separated, provided

e the functions ay, oy, (o, and [, are independent of (z,y) and
are constants;
e the functions a, and 3, are independent of the variable z.

The problem (47.6) is the eigenvalue problem for the Sturm-Liouville
operator. The eigenvalues form an infinite countable set u = p,,
n =1,2,..., and the corresponding (normalized) eigenfunctions Z(z) =
Zn(z) form a complete orthonormal set in £2(0,1).

If, in addition,

e the functions a, and 3, are constant on .S,

then the problem (47.7) can be solved by separating variables in polar
coordinates. Put

V =R(r)®(y) .
Then the problem (47.7) is equivalent to two eigenvalue problems
(47.8) —"=£D,  Q(p+2m) = D(p),

|R(0)] < o0

(47.9) r(rR) + (mpr* — &R =0, { 0uR(0) + R/ (a) = 0 °

where £ is a separation constant. The eigenvalues and eigenfunctions
for the problem (47.8) are

1

6:I:im@
\ 2T ’

The coefficient in @, is chosen to make them orthonormal in £5(S').
The problem (47.9) is the eigenvalue problem for the Bessel operator

§=E&n=m, Dim(p) = m=20,1,2,....
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where 1?2 = €2 = m?. The eigenvalues and the corresponding eigen-

functions are

[:Ug'm) (a, Ba))

_ _ _ mT -
where ,ug»m) = ,ug»m)(aa,ﬁa) are roots of Eq. (46.8) with a = «, and

B = B,. The normalization constants c;, are chosen to make Rj,
orthonormal in accord with Theorem 46.5.

As shown above, the functions Rj,, (1) @1, (¢) = Vim(x, y) are from
C™ in the disk z? + y* < a? and, hence, the functions Vj,,(z,y)Z,(2)
satisfy the original equation at all points (0,0, z) in  where the Jaco-
bian of cylindrical coordinates vanishes. Thus, the eigenvalues and the
corresponding eigenfunctions of the original problem

15" (00, )

U = Upnj (2, Y, 2) = Zin(2)Rjn (1) Pn () -

The functions U,,,; form a complete orthonormal set in Lo(£2).

Y

47.4. More complex planar regions. The image () of the rectangle
Q' = (r1,m2) x (p1,92) C (0,00) x (0,27),

under the transformation that defines polar coordinates is the part
of the ring 0 < 72 < 22 + 4% < r2 between two rays ¢ = p; > 0
and ¢ = @9 < 2m. Consider the eigenvalue problem for the Laplace
operator in €

ou

—Au=Xu, (x,y)€, (au—l—ﬁ—)‘ =0,

on/ laq
where a > 0, 6> 0, and o+ 3 > 0. Let e, and ey be the orthonormal
basis of polar coordinates in the zy plane. The boundary 02 is the
union of four smooth pieces: S,, and S,, are, respectively, the parts
(arcs) of the circles 22 + y? = r} and x? + y* = r3 that lie in the sector
01 < 0 <y, and S, and Sy, are, respectively, the parts (straight line
segments) of the rays ¢ = ¢ and ¢ = @, that lie between the circles
(r1 <7 <73). The outward unit normal on 0f is then

n

= —e,, n

=e,, 1 <0<
Siy

Sy

n n

Spy

p=p1 Seo p=p1
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Therefore by (?7?)
ou

)
p=p1 on

ou| 19U 19U

%sm_ r 00 s¢2_;@

In the polar coordinates the problem becomes the eigenvalue problem
in the rectangle Q. If u(x,y) = U(r, ¢), then

10 oU 1 0%U

v (a_) “ae - U

{%U (r,01) = (B /1)U (r, 1) = O
Aoy U (1, 02) + (B /1)U (r, 2) = 0
O‘ﬁU(TlﬂO) - ﬁrlU;(Tl,QD) =0
Ay U(ra, @) + BryUl(ra,0) = 0

where o, and (,, p = 71, 12, 1, g2 are the reductions of o and (3
to S, (with a continuous extension to the end points of each smooth
piece Sp). Note that 2 does not contain the origin (r1 > 0) where the
change of variables is singular and, hence, no regularity condition is
required. Furthermore, solutions are no longer 27 periodic as ¢ does
not sweep its full range in Q. Even if o, and (8, are constants, the
boundary conditions for ¢ do not admit a separation of variables by
the substitution

=2

U(r,¢) = R(r)®(p),
because of the factor 1/r. If the functions (,, and [3,, are proportional
to r, then the method works. Another case that can easily be solved by
separation of variables is when either a,, = aw,, =0 or By, = By, = 0.
The further discussion is limited to this latter case. The problem is
equivalent to two one-dimensional eigenvalue problems

(47.10) —0" = £, (1) = ®(p2) =0,
/\/ 5 o OérlR(T ) - ﬁmR/(r ) =0
(47.11) —(rR) + ~R=ArR, { %R(r;) + ﬁrzR’(T;) =0

where the functions o and 3 are assumed to have constant values on
the circles |z| = r; and |z| = ro. The problem (47.10) is the Sturm-
Liouville problem discussed in Section 8. Its solution reads

™

E> én(gp) :sm<1/n(g0—g01)), n:172>"'>

where A0 = py — 1. The details are left to the reader as an exercise.

With £ = v, > 0, the problem (47.11) is a regular Sturm-Liouville
problem in Ly((a,b); o) with p(r) = o(r) > 0 in [a,b] (if @ > 0) and
q(r) = v2/r > 0 (see Section 9.2). The corresponding operator is the

€:V72L> Vp =
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Bessel operator. A general solution of the Bessel equation in (47.11)
for & = 12 reads

R(r) = C1J,, (VA1) + CuN,, (VAT).

By a basic theory of ordinary differential equations, there is a unique
choice of the constants C; and C5 with which

R(r) = Ri(r; A, Ri(ri;A) =1, Ri(r;;\) =0,

and there is another (unique) choice of C; and Cy at which the solution
satisfies the following conditions:

R(r) = Ry(r; A, Ro(rg; ) =0, Ry(ra;A) =1.

An explicit form of C; and Cs is obtained by the substitution of the
general solution into the initial conditions at » = r; and r = r9 and
solving for C'; and C5. The uniqueness of the solution follows from the
linear independence of the Bessel and Neumann functions (their Wron-
skian does not vanish). Note that a linear combination of R;(r; A) and
Ry(r; A) is a general solution to the Bessel equation (a general solu-
tion is a linear combination of any two linearly independent solutions).
Then the boundary condition at r = r; is satisfied if the coefficients in
a linear combination of R, and Ry are chosen so that it is proportional
to
R(r; A) = Br Bi(r; A) + ap, Ra(15 )

The proportionality coefficient drops out from the second boundary
condition and the latter becomes an equation for the eigenvalues

arzR(T% )‘) + ﬁrzR/(T% )‘) =0.

Roots of this equation is generally difficult to analyze, not to mention
finding its values. In practice, it is solved numerically. But from the
general theory of Section 46.2 it follows that there are countably many
positive simple roots and their set has no limit points. If A = \,;, j =
1,2, ..., are roots for a given n, then the corresponding eigenfunctions
are R,;(r) = R(r;\,;). If ®,(p) are eigenfunctions in the problem
(47.10), then orthogonal eigenfunctions of the original problem are

U(r, ) = Unj(r, ) = Pu(p) R(7; Anj) -
By Theorem ??, they form a complete orthogonal set in £5(£2).

EXAMPLE 47.2. Solve the eigenvalue problem by separating vari-
ables in polar coordinates

—Au=Xu, (r,y)€Q, u| =0,
o9
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where € is the part of the ring in the first quadrant
Q={(z,y)|0<a®* <2*+9*<b*, 2>0, y>0}.

SOLUTION: Here o = 1 and 8 = 0 on 0¢2. The region () is the image
of the rectangle (r, ¢) € (a,b) x (0,7/2). The problem (47.10) is

—"=¢d,  ®(0) = d(n/2) =0.

The eigenvalues and the corresponding orthonormal eigenfunctions are

2
E=¢&,=4n*, D, () = N sin(2nf), n=12,....
Here the coefficient 2/+/7 is the normalization constant such that ||®, | =
1in £5(0,7/2). A general solution of the Bessel equation in the prob-
lem (47.11) (here v, = 2n) is

R(’f’) = Cljgn(\/X’f’) + CgNgn(\/X’r’)

Although the procedure outlined above can be used, the simplicity of
the boundary conditions allows for a simpler (equivalent) procedure to
find an equation for eigenvalues. The substitution of the solution into
the boundary condition yields a homogeneous linear system

Cljgn(\/Xa) + CgNgn(\/Xa) =0
C1 Jan(VAD) + CoNou(VAD) = 0

The constants C; and C5 cannot vanish simultaneously (the system
must have non-trivial solutions). This can happen if and only if the
determinant of the system vanishes:

Jon(VX @) Non(VAb) — Nop(VAa) Jon(VAa) = 0.

It follows from the general theory of the eigenvalue problem for the
Sturm-Liouville operator that this equation has simple roots and the
set of roots is countable and has no limit point. Let A = \,,; = ,uflj, ] =
1,2, ..., be the roots of this equation. Then for A = A,;, the equations
in the linear system for C'; and (5 are not independent, and only one of
the equations has to be solved to find the corresponding eigenfunction.
Either of the equations implies that C' is proportional to Cy with the
proportionality coefficient determined from the equation. For example,
using the first equation to determine the proportionality coefficient, the
normalized eigenfunction corresponding to the eigenvalue A = \,; can
be taken in the form

R (1) = n; (Nan(p0y0) Jon ) = Jon 1y 0) N (1)
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where ¢, is the normalization constant fixed by the condition

b 1/2
|Roslly = ( / |an<r>|2rdr) 1,

in £5((a,b); o), where o(r) = r. Note that R,;(a) = 0 identically, while
R,;j(b) = 0 by the equation for the eigenvalues. The orthogonality
of R,; corresponding to different pairs of indices nj is guaranteed by
hermiticity of the Sturm-Liouville operator. The set of eigenfunctions

Unj (1, 0) = () Ryj (1)

form a complete orthonormal set in £5(€';0) by Theorem ?? and the
functions obtained from U,; by transformation to the original rectan-
gular coordinates (z,y) form a complete orthonormal set in £5(€2). O

47.5. General scheme for separation of variables. Suppose that rectangu-
lar coordinates in RV*™ are divided into two sets so that z € Q C RV
and y € D C RM, where Q and D are regions. The boundary of the
region 2 x D is the union

I x D) = (09 x D) U (Q x D)

For example, let Q = (0,a) and D = (0,b). Then 02 = {x = 0fU{z =
a} and 2 = [0,a]. Similarly, 0D = {y = 0} U{y = b} and D = [0, b].
Then

90 x D = ({sz}U{x:a})U[O,b]:SlLUSlR
2x 0D = [0,a] U ({y =0} U{y = b}) = S2. U Sa,

where Si1, Sigr, Sor, and Sy are four straight line segments whose
union is the boundary of the rectangle (0,a) x (0,b) (see Section 10.2).

Let 2 C R? be a disk of radius a and centered at the origin, 224y? <
a?, and let D = (0,0). Then  x D C R? is the solid cylinder or radius
a and height b. It is obtained by attaching a straight line segment of
length b to each point of the disk so that the segment is perpendicular
to the disk. If z spans D, then 9Q x D is the cylindrical shell

ONx D= {(z,y,2) | 2> +y*=a* 0< 2 <b}

which is the side boundary of the solid cylinder. Similarly, Q x 0D is
the union of two disks x* + y* < a?, one is in the zy plane (z = 0) and
the other is in the parallel plane z = b; they are the top and bottom
boundaries of the solid cylinder:

00 x D ={(z,y,2) | 2 +y* <a’, z=0,b}
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The union of the cylindrical shell and the two disks is the boundary of
the solid cylinder © x (0, b).

In the region 2 x D, consider the eigenvalue problem for an elliptic
operator

(47.12) Lyu+ Lyu=Xu, (z,y)€eQxD,
0 0
(47.13) (Oqu + B a—z) =0, (agu + ﬁza—z)

where L, and L, are elliptic operators independent of y and z, respec-
tively, and the functions oy and (; are independent of y, while as and
(2 are independent of x.

Eigenfunctions are sought in the form u(z,y) = X(x)Y (y). The
substitution into Eq. (47.12) yields

Y(y) Lo X (z) + X(2)LyY (y) = AX(2)Y (y)

= 0’
QxdD

A0OxD

from which it follows that
L. X(x) LY (y)

X(z) Y(y)
The left side of this relation depends on x only, whereas the right side
depends on y. The equality is possible if there exist two constants u
and v such that p+v = X and
(47.14) L, X(z) =pX(z), ze€Q,
(47.15) LYy =vY(y), yeD.

The boundary conditions on X and Y are deduced from (47.13) by
substituting v = XY into it:

0X

(4716) (OélX + 61%) - = 0,
Y

(4717) (OQY + ﬁga—n) b =0.

This, the original eigenvalue problem is reduced to two eigenvalue prob-
lems with a lesser number of variables. If the yu = p, and X = X,,(z),
n = 1,2, ..., are the eigenvalues and the corresponding eigenfunctions of
the problem (47.14), (47.16), and v = v, and Y =Y,,,(y), m = 1,2, ...,
are the eigenvalues and the corresponding eigenfunctions of the problem
(47.15), (47.17), then the eigenvalues and the corresponding eigenfunc-
tions of the original problem (47.12), (47.13) are
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If in addition the sets { X, }5° and {Y,,,}5° are orthogonal and complete
in in L£5(2) and L2(D), respectively, then the functions ¢, form an
orthogonal complete set in L(§2 x D) by Theorem ?7.

If Q and D are rectangles or tori, then, a multivariable eigenvalue
problem (with appropriate boundary conditions) can be reduced to sev-
eral Sturm-Liouville problems and/or eigenvalue problems on a circle
by separating variables. Can the method be extended to more generals
domains like a ball or cylinder? The idea is to use transformations
(or curvilinear coordinates) that change a given region to a rectangular
region and then to try to separate variables.

47.6. Exercises.
1. Solve the eigenvalue problem for the Laplace operator

—Au=Xu, (z,y)eQ={(z,y)|2*>+v* <’} CR?,
(au+ﬁa—u)} —0, a>0 8>0 a+8>0,
on/ leo

where a and (3 are constants.

2. Solve the eigenvalue problem by separating variables in polar coor-
dinates

Ju
—Au= X, (x,y)€, n 89—0,

where € is the part of the ring in the first quadrant
Q={(z,9)|0<a® <2 +y*<b’, v>0, y>0}.

3. Solve the eigenvalue problem by separating variables in cylindrical
coordinates
—Au= X, (r,y,2)€, ul =0,
o0
where () is the part of the solid cylinder in the first octant

Q={(z,y,2)|2* +y*<a*, >0, y>0,0<z<I}.

4. Solve the eigenvalue problem by separating variables in cylindrical
coordinates

ou
~Au= Q, 2 —g
u )\u ) ($7 y? Z) E ) an aQ )

where €2 is the part of the solid cylinder
Q= {(z,y,2)|2* +y*> <a*, >0, —h<z<h}.
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5. Solve the eigenvalue problem by separating variables in cylindrical
coordinates

—Au= X, (r,y,2)€, u| =0,
o0

where €2 is the cylindrical shell
Q={(z,y,2)|0<a* <2+ 9> <b*, —h<z<h}.

6. Solve the eigenvalue problem by separating variables in cylindrical
coordinates

ou
—Au=Mu, (zr,y,2z)€, n 89—0,

where €2 is the wedge in the solid cylinder
Q={(z,y,2)|2*+y*<a®, 0<y<x, —h<z<h}.

Answers.
1. Eigenvalues and corresponding eigenfunctions are

A\ 2
A:Am:(@ﬂ =12 n=0,1,..,
a

u(rcosf,rsinf) = Uffj(r, ) = cann<7j 7’) eEind

where ¢,; are normalization constants and for every n = 0,1, ... the
numbers fi,5, 7 = 1,2, ..., are roots of the equation

ady(p) + Bud, (1) = 0

2. There is zero eigenvalue A = 0 and the corresponding normalized
eigenfunction is a constant function uy = 2[r(b*> — a?)]~"/2. Positive
eigenvalues and corresponding eigenfunctions are

N\ 2
A:Am:(@ﬂ =12, 0=0,1,..,
a

u(rcosf,rsinf) = U,;(r, )
= g [ N3 (1) T 107 = i (1) Nan (1) | co5(206)

where ¢,; are normalization constants and for every n = 0,1, ... the
numbers 1,5, 7 = 1,2, ..., are positive roots of the equation
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3. Eigenvalues and corresponding eigenfunctions are

N\ 2 2
N = (M (TR 49 om0 k=12
I a l

u(rcosf,rsing, z) = Uy (1, ¢, 2)
= ankjgn<% 7’) sin(2nd) sin(ﬂT z) ,

where c,;, are normalization constants and for every n = 0,1, ... the
numbers fi,5, 7 = 1,2, ..., are roots of the equation

J2n(:u) =0.

4. There is the zero eigenvalue A = 0 and the corresponding normal-
ized eigenfunction is a constant function uy = (ma®h)~'/2. Positive
eigenvalues and the corresponding eigenfunctions are

2
A:A»:(@Q2+ mk =12 .. m=01.. k=12
nj a 2h b ] b AR ) b AR ) b 9t

u(rcosf,rsing, z) = Uy (1, ¢, 2)

= CpjkIn (% 7’) cos(nd) cos(

mk
2h

where c,;, are normalization constants and for every n = 0,1, ... the
numbers (1,5, 7 = 1,2, ..., are positive roots of the equation

Tn(p) =0.

5. Positive eigenvalues and the corresponding eigenfunctions are

2
A:A»:(@Q2+ mk 1.2 . m=01.. k=12
nj a 2h b ] b AR ) b AR ) b 9t

u(rcosf,rsinf, z) = Uffj (r,p,2)

(=+h).

mk

= ot [0 D) = )] s (T 1))

where c,;, are normalization constants and for every n = 0,1, ... the
numbers p1 = 5, 7 = 1,2, ..., are positive roots of the equation

In(pa) Ny (pb) — Jn(pb) Np(pa) = 0.

6. There is the zero eigenvalue A = 0 and the corresponding normal-
ized eigenfunction is a constant function ug = 2/(ma?h)'/2. Positive
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eigenvalues and the corresponding eigenfunctions are

2
A:A:<@)2+ mk =12 .. . m=01.. k=12
n] a 2h b ] b B ) P B ) b

u(rcosf,rsing, z) = Uy;(r, ¢, 2)

- ankt]4n<% 7’) cos(4nf) COS<7T—k (z + h)) )

2h
where c,;, are normalization constants and for every n = 0,1, ... the
numbers 1,5, 7 = 1,2, ..., are positive roots of the equation

Tin() = 0.
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48. Spherical harmonics

DEFINITION 48.1. (Harmonic polynomials)
A polynomial Q(x), x € RY, is called a harmonic polynomial if it is
annihilated by the Laplace operator, AQ(x) = 0.

For example, the polynomials of two real variables  and y
Qi(z,y) =2" —y* +3zy — 5z, Qs(z,y) = 2" — 3ay’
are harmonic polynomials in R%. The polynomials
Qi(z,y,2) =2 +y* =222+ +1, Quz,y,2) =2°+ 2xy* — 527

are harmonic polynomials in R®. A polynomial Q;(x) is said to be
homogeneous of degree [ if for any real s

Qi(sx) = s'Qu(x).
For example, the polynomials Q1 (z,y) and @Q1(z,y, z) are not homoge-

neous, while the polynomials Qs(x,y) and Q1(z,y, z) are homogeneous
of degree [ = 3:

Q2(s2,sy) = (s)” + 3sz(sy)* = s° (2" + 3wy”) = s’ Qu(x,y)

and similarly for Q3(z,y, 2).
A sphere in RY is described by the equation

N

Zz?zaz & x| =a

j=1
where the origin of the coordinate system is set at the center of the
sphere, and the vertical bars are used denote the Euclidean length of
a vector. If the length scale on coordinate axes is chosen in units of
radius a, then the equation becomes |x| = 1; the sphere is called a unit
sphere and denoted SY~!. Unless the radius a is specified, S¥~! means
a unit sphere.

DEFINITION 48.2. (Spherical harmonics)
A spherical harmonic Y, of degree | is a harmonic homogeneous poly-
nomial @ of degree | reduced to the unit sphere:
X X X
Vi = (%) =9 X a1 oy

r

A complex (or real) valued function f on S¥~1 is called square in-
tegrable if | f|? is integrable on S¥~1; and the space of all such functions
is denoted L£,(SNV71):

FiSVT LC, felLysVY) o / | (0)[%dS < oo,
SN*I
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where dS denote an infinitesimal surface area element of S¥~!. For
example, dS for S! is the arclength on the unit circle. If 2 = cos#,
y = sin @ are parametric equations of the circle, then dS = df and

| f(n)[?dS = /27r |f(n)|*dd, n = (cosb,sinf).
St 0

Using the spherical coordinates
x=rsinflcosy, y=rsinfsiny, z =rcosb,
to parameterize the unit sphere S,

n = (sinf cos p, sinfsinp, cosf)

2 s
2dS = 2sinf df dip .
[ rmpas = [ [ irmpsinoavag

There is a generalization of spherical coordinates to RY, N > 3, which
can be used to obtain dS for SV

one has

THEOREM 48.1. (Orthogonality of spherical harmonics)
Spherical harmonics Y; and Yy are orthogonal in Lo(SN™Y) if 1 #£ 1/,

/ Vi)Y (m)dS =0, 141
SN-1

PRrROOF. In the second Green’s formula

ou ov
/Q(vAu—uAv) ala?—/aQ (v%—ua—n) as

take © to be the unit ball » = |x| < 1 so that 9Q = SV~! and let
uw=7'Y; and v = 7Y}, be harmonic polynomials so that Au = Av = (
and the right side vanishes. The outward unit normal on the sphere
is x/r or x = rn, and the normal derivative coincides with the partial
derivative with respect to r, du/0n = Ou/0r. Since Y; and Y} are
independent of the radial variable,

,O(r'Y}) o(r'Yy)
_ l -
0= /SNl (T or Y or

=-1) /SNl Yi(n)Yy(n)dS.

as

r=1

as required. O
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48.1. Spherical harmonics on a circle S'. All spherical harmonics on a
circle St are easy to find by separating variables in the Laplace equation
in polar coordinates. Let (J; be a harmonic homogeneous polynomial.
Then in polar coordinates

Ql(x> y) = TlYi(SO) :

Since (); is annihilated by the Laplace operator, in polar coordinates
one infers

0-8Gi= 17 (s

0Q, 1 9°Qy —2( 2 "
el Y4y
or ) * r2 0p? (l + )
from which it follows that
Y/ +1?Y, =0 = Yi(p)= Acos(lp) + Bysin(ly), [=0,1,...

where A; and B, are real constants. Put z = x + iy so that r = |z| and

= (x +iy) = rlelv = ¢! (Cos(lgo) +1 sin(lgp))

Then any homogeneous harmonic polynomial can be written in a simple
form

Qi(x,y) = r'Vi(p) = ARe 2 + BjIm 2.

48.2. Spherical harmonics on a sphere S%. It is convenient to use spher-
ical coordinates to find spherical harmonics on S?. Any homogeneous
harmonic polynomial has the following form in spherical coordinates

Writing the Laplace operator in spherical coordinates

T 29 \r? or r2sinf 00 00 r2sin? 6 Op?

and calculating the action of its radial part on u = Q)

10 (,0Q\ 10 (0, l
ﬁa( m)‘ﬁ@( m)“—W+W”

in the Laplace equation AQ; = 0, the following equation for spherical

harmonics is obtained

1 0 ( 8Yl) 1 0%
_l_

smoa0 \"0 59

So every spherical harmonics satisfies Eq. (48.1). It turns out that the
converse is also true.

(48.1)

I(l+1)Y;,=0
81n98g0+(+)
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THEOREM 48.2. (Spherical harmonics on S?)
In order for a function Y] to be a spherical harmonic of degree l on S?,
it is necessary and sufficient that Y] is a solution of Eq. (48.1) of the
class C>(S?).

Equation (48.1) can be solved by separation of variables. Put
Yi(0, ) = P(cos 0)®(p)

Let us multiply (48.1) by sin?# and then divide it by Y;. Then the
first and third terms in the right side of (48.1) depend only on 6, while
the second term equal to ®”/® is a function of ¢ and, hence, must
be a constant, denoted —v. Then the functions P and & satisfy the
equations

(48.2) " +vP =0,
(183) 4 (sme M) + (14 -

v
29) P(cosf) =0.

sin

sin 6 df df

In order for Y; to be uniquely defined on S?, it has to satisfy the peri-
odicity condition

Yi(0, 0+ 2m) =Yi(0,¢) -

Periodic solutions of (48.2) exist only if v = m?

O(p) = ay cos(my) + by, sin(my), m=0,1,2, ...,

where a,, and b,, are real constants. Thus, the problem is reduced to

solving (48.3) with v = m? m =0, 1,.... Put u = cosf (a new variable)
so that
1 d d . d .92 d 2 d
— = —— — = 0— =—(1—p")—.
g0~ - b= simog = (=)

Then the function P(u) satisfies the equation

2

(48.4) ~(a-w)P) + Pl P,

A solution to this equation must regular at © = +1, that is,
|P(£1)| < 00.

Note that by Theorem 48.2, spherical harmonics are from C*°(S?).
Equation (48.4) is known as Legendre’s equation and its regular solu-
tions are associated Legendre functions.
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48.3. Associated Legendre functions. Consider first the case m = 0.
Equation (48.4) has the form

(48.5) (@ =mw)P) +10+1)P=0, |PE1)| <o

THEOREM 48.3. (Legendre polynomials)
The Legendre polynomial

1& l
is the only linearly mdependent solution of (48.5) in C*([—1,1]).
PROOF. Put Q; = (u% — 1)\, It satisfy the identity

(1* —1)Q) — 2luQ; = 0.

Differentiating it [ 4+ 1 times, one infers that
(1 = Q™ +2uQ™ — 10+ 1)Q" = 0.

This relation shows that Qz satisfies (48.5) and so does P, because P,
is proportional to Ql(l).

Suppose that P(u) is another solution from C?([—1,1]). Then by
the Ostrogradsky-Liouville theorem for p(u) =1 — u? (see (36.6)), the
following relation holds

c

HWMWO—BWWVOZTjE,

for some constant c¢. The left side of this relation has the limit as
i — 17 or p — —1% because, by assumption, both the solutions have
two continuous derivatives in the closed interval [—1, 1]. Therefore the
corresponding limits of the right side must exist, too, which is only
possible if the constant ¢ is zero, ¢ = 0. Therefore the Wronskian of
P, and P vanishes, meaning that the solutions are linearly dependent.
So, P, is the only linearly independent solution regular at © = +1. [
Let us compute a few first Legendre polynomials

| <1,

Py=1,
Pl::“w

3 1
P=Sp— -
2= ol Ty

5 3
Py= 2= 2p.
3 2# 2#

COROLLARY 48.1. (Orthogonality of Legendre polynomials)
Legendre polynomials form an orthogonal set in Lo(—1,1).
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PROOF. Legendre polynomials satisfy (48.4) for m = 0. Therefore
Pi(cosf) is a C°(S?) solution of Eq. (13.3) that is independent of the
polar angle ¢. By Theorem 48.2, P,(cos#) is a spherical function of
degree [. But spherical functions of different degrees are orthogonal in
L5(S?) by Theorem 48.1, and for [ # I, one has

27 T 1
0= / / P(cos0)Py(cosf)sinf df dp = 27T/ P(p)Pr(p) du,

o Jo -1
which completes the proof. 0J
Equation (48.6) is called the Rodrigues’ formula or Ivory-Jacobi
formula. As noted in Section 4.2, the Legendre polynomials can also be
obtained by the Schmidt process applied to the set of monomials p!, | =
0,1,...,in La(—1,1). As the set of polynomials is dense in C'°([—1, 1)),
it is also dense in Lo(—1,1). Hence, the Legendre polynomials form a
complete orthogonal set in £o(—1,1). The Fourier series for any square
integrable function f in (—1,1) converges to f almost everywhere (or

in the mean):

222 (f,R)B(n) ae., feLy(-1,1).

1=0
Recall from Section 4.2 that ||P]|? = 2/(20 + 1).

DEFINITION 48.3. (Associated Legendre functions)
The functions

5 d"P(p)
dum

are called associate Legendre functions.

(48.7) P{”(@:(l—u?) Cl=0,1,., m=0,1,..,1,

In other words, with every Legendre polynomial P, one can as-
sociate | + 1 functions defined by the rule (48.7). For even m, P/
are polynomials, while for odd m, P/ is a polynomial multiplied by
/1 — 2. Since P, are polynomials of degree [, their derivatives of or-
ders higher than [ vanish and P"(u) = 0 if [ < m. For example for
m =0,1,2, one has

Plo(:u) :Pl(:u)> [>0,

Bl (p) = V1= p2F(p), 1>1
Pip) = (1—p®)B'(p), 1>2,
PH(p) = (L—p?)*? P (), 1>3
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Let us compute a few first associate Legendre functions with m < [.
They will later be used to obtain a few first spherical harmonics.

[=0: P(?zl

l=1: P)=pu, Pl=./1-p?
Pz(]:%,uz—%, Py =3pu\/1— p2,
l=2:
Py =3(1— )

Py=3p®—3n,  Py=y1-p (31 -3).
Py =15p(1 —p®), Py =15(1—pu*)*>.
THEOREM 48.4. (Properties of associated Legendre functions)
(i) Associate Legendre functions P™ are reqular solutions of Le-
gendre’s equation (48.4);

(ii) For eachm > 0 the set { "}, l = m, m+1, ..., is orthonormal
in Lo(—1,1), and

(l+m)! 2
( ) <l? l> (l—m)'2l+1 )
(ii) For each m > 0 the set {P"}, l = m, m+ 1, ..., is complete
m 52(—1,1)

PROOF. Here a proof is outlined. Some minor technical details are left
to the reader as an exercise.
(i). In Legendre’s equation (48.4) put

Plu) =(1-#2) " Q).
so that the function @ (u) satisfies the equation
(1—p*)Q" = 2u(m +1)Q" + (P +1—m* —m)Q = 0.

This equation can also be obtained by differentiating Eq. (48.5) m
times, which shows that Q = d™P,/du™. Thus, P/" are solutions of
Legendre’s equation.

(ii). For brevity the mth derivative of P is denoted as Q) = Pl(m).
By multiplying the equation for @ by (1 — p?)™, it can written in the
form

Q=2 B = (1 m) 1) )
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This identity is then used to establish the following recurrence relation
by integration by parts

1 1

1 -1

! /
= —/ AU = gy ™| dp
~1
1
=== m) [ Q= R

(1= m— 1)+ m) (B, P

Here the first equality is obtained by the definition of F/", the second
follows from integration by parts and that the boundary term vanishes

owing to the factor (1 — p?)™, the third holds by the identity for the

)

derivatives Pl(m . By using the established relation recursively m times

one infers that
({4 m)! (+m) 2
PP = —r O
(BT B (I—m)! (—myp2r—1"
by the orthogonality property of Legendre polynomials.

(iii). Let f € D(—1,1) be a test function (a C*° function on R
that vanishes outside [—1,1]). The space of test functions D(—1,1) is
proved to be dense in L£o(—1,1). Then for any m > 0, the function

o) = f) (1- 1) " eD(-11)

is also a test function because f and all its derivatives have support in
(—1,1) and so do g and all its derivatives. The set polynomials is dense
in C°([—1,1]) and hence g can be approximated by a polynomial with
any desired accuracy. Since the derivatives of the Legendre polynomials

<Pl>Pl’> =

Pl(m) are polynomials, g can be approximated by a linear combination of

B(m). The latter means, by definition of associated Legendre functions,
that f can be approximated by a linear combination of P/". Therefore
the set {P"}, | > m, is dense in D(—1,1) and, hence, in Lo(—1,1)
because D(—1,1) is dense in Lo(—1,1). O

48.4. Spherical harmonics as eigenfunctions. The analysis of Legendre
polynomials and associated Legendre functions shows that all linearly
independent spherical harmonics on S? are given in spherical coordi-
nates by

[ P™(cos ) cos(myp) , m=20,1,...,[;

(48.9) Y/ ™(0,p) = { Pllml(cosg) sin(|m|p) , m=—1,-2,...,—l
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where [ = 0,1, ..., or in the complex form
(48.10)  Y™(0,¢) = P™(cosO)e™, 1=0,1,.., |m|<I.

As a consequence of the orthogonality property of associated Legendre
functions, the spherical harmonics ¥, are orthogonal in £5(S?).

COROLLARY 48.2. (Orthogonality of spherical harmonics)

The spherical harmonics Y™, 1 = 0,1, ..., |m| < I, form an orthogonal
set in Lo(S?) and

(YL ymy / / Y6, 0)Y" (0, ) sin 0 df dg
1+ dom (L4 |m|)!
2041 (I —|m|)!

Indeed, the integral in (48.11) is the product of two integrals. The
integrals over the polar angle are

(48.11) = or e | Al |

2
/ sin(mg) cos(m'p) dp =0,
0

2 2
/ sin(mep) sin(m') dp = / cos(mep) cos(m'p) dip
0 0
= 7T(1 + 6m0)6mm’

Therefore the integral over the zenith angle 6 has to be calculated at
m=m,

T 1

/ B/ (cos8) P (cos 8) sin6 df = / P ()P () dp

0 -1

and, hence, it is given by (48.8).
THEOREM 48.5. (Fourier series over spherical harmonics) The spher-

ical harmonics Y™, | = 0,1,..., |m| < I, form a complete orthogonal

set in Lo(S?). The Fourier series of f € Lo(S?) over the spherical
harmonics converges to f in the mean:

00 l
= Z Z fleEm(n) a.e., nc Sza

=0 m=-I1
Y |
Jim =y ||Ym||2/ /f ) sinfdf dy
2 1
P = 5ot 1 T

271+ oom) (= |m])



594 7. MULTI-VARIABLE PDES

Let @; be a spherical harmonics of degree [. Then it can be ex-
panded into the Fourier series. Spherical harmonics of different de-
grees are orthogonal (Theorem 48.1) and therefore (Q;,Y,") = 0 if
" # 1. This implies that linear combinations

define all spherical harmonics of degree [.
Consider the eigenvalue problem

10 oy 1 Y
48.12 —AgY = — — |sinp— ) — — — ~ —
(48.12) s S 0 (Smeae) 20 opr -
Y € My = C™(S?).

The operator Age is called the Laplace-Beltrami operator on a sphere
S?. Tt is positive semi-definite in L5(S?) (a proof is left to the reader
as an exercise) and hence it is hermitian (because its domain is dense
in £5(S?)). Its eigenvalues are real non-negative. The analysis given
in this section shows that the spherical functions Y, |m| < [, are
eigenfunctions of the Laplace-Beltrami operator on S? that correspond
to the eigenvalue A = [({ + 1) which has multiplicity 2/ 4+ 1 (the number
of linearly independent eigenfunctions for each ). In fact, it is possible
to prove the converse that the regularity condition Y € C'*°(S?) requires
that the equation (48.12) has non-trivial solutions only if A = [(l + 1),
[l =0,1,.... Note that by separating variables the problem is reduced
to two Sturm-Liouville problems (48.2) and (48.2) where [(I + 1) is
replaced by A. Consequently, the eigenvalues A are eigenvalues of the
(singular) Sturm-Liouville operator (the Legendre operator) in (48.4)
where again [(l 4 1) is replaced by A. It can be proved that this Sturm-
Liouville problem has regular solutions if A = [({ + 1) and |m| < [.
Thus, all linearly independent eigenfunctions of the Laplace-Beltrami
operator are the spherical harmonics Y;™.

48.5. Exercises.
1. Show that the Laplace-Beltrami operator on a sphere S? is positive
semi-definite in Lo (S?)

(LY,Y) = / Y(n)LY(n)dS >0, Y eC™(S?.
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2. Find the explicit form of the following spherical harmonics

m=0: Y00, Y09, Yy0,0);
Im| =2 : o0, 0),  Ym(0,¢).

Use spherical angles to indicate the parts on the unit sphere in which
the spherical harmonic are positive and the parts in which they are
negative.

3. Let n = (sinfcosp,sinfsinp,cosd) be a unit vector that spans
S? and a be a constant non-zero vector. Find the Fourier series over
the spherical harmonics for the following functions

n) = |ax n|?,
. 1, n3>0
f“_{o, ng <0

where the cross x denotes the vector product in R3.

4. Prove the identity

1

a l
Pz(u)z—/ (u+i\/1—u2 cosso) dip
0

™

by verifying that the integral satisfies Legendre’s equation for m = 0.

Answers.

YP(0,9) =1, Y20, ) = cosd,

)/'20(97Q0) = %COSz - %7

YL, ) = sinfcos ¢, Y10, ) =sinfsingp,

Yy (60, ¢) = 3sin(26) cos ¢, Yy (8, ) = §sin(26) sin

YZ(0, o) = 3sin® 0 cos(2y), Y, (0, ¢) = 3sin? @ sin(2yp) ,
Y2(0,0) = 15sin® @ cosf cos(2p), Y, 2(6,¢) = 15sin?d cos Osin(2p) ,
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3. Using basic trigonometric identities and the results of Problem 2,
fn)=1=Yy,

1 1 1
f(n) = sin*@ cos® p = 6)/22 - §)/20 + gyoo
) = ) =¥ i ]
1 1
) = fa < nf? = 2JalPyg (el 4 d - )+ e} - a2y
1 2
—galang_z - §a1a3Y21 — gagagYQ_I ,
_ 17 ns > 0 o -
f(n) = {07 o < 0 —;ﬁy[ (6
2041 (! 20+ 1
fr=—5— ), A= gy 10

Alternatively, the last integral can be found by expanding the integral
of the generating function into the Taylor series:

\/1+—t2—1 i/

ZtPl = 14—

V91— 2,ut+t2 P
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49. Poisson equation in spherical coordinates

Here the Laplace and Poisson equation are solved in three dimen-
sional regions that are either balls or spherical layers. For brevity of
notation, a position vector in a three-dimensional space is denoted by
boldface letter r and its components are (x,y, z) so that

r=(z,y,2)

A function on a spatial region €2 is denoted as
The length of position vector is denoted as
lr| =r.

A boundary of a spatial region is smooth if it is a level set of a C*
function g(r) whose gradient does not vanish:

' g(r) =0, forallr e 00
O is smooth < {Vg(r) #0, forallredQ

A unit normal vector on 0f) is
1
n=+———Vy(r)
[Vg(r)]

The sign is chosen to make n either inward or outward. For example,
a sphere is smooth because it is a lever set of a polynomial function:
gr)=rP—a*=2>+y* + 22 —a®> =0.

Its gradient does not vanish on the sphere r = a > 0:
Vg=(22,2y,22z) =2r = [|Vg|=2r
If Qis a ball » < a, then the outward normal reads
1 r
n=——Vygr) =-
[Vg(r)] a

The inward normal has the opposite direction. Note that the normal
is continuous on the sphere n (the sphere is smooth).

49.1. Formulation of the problem. Consider the Poisson equation in a
three-dimensional bounded open region €2 with a smooth boundary 0f2
that is oriented outward by the unit vector n.

—Au(r) = f(r), refl,

(au—l—ﬁg—)‘ =u(r), reaiN

n/1oQ
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If 3 = 0, then the problem is called the Dirichlet problem, if a = 0,
it is called the Neumann problem. If € is a ball or a spherical layer
and the functions v and (3 are constant on each connected piece of the
boundary, then the problem can be solved by separating variables in
spherical coordinates.

49.2. Formulation of the problem in a ball. Let {2 be a ball |r| < a. The
boundary data v and the inhomogeneity f are expressed in spherical
coordinates

f=f(m), v=wv(an), n = (sinfcosyp,sind,siny,cosd)

and then expanded over the spherical harmonics

n

Fom) =303 Fn()V (0, ).

=0 m=—1

<f,Y2m> 1 /27r/7r '
F.(r) = = frm)Y;™(0, ) sin 6 df dp,
wlr) = JymE = e fy Sy Tr0e) 7

n

m=l
v(en) = Z Z A Y™ (0, ),
=0 m=-—1

<f7)/lm> 1 /27r/7r '
A = = v(an)Y;" (0, @) sin 0 db dp .
= SR Sy Sy V)

If necessary, the limit n — oo can be taken. The solution to the prob-
lem is sought in the form of the Fourier expansion over the spherical
harmonics

n

u(r) = u(m) =3 3" Run(r)Y7(6,9)

=0 m=-1
The boundary conditions are
0
au(an) + 68_2; = v(an)

The substitution of the expansions of u and v into this equation gives
the boundary condition for the expansion coefficients Ry, (r):

> (aRinla) + BR;,.(a))¥7"(6, ) = > A (0.

and owing to the linear independence of the spherical harmonics, this
equality is possible if and only if

Ry (a) + BRy,,(a) = Am
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The action of the Laplace operator in spherical coordinates on a func-
tion Ry (r)Y,™(0, @) is

1 a 2 a m m 1 2 ! ! l(l + 1)
7’_2 (E T E + ASZ) le)ﬁ = )/2 (T—2<7’ le(’r’)) + 7’2 le
because the spherical harmonics are eigenfunctions of the Laplace-
Beltrami operators on a unit sphere: —Ag2Y,™ = [({+1)Y;™. Therefore
the substitution of the expansions of u and f into the Poisson equation
yields the boundary value problem for the expansion coefficients:

R ()
(49.1) —T—2<T2le(r))—l— - Rin = Fin(r), 0<r<a,

|Rin(0)] <00, aRim(a) + BRj,(a) = A
If Q is a spherical layer, a® < r? < b?, a similar analysis leads to

the following boundary value problem for the expansion coefficients
1 rol(l+1
(49.2) ——2<r2R;m(7’)) + ( _I; ) Ry = Fi(r), 0<r<a,
r r
aale(a) - ﬁa ;m(a) - Alm>
o Ry (b) + B35 Ry,, () = By
where o, and f3, are the values of o and 3 on the inner boundary sphere
r = a (note the negative sign at (3, which stems from that the outward
normal is directed toward the origin), while «, and (3, are the values

of o and [ on the outer boundary sphere » = b, and A;,, and By, are
the Fourier coefficients of the boundary data on the spheres:

olan) = 3 3 A (),

=0 m=-1

v(bn) = Z Z B, Y™ (n) .

=0 m=-1

49.3. Solvability condition for the Neumann problem. If a = 0 in the
boundary conditions, the (Neumann) problem does not have a solution
for any choice of the inhomogeneity f and the boundary data v. They
must satisfy the solvability condition

/Qf(r)dr + /mv(r) dsS =0

The first integral is a triple integral over the spatial region 2, while
the second integral is the surface integral over the boundary of €2. The
derivation is identical to the two-dimensional case discussed earlier (the
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solvability condition follows from the divergence theorem). In the case
of 2 being a ball r < a, the solvability condition can be written in the
spherical coordinates:

0=cy+ca,

2T T a
cp = / / / f(rn)r? sin 6 drdfdy ,
Cq = / / (an) sin 0 drdfdy ,

n = (sinf cos ¢, sinfsin g, cosf) .

The integrals are nothing by the Fourier coefficients for the first spheri-
cal harmonic Yy = 1. Therefore the solvability condition only restricts
parameters in the boundary value problem (49.1) for [ = 0 or Ryp:

/ F(]Q(’f’)’f’zd’f’—l—aono =0.
0
If  is a spherical layer 0 < a < r < b, then

0=cp+co+ o,

2 s
cp = bz/ / v(bn) sin @ drdfdy
o Jo

where ¢; and ¢, have the same form as in the case of a ball, but the
integration in ¢y with respect to the radial variable r is curried out
over the interval [a, b]. If it exists, a solution to the Neumann problem
is unique ap to an additive constant. The solvability condition impose

a restriction on parameters of the boundary value problem (49.2) only
for [ = 0:

b
/ F(](](’f’) Tzd’f’ + a2A00 + szo(] =0.

49.4. Boundary value problem for the radial part. Let us find the general
solution to the equation

—:—2<7’2R;(7’))/ + l(l:; D R, = Fi(r)

The index m is omitted as the differential operator in the radial part
does not depend on it so that the analysis is identical for any |m| <.
The associated homogeneous equation is equidimensional. It is solved
by the substitution R = r* so that

s(s+)r 2 —Il(l+1)r?=0 = s=I,s=-1-1
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The general solution is therefore

Ri(r) = Cirt + % + R,(r)

where R,(r) is a particular solution. A particular solution can be found
by the method of variation of parameters using r' and r'~' as two
linearly independent solutions. The boundary conditions (either (49.1)
or (49.2)) are then fulfilled by appropriate choice of the constants C
and C5. For the Neumann problem, C; and Cj exist for [ = 0 only
if the solvability condition is fulfilled, and, in this case, (| remains
arbitrary.

The method of undetermined coefficients. . If Fj(r) happens to be poly-
nomial, then a particular solution is easy to find by the method of
undetermined coefficients for equidimensional equations. By multiply-
ing the radial equation by 72, it is reduced to the standard form of an
equidimensional equation

/
—(FPRI0) + 10+ )R = rFi(r)
Let Fy(r) = for*. A particular solution is sought in the form
Ry(r)=Cr’, s=k+2

The substitution into the equation yields

Jo
0+ 1) —s(s+1)

This is only possible if s # [ or s # —] — 1. In the latter case, the
solution should be sought in the form

Ry(r) =Cr®ln(r), s(s+1)=1l+1)

Cl=s(s+ 1) +1l(l+D)]r* = for* = C=

The substitution into the equation yields

—(2s+1)Cr® = for* = C:_stj—l’ s(s+1)=1+1).

The method of the radial Green’s functions. Alternatively or when Fj is
not a polynomial, one can use the formalism of the Green’s functions.
Let us illustrate it by the Dirichlet problem in a ball (49.1):

~(PRM) + 10+ DR =rF (),
|R;(0)] < oo, Ri(a)=A4,
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The particular solution that defines the Green’s function is required to
satisfy the trivial boundary conditions:

|R,(0)] <00, Ry(a)=0.

Following the general strategy given in Section 41, to find such par-
ticular solution by the method of variation of parameters, two linearly
independent solutions to the associated homogeneous equation have
to be constructed one of which satisfies the left boundary condition,
while the other satisfies the right one, where in both the conditions
any parameters are set to zero (A; = 0 in this case) They are:

Zu(r) = (r/a)t, Z3(0) =1 < o0,

Zu(r) = (r/a)' = (a/r)™",  Zu(a) = 0.
The radial equation contains the Sturm-Liouville operator with p(r) =
r?. According the Liouville-Ostrodgradsy theorem (see (36.6)), the
Wronskian of any two linearly independent solutions satisfies the equa-

tion
/ !
2
W - POy o W2
p(r) wer) o
Integrating this equation with the initial condition W (a) (the point
r = 0 is singular), one infers

"W'(p) _ “2 P2W () = a2W (a
/amp)dp— [pdp = PW() = a*W(a)

With the above choice of the linearly independent solutions

Zu(a) Zgl(a)
Zyla) Zy(a)

a*Wi(a) = a* det ( ) = a*Zy(a) = (21 + 1)a

The remaining technicalities are identical used to derive the radial
Green’s function in the case of the Dirichlet problem in a disk (77?).
The results reads

(49.3) R,(r) = /Oa Gi(r, p)Fi(p) p* dp,
Ry(r) = —GQZI}I/E% / " Fip)Zulp)? dp
- azzél/fg) /0 T Fi(p)Zu(p)p” dp,

_ 1 Zu(r)Za(p), r<p
Gi(r,p) = a>W(a) {Zzl(T)Zu(p), p<r
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where a?W,(a) = (2l+1)a. Note the integration weight p? in contrast to
the two-dimensional case. It is related to the Jacobian in the spherical
coordinates J = r?sin 6.

A particular solution satisfying the Dirichlet boundary conditions
in a spherical layer

Rp(a) = Rp(b) = 07

is given by the corresponding radial Green’s function obtained analo-
gously to the case of an annulus has the form:

(49.4) Rir) = [ Gl p)Fio)s? do

= —7;’1(42&)) / Fi(p)Zi(p; b) p* dp

B Zy(r; b) ;
a’W(a)

/ Fi(p)Zi(p; a) p* dp.
where

Zi(rie) = (rfe) = (¢/r)*, Zi(e;e) =0, c=a,b,
a*Wi(a) = —(21 + 1)aZ(a;b)

The Green’s functions of other problems can be derived in a similar
way.

The Dirichlet problem. Using the Green’s function (49.3), the solution
to the Dirichlet problem in a ball is given by the expansion over the
spherical harmonics

u(rn) = i mil Rim ()Y (m) ,
Ry (r) = Alm<2)l - /Oa Gi(r, p)Fim(p) p* dp .

The solution to the Dirichlet problem in a layer 0 < a < r < b has the
following expansion coefficients:

Zy(r; b Z(r; a) /“ 2
— A, B, + | Gi(r, p)Funp) g2 dp
" @) P Gy ), e imle) pdp

le (7’)

where the radial Green’s function is given in (49.4).
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49.5. Some examples. When the inhomogeneity and boundary data are
polynomials of some small order, their expansions over spherical har-
monics can be obtained without integration, just by using their form
in spherical coordinates and comparing the latter with explicit form
of the spherical harmonics. Here is a list of spherical harmonics for
1 =0,1,2,3, which is sufficient to expand any polynomial of degree at
most 3:
[=0: YR =1,
Y = cosb,
I=1: Y!=sinfcosp,
Y, ' =sinfsingp,
VY =32cos? — 1,
Y,! = 3sinf cosfcos p,
=2 Y, ' = 3sinfcosfsingp,
Y2 = 3sin? 0 cos(2yp),
Y, ? = 3sin? §sin(2yp),

VY =2cos®d — 3 cosh,

Vi = (L cos? 0 — 2) sinf cos(y),
Vit = (£ cos?0 — 2) sinfsin(yp)

I=3: YJ2=15cosfsin®fcos(2p),
Yy 2 = 15sin® 0 cos(2¢),
Y3 = 15sin® 0 cos(3p),
Yy = 15sin® 0sin(3¢) .

EXAMPLE 49.1. Solve the boundary value problem in the ball €2 :
22yt + 22 < 1

—Au(z,y,z) =2lzz, u‘ = z‘

o0 [219]

SOLUTION: Let us obtain first the expansion of the inhomogeneity and
the boundary data over the spherical harmonics. Writing the inho-
mogeneity and the boundary data in spherical coordinates, one infers
that

z =cosf =Y,
r=1

xz = 15r* sinf cos 0 cos p = Tr?Y,

The solution is a linear combination of the spherical harmonics in the
inhomogeneity and the boundary data:

u(rn) = Ri(r)Y{'(n) + Ra(r)Y; (n)
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The boundary value problem for Ry is (I = 1):

1 ro2
—5(PRM) + S RE) =0, [RO)]<co, R(1)=1
The general solution to this equidimensional equation is

C.
Ri(r) = Cyr + 722

The regularity condition requires that C5 = 0. The second boundary
condition requires that C; = 1:

Ry(r)=r
The boundary value problem for Ry is (I = 2):

1 6
— (PPR0) + 5 Rar) =T, [Ra(0)] <00, Ra(1) =0
If the equation is multiplied by 72, it becomes an equidimensional equa-
tion with the inhomogeneity being a polynomial 7r%. So, the method of
undetermined coefficients applies. Since 4 #1=2or 4 # —3 = —[—1,

a particular solution should have the form
R,(r) = Cr*
The substitution of this function into the equation yields

1
—20Cr2+6Cr* =77 = (C= -5

The general solution reads

7,4

1

RQ(’T’) :CIT2+T_3 — 5

The regularity condition requires that Cy = 0,
ary condition is fulfilled if C} = 1:

while the second bound-

1
Ry(r) = 3 r?(1 —1r?)
The solution to the problem is
1
uz,y,z) = Y7 (m) + 5r°(1 = )Yy (n)
3 9 2\
= rcosf + 57 (1 —7r*)sinf cosf cosp

3
:z+§xz<1—a?2—y2—z2).
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EXAMPLE 49.2. Solve the boundary value problem in a spherical
layer Q1 1 <r < 2, where r is the distance from the origin:

ou ou
_ _ 2 ou _ 2 2 ou
Au(z,y,z) = 3027, 3(x* +y°) ' m

= —16
onlr=1

r=2

SOLUTION: This is the Neumann problem. Therefore the solvability
condition must be checked. Since it involves only the Yy coefficient
in the expansions of the inhomogeneity and the boundary data, let us
find first these expansions:

2% = 30r? cos? § = 30r° - cos” 6

2
3
_I_

N~ DN W

3
= 2002 (5 cos?h —

N —

1
2
= 20r°Yy + 10r°Yy

= 3sin®0 = 3 — 3cos® 0 = 2V — 2Yy

r=1

—16 = —16Y

3(x? + 9%

The solvability condition is fulfilled.
2
10/ rldr —22-16+12-2=62—64+2=0
1

A solution exists and is a linear combination of two spherical harmonics
Yy and Yy:

u(rn) = Ro(r)Yg' (n) + Ry(r)Yy (n).
The boundary value problem for Ry(r) is (I = 0):

1 /
—T—2<T2R6(r)) =102, —R)(1)=2, Ry(1)=-16
Note the negative sing at the derivative at » = 1. The normal derivative
on the inner boundary is —0u/0r. The inhomogeneity is a monomial.
The solution can be found by the method of undetermined coefficients.
A particular solution should have the form

R,(r) = Cr*
The substitution into the equation yields:

1
-20Cr* =10r* = C= -3
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The general solution and its derivative are

C 1
RO(T)_CI+72_§T47
, C
RO(’T’) _7’_22_23

The Neumann boundary conditions require that

R6(1)2—2 = —02—2:—2 = 02:0,
C
R)(2) =—-16 = —f—lﬁ:—lﬁ = (=0
That the both conditions are fulfilled by choosing a single constant is
the direct consequence of the solvability condition. If one proceeded
without checking the solvability condition and the latter were not ful-
filled, one would have found that the boundary value problem for Ry(r)
has no solution. Thus,
1
RQ(T’) = 01 - 57’4
where C; remains arbitrary (if the Neumann problem has a solution,
it is unique up an additive constant). The second boundary value
problem is (I = 2)
1

r2

/
(PR + S Rar) =207, —Ry(1) = -2, R2) =16

Using the method of undetermined coefficients, a particular solution is
found:

10
R,(r) = 5 r
The general solution and its derivative are
Cy 10
Ry(r) = Cir? + T_32 - 77’4>
3C, 40
Rlz(’f’) = 2017’— 7’—4 — 77’3

The boundary conditions require that

{ 14C, — 21C, = 54

1637 1600
7640 —21Cy, = 16%- 13 N

27 651

O

EXAMPLE 49.3. Solve the boundary value problem in the ball r < 1,
where 1 is the distance from the origin:

—Au(z,y,z) = 30zyz, (u * @)

on =0

r=1
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SOLUTION: The inhomogeneity has the following decomposition over
the spherical harmonics

30zyz = 307" cos fsin® § cos sin p = 1Yy
The solution has the form
u(rn) = Rs(r)Yy'(n)

where Rj is the solution to the boundary value problem (I = 3):

1 roo 12
—5 (PR + 3 Relr) =,
|R3(0)] < oo, R3(1)+ R5(1)=0.
Using the method of undetermined coefficients, a particular solution is
found:

1
R,(r) = 13 r?
The general solution that is regular at the origin and its derivative are
1 5
R3(r) = Cyr® — s o, Ry(r) =3Cor?® — s ri
The boundary condition requires that
1 ) 1
CQ_E‘I’gCQ_E—O = CQ—E
The solution is
1 2
u(x,y,z) = D r? <1 — 57’2))/32
15 2
SN
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49.6. Exercises.
In what follows r denotes the distance from the origin.

1. Solve the boundary value problem in the ball r < 2
—Au(z,y,2)=0, u‘ = (30zyz — 62%)
=2

r=2
2. Solve the boundary value problem in the spherical layer 1 < r < 2

=1
r=2

=3(” +y%)

r=1
3. Solve the boundary value problem in the spherical layer 1 < r < 2
or show that no solution exists:

ou ou
on r=1" On
4. Solve the boundary value problem in the ball » < 1 or show that no
solution exists:

—Au(z,y,2) =622, u , U

r=1

2

—Au(z,y,2z) =0, = —3(2* +4°)

r=2

r=1

r=2

0
—Au(z,y, 2) = 5(x* +y* + %) — x, Ul — 32
an r=1 r=1
5. Solve the boundary value problem in the spherical layer 1 < r < 2:
ou
—A — ¢ — 352 -1 - —
ul,y,z)=w=32", w| =1, - =ay
6. Solve the boundary value problem in the spherical layer 1 < r < 2:
0
—Au(z,y,2) = 302°, <2u + —u) =0 ul =y ,
an r=1 r=2 r=2
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50. The Laplace operator in spherically symmetric regions

50.1. Eigenvalue problem for the Laplace operator in a ball. Let {2 be a
three-dimensional ball. Consider the following eigenvalue problem in
Q:

|z|=a

(50.1) —Au = Au, lz| < a, u

In spherical coordinates the equation becomes
10 (,0U 1 0 (. ,0U 1 09U
- — = 0— | — | ———— | = U
r2or (T or ) r2sin 6 00 (sm 06 ) (7’2 sin? @ 062 ) ’

or
1 1
) (28_U) — 580U = U,

o \" o
where Ag is the Laplace-Beltrami operator on a unit sphere S? and
U(r,0,¢) = u(rsinf cos y, rsinf cos p, rcosf).
The ball (with its center removed) is the image of
Q' =(0,a) x §?
under the transformation defined by spherical coordinates,
r=rn, r>0, |nj=1, necS?,

where the unit vector n = (sin 6 cos p, sin 6 cos ¢, cos @) spans the sphere
S?. A solution U(r,0, ) = u(rn) defines a function on S? for every
(fixed) r, meaning that U must be a regular function of 0 and ¢ for
every 0 < r < a (in particular, U has to be 27 periodic in ¢). The
Jacobian J = r?sinf vanishes at r = 0. Therefore it is necessary to
impose a regularity condition at » = 0 so that the boundary conditions
are

1U(0,0,¢9)] <oo,  Ula,0,¢) =0.

where the value of a solution U at r = 0 is defined as the limit » — 0F.
The regularity condition does not yet guarantee that a function ob-
tained from a regular solution in spherical coordinates by transforming
it back to the rectangular coordinates satisfies the original equation
(50.1) at x = 0. A solution of (50.1) is from C?(Q) and, hence, has to
have continuous second partial derivatives at x = 0, which is not guar-
anteed by the regularity condition. The fact that a reqular solution in
spherical coordinates U(r,0,p) = u(x) extended to x = 0 by continuity
satisfies (50.1) at x = 0 must be verified in addition.
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In accord with the the general method of separating variables, a
solution is sought in the form

U(r,0,¢) = R(r)Y (6, ¢).
Then the original problem is equivalent to two problems
(50.2) —AgY = puY | Y € C*(S%),
/
(50.3) (#R’) Y (M2 —R=0, |R(0)|<oo, R(a)=0.

The problem (50.2) is the eigenvalue problem for the Laplace-Beltrami
operator on a sphere S?:

p=1U1+1), Y(0,¢)=Y"0,¢), =01, [m<l.
where Y™ are spherical harmonics. By making the substitution
R
R(r) = T0)

\/F )
the problem (50.3) becomes the eigenvalue problem for the Bessel op-
erator with v =1+ % > 0:

2

By a general analysis of the eigenvalue problem for an elliptic operator,
the eigenvalues in (50.1) are strictly positive A > 0. Therefore solutions
regular at r = 0 are given by the Bessel functions

1
R(r; \) = 7 T (VAT)
To find the eigenvalues A, the second boundary condition R(a) = 0 has

)
J

PRI+ R} + {w - (1+ 1)2] Ry =0
1 1 =%

to be used. To simplify notations introduced earlier for the roots p
of the Bessel function J,,, put

v 1 ,
J(p)=0 = ,u:,ug)zlulj, V:l—|—§, ji=12 ...

Then the second boundary condition requires that for every [
Via=p, j=1,2, ...

The eigenvalues and the corresponding eigenfunction of the Laplace
operator in a ball are

2
i C1l jm r m
(504) A= )\lj - a_2j ) Uljm(r> 97 SO) = \/JF Jl—i—% (Mlja) YE (97 SO) )

where [ =0,1,..., j =0,1,..., m = 0,%£1, ..., £, and C};,, are normal-
ization constants.
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Since r = 0 is a singular point (where the Jacobian vanishes) one
has to verify that the functions Ujj,, also satisfy the original equation
in the rectangular coordinates at |z| = 0. The Bessel function Jl+%(r)
is

Dy = (5 (1496).

where ¢ is an analytic function of r* = |z|?, that is, ¢ is defined by
a power series in 72 and, hence, is also a power series in the original
rectangular coordinates. The latter means that g is from the C'*° class
in the original rectangular coordinates. Therefore

Uljm(r> 97 SO) = TlY;m(9> Sp)hlj (Tz)

where fy; is an analytic function of r? = |z|? defined by a power series
in 2. However the combination r'Y;™ is a harmonic polynomial (see
Section 48.2) in the original rectangular coordinates. Therefore U, is
from the C*°(Q) class in the original variables and, hence, satisfies the
equation at z = 0.

The eigenfunctions are orthogonal in £5(€2). The latter follows from
the orthogonality property of the Bessel functions (Theorem 46.5) and
the orthogonality of spherical harmonics (48.11). Omitting normal-
ization constants for the sake brevity, Ujm = R(r; Ai;)Y,(6,¢), one
has

<Uljm>Ul’j’m’> :/UljmaUl’j’m’dl'
Q

a pmTop2T
:/// Uljm(r,9,gp)Ul/j/m/(r,9,g0)r2sin9drd9dg0
o Jo Jo

/

_ / R Ay VR(rs g ) 2 dir / Y™ ()Y (n)dS
0 S2
m “ r T
— IS [ iy () oy (=)
1
= 02||Yzm||25u’5mm’/0 Ji+1 (szZ)JH%(Mjfzz)zdz

a / 2
o G Wl T

By setting

V2

C1l im — m
’ al g}, 1 G LY, |
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in (50.4), the eigenfunctions become orthonormal. By completeness
of the Bessel functions in £2((0,a); o) where o(r) = r, and by com-
pleteness of spherical harmonics in £5(S?), the function (50.4) form a
complete orthonormal set in £5(€2) (according to Theorem ?7?), and

fl@) = SO Uijm) U () ace.,  f € La(9).

Remark. When solving the problem (50.2), one can formally take
i =1(l+ 1) and disregard the question whether or not there are other
possible values of p. The fact that the eigenfunctions (50.4) are proved
to be a complete set in Lo(2) implies that there are no eigenvalues
other than found with = [(l + 1). An eigenfunction U corresponding
to A # \;; must be orthogonal to the functions Uj;,, because the oper-
ator in (50.1) is hermitian. Therefore Fourier coefficients of U vanish.
(U, Upjm)=0. Since the functions (50.4) form a complete set, any such
U € L5(2) must be zero almost everywhere and, hence, cannot be a
nontrivial solution to the problem (50.1).

50.2. Bessel functions of half-integer order. Bessel functions of half-inte-
ger order can be expressed via elementary functions. For example,
Ji/2(%) and J_2(2) are given in (46.2) and (46.3). There are recurrence
relations to obtains an explicit form of J,y1/2(2) for any integer n.
Recall the recurrence relations to change the order of a Bessel function:

Applying them [ times, one infers that

(l di) [ ha)] = 2
(F) )= 2

By setting v = 1/2 and v = —1/2 in the first and second relations,
respectively, an explicit form of Bessel functions of half-integer order
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is obtained from J4; o

2 L /1 d\'sinz
. 1 = (=1 Loj2 s [ 2
(50.5) Jl+§(2) (—1) \/;Z (Z dz) P

2 1 /1 d ' cos z
(50.6) J_i(2) = = e (; %)

Y

™ z

where [ = 0,1, ....

50.3. Eigenvalue problem for the Laplace operator in a spherical layer.
Consider the eigenvalue problem for the Laplace operator in a three-
dimensional spherical layer:

—Au=Xu, x€f, (au—l—ﬁg—z)‘

Q={zecR*|0<a<|z| <b},

where oo and (3 are subject to the usual conditions to ensure hermiticity
of the operator. The boundary 02 is oriented outward:

:0’
[219]

n

= —e,, n

=e,,
|z|=a

Zl=b
where e, = x/|z| in the unit vector corresponding to the radial variable
of the spherical coordinate system (it is normal to any sphere |z| =
const). Therefore

ou

on
If o and 3 have constant values on €2, then the problem can be solved
by separation of variables in spherical coordinates.

Let a = g, 8 = 3, be the values of o and 3 on the sphere |z| = a,
and, constants «, and [3, are their values on the sphere |z| = b. Put

ou

lz|=a or

ou

r=a ’ 8n

_ Ou

lz|=b  Or

r=b ’

u(rsinfcosp, rsinfcos, rcosf) = U(r,0,¢) = R(r)Y (0, ¢) .

Writing the Laplace operator in spherical coordinates and separating
the variables, the original problem leads to two eigenvalue problems,
one of which is the problem (50.2) and the other is

2o\ L 2 @aR(a) — BuR'(a) = 0
(50.7) (TR) + (M2 — R =0, {abR(b)+ﬁbR'(b) "o

If a # 0 on 012, then all eigenvalues are positive, A > 0 (the case when
A = 0 is an eigenvalue is left to the reader to analyze as an exercise).
The separation constant p = (I + 1), [ = 0,1,..., as shown in Section
50.1. Just as in Section 50.1, the problem (50.7) can be transformed
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to the eigenvalue problem for the Bessel operator with v = (I + %)2by
the substitution

_ () _ Ra(r)  Ba(r)

v AR
The boundary conditions for the functions R;(r) are deduced from the
boundary conditions in (50.7):

0o+ 5 ) Rala) = BuRi(a) = 0
a — %)Rl(b) FBRI(D) =0

R(r) R (r)

(50.8)

This is the eigenvalue problem for the Bessel equation in an interval
0 < a < r < b, which is a particular case of a regular Sturm-Liouville
problem discussed in Section 47.2 (no regularity condition at r = 0 as
the origin is not in 2); it is similar to the problem (47.11) and can be
studied along the same lines. A general solution of the Bessel equation
reads

Ri(r;X) = Cidps 1 (VAT) + Cod i1 (VAT).

The solution is substituted into (50.8) to obtain a linear homogeneous
system of equations for the constants C'; and C5. The should have
a non-trivial solution which is possible if and only if its determinant
vanishes. For every [ = 0,1, ..., the roots of the determinant are the
eigenvalues A = \;;, where the index 7 = 1,2, ... enumerates the roots.
Recall that eigenvalues of the Sturm-Liouville operator are simple and
form a countable set with no limit points (Section 8). For A = \;; the
equations in (50.8) are linearly dependent and any of them can be used
to determine the proportionality coefficient in Cy = 7;;C5 so that the
corresponding eigenfunction are

Cijm m
Uljm (7,0, @) = % (%«h%(\/ M)+ (VA 7’)) Y™(0.¢),

where | = 0,1,..., j =1,2,..., m = 0,£1, ..., 9, and C};,, are normal-
ization constants defined by the condition

b s 21
|Uijml|? = / / / Ufjm(r,e,gp) r?sin@drdfdp =1
a J0 0
The orthogonality of the eigenfunctions
<Uljm> Ul’j’m’> = 5jj’6ll’5mm’

follows from the orthogonality of the spherical harmonics (the fac-
tor 0yr0mm) and from the orthogonality of eigenfunctions in a regu-
lar Sturm-Liouville problem (the factor d,;/) corresponding to different
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eigenvalues \;; and A (Section 47.2). The eigenfunction form a com-
plete orthonormal set in £2(€2) which follows from Theorem 7?7, the
completeness of the spherical harmonics ¥;™ in £(S?), and the com-
pleteness of eigenfunctions of the regular Sturm-Liouville operator in
Lo((a,b); o) where p(r) = o(r) =r >0 and ¢(r) = (I +1/2)?/r >0 in
la, b] if a > 0.

50.4. More complex regions. If the region €2 is the image of a rectangle

(1,0, 0) € (r1,72) X (01,02) X (¢1,92),

then the eigenvalue problem for the Laplace operator can be solved by
separation of variables in spherical coordinates, provided the functions
« and [ have constant values on each smooth piece of the boundary 0f2
which are coordinate surfaces of the spherical coordinates: two spheres
r =17y and r = 7y, two cones # = 0, and 6 = 6, and two half-planes
v = ¢ and ¢ = @y. A solution is sought in the form R(r)Y (0, ).
The function R(r) satisfies the eigenvalue problem (50.7) that can be
reduced to the eigenvalue problem for the Bessel operator by the substi-
tution R(r) = Ry(r)/+/r. The difference is that the separation constant
p in (50.7) is no longer given by u = 1(l+ 1), 1 = 0,1, ..., because the
function Y (0, ) is not an eigenfunction of the Laplace-Beltrami oper-
ator on a sphere S? (see (50.2) but in the part of the sphere cut out
by the two cones and two half-planes (the part that corresponds to the
rectangle (61,62) X (¢1 X 2)).

Separating the variables in (50.2) by the substitution Y (6,¢) =
P(cos 0)®(p) into Eq. (50.2), the problem can be reduced to two prob-
lems (48.2) and (48.3), but in the latter equation /(I 4+ 1) has to be
replaced by the separation constant p (which is still to be determined),
provided the variables can also be separated in the boundary conditions.
The vectors ey and e, are unit normals to the coordinate surfaces of 0
and ¢, that is, to cones and half-planes, respectively. Then by (??) for
a cone 6 = 6y and a half-plane ¢ = ¢, the normal derivatives are

ol _ L R(D)

on le=e, - j:(eg, grad U)‘Gzeo_ + r %(907 SO) ’
vy _ _ R,

o s +(ey, grad U)L:m— irsin@ Y@(Q’QPO)’

where the two signs correspond to two possible orientations of the sur-
faces. Note the factors containing the Lamé coefficients of the spherical
coordinates. The separation of variables does not work when these fac-
tors occur in a general boundary condition. In some particular cases



50. THE LAPLACE OPERATOR IN SPHERICALLY SYMMETRIC REGIONS

when either Y or its normal derivative vanishes on the boundary of the
rectangle (01, 63) X (1 X v2)), then the variables are easily separated.

For example, if Y is required to vanish on the boundary, then the
problem (50.2) turns into the Sturm-Liouville problem (47.10). The
eigenvalues are v = 2, > 0, v, = (7m)/(p2 — ¢2), m = 1,2,.... The
function P(cosf) = P(z) is a solution of the Sturm-Liouville problem
for the operator,

2

/ Vm
L P = ((1 —z2)P’) + TS PP

in an interval —1 < 2; < 2 < 29 < 1 where z; = cosfy and z9 = cos ;.
This is a regular Sturm-Liouville problem for every v,,. All the results
of its general analysis apply. Just like the Bessel equation, the Le-
gendre equation has two linearly independent solutions. This equation
is a particular case of the so called Papperitz equation whose solutions
can be obtained in terms of the hypergeometric function. If v, is a
squared integer (e.g., w2 — w2 = w/k where k is a positive integer),
then solutions are Legendre functions of the first and second kinds. 1f,
in addition, 6 spans its full range (02 does not contains cones), then
solutions regular at z = +1 are given by associated Legendre functions
corresponding to the squared integer 2. Given two linearly indepen-
dent solutions, an equation for the eigenvalues p is obtained by the
general method developed for the Sturm-Liouville problem and illus-
trated with an example of the similar problem for the Bessel operator
(47.11).

50.5. Exercises.
1. Let © be a ball |z| < a in R3. Solve the eigenvalue problem

—Au=XMu, z€Q, @ =0
onlon

Find normalized eigenfunctions.

2. Let Q be a spherical layer 0 < a < |z| < b in R?. Solve the
eigenvalue problem

—Au=Xu, z€Q, Ou =0, u =0.

onl|z|=a ’ |z|=b

3. Let  be a wedge of a ball
Q={(z,y,2) eR®|2?+ 1>+ 22 <a®, >0, y>0}.
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Solve the eigenvalue problem

—Au=Mu, wu| =0.
0

Find normalized eigenfunctions.

4. Let 2 be a half-ball
Q={(z,y,2) e R*|2* +y* +2* < a®, z>0}.

Solve the eigenvalue problem

—Au = \u, Ou =0
onlon

Answers.
1. Zero is a simple eigenvalue and the corresponding normalized eigen-

function is a constant function Uy = VQ_I/ 2, where Vg = 4ma? /3 is the
volume of 2. The other eigenvalues are positive

2
A=y =D =01, =12,

a?’
where for every [, 1, j = 1,2, ..., are positive roots of the equation
1
pll s () = S (p) -
The corresponding eigenfunctions are
r
Usjm (%) = Crymr ™2 111 (Mlja)yzm(n) , r=rn,

where n spans a unit sphere S? and the normalization constants are

defined by
oA I(1+1)
Cloml ™ = SV 25 ) <1— =

2. All eigenvalues are positive A\ = \;; = ,ulzj, [ =0,1,2,..., and for
every [, = py;, j = 1,2, ..., are positive (simple) roots of the equation

Jips(wb)H_ 1 (pa) = J_;_1 (ub) Hy 1 (pa)
1
H,(2)=2J(2) — §J,,(z)
The corresponding eigenfunctions are
Cljm

\/F
Ryj(r) = H 1 (i) Jyy 1 (pyr) — Hypo (uga) J_ s (pgr)

Ujm(7) = Rij(r)Y"(m), x=rn,
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where Cjj,, are normalization constants.

3. All eigenvalues are positive, A = X\;; = ,ulzj, [ =0,1,..., and for
every [, = py;, 7 = 1,2, ..., are positive (simple) roots of the equation
Ji41 () = 0. The corresponding eigenfunctions are

# Jip1 (,ulja>P12 (cosB) sin(2my) .

where m = 1,2,..., M < [/2 and the normalization constants are de-
fined by

Uijm(z) =

5 (I +2m)!

_ma? (L +2m)!
(I —2m)!"

[Cljml 420+ 1)

7} )|

4. The same eigenvalues as in in Problem 1 but the eigenfunctions
corresponding to positive eigenvalues are

,
Uijm () = Cljmr_l/szr% (/Jlja)le(COS 0) cos <m(g0 + 7r/2)) ,

where j = 1,2,..., 1l = 0,1,..., and m = 0,1,...,/; the normalization
constants are defined by




