Chapter 11

Oscillation theory and the
spectra of eigenvalues

The basic problems of the Sturm-Liouville theory are two: (1) to establish the
existence of eigenvalues and eigenfunctions and describe them qualitatively
and, to some extent, quantitatively and (2) to prove that an “arbitrary”
function can be expressed as an infinite series of eigenfunctions. In this
chapter we take up the first of these problems. The principal tool for this is
the oscillation theory. It has extensions to other, related eigenvalue problems
that are of interest in applications, and we shall take up two of these as well.

11.1 The Prufer substitution

For a fixed value of the parameter A\ the Sturm-Liouville differential equation

takes the form
d du

p <P(x) %> +Q(z)u=0. (11.1)

We temporarily put aside the Sturm-Liouville problem and investigate this
equation, under the assumptions

PeC'and P >0, Q € C on the interval [a, b]. (11.2)

Equations for which some solutions have two or more zeros in the open inter-
val (a,b) will be called oscillatory'. Our first results will concern conditions

1One zero will not do: any equation of the form (11.1) has a solution with one zero.
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190 Oscillation Theory

guaranteeing that equation (11.1) is oscillatory and estimating the number
of zeros that its solutions have. This is facilitated by a change of variables.
Define, in place of u and v’ variables r and # through the equations

u=rsinf, Pu =rcosb. (11.3)

This substitution, which is called the Priifer substitution after its discoverer,
represents a legitimate change of variables provided r is never zero. Since we
shall always assume that equation (11.1) is solved with initial data

u(a) = ug, u' (a) = uy, ug, uy not both zero, (11.4)

and since r = vVu?+ P?u2, it is indeed never zero on the interval [a,b].
Differentiating the equations (11.3) and using the differential equation, we
find the system

r = <% — Q) rsinfcosf, 0 = % (cos8)® + Q (sin0)*. (11.5)

This system is to be solved with initial data rg, 6y such that
up = rosin by, P (a)ug = rocosby. (11.6)

For 6y € [0,27) there is a unique solution of these equations for ry and
0. Likewise, given a solution of the system (11.5), one can easily check that
equation (11.1) is satisfied. There is therefore a complete equivalence of these
two systems; we’ll use whichever is the more convenient in a given context.

The advantage of the Priifer system for the study of the zeros of u are
that (1) v = 0 whenever 6 is a multiple of 7 and (2) the equation for 6 is
independent of r, i.e., is a first-order equation for 8 alone. It is further true
that for the study of zeros it is immaterial whether we consider u or —u, and
for that reason we may assume that uy > 0. It is easy to verify that 0(a)
can then be restricted to either of the half-open intervals [0, 7) and (0, 7]; we
choose the first of these? and can learn about the zeros of u by studying the
first-order initial-value problem

0 = f(z,0) % (cosB)? +Q (sin6)?, 0(a) =y € [0,7).  (1L7)

2We’ll choose the second in connection with the right-hand boundary condition, to be
considered later.
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Figure 11.1: The behavior of the # variable of the Priifer substitution is illustrated
here. It is not in general monotone-increasing, but once it reaches the value nz at
a certain point x,, it remains greater than nr for x > x,,.

The r-equation can be solved by quadratures if the solution to this equation
is assumed known.

Since the solutions of equation (11.1) exist on the entire interval [a, b], the
same is true of equation (11.7) and it is not difficult to establish this directly
(see the next problem set).

The solution 6 of equation (11.7) need not be uniformly increasing on
[a, b], but it has the following similar property regarding points where 6 is an
integer multiple of .

Proposition 11.1.1 There is at most one value of x € [a,b] such that
0 (x) = mm, where m is an integer, say r = Z,. If x < x, we have
0 (x) < mm and if x > x,, we have 0 (x) > mm.

Proof: Observe that if x,, < b exists then

0 () =1/P () > 0,

so that 6 > mn at least on some sufficiently small interval to the right of
Tpm. Suppose for some ¢ > xz,, that 6 (c) < mm. Consider the set S =
{z € (zm, ]| 0 (x) < mrm}. S has a greatest lower bound z, > x,, satisfying
the conditions that & —mm > 0 on (x,,, z.) and 6 (z.) — mm = 0. It follows
that 6’ (z.) < 0. But the inequality above holds also at z.: 6’ (z,) > 0. This
contradiction shows that there is no such point ¢ and therefore that 8 > mn«
for x > x,,. If there were another value © where § = mn then necessarily
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T < x, and , on applying the reasoning above to £ we would arrive at the
contradiction 0 (z,,) > mn. O
This result is illustrated in Figure 11.1

11.2 Comparison theorems

In this section we present comparison theorems under assumptions appropri-
ate to equations (11.7) and (11.1) above.

Theorem 11.2.1 Suppose F' and G are defined and continuous in a region
QO C R* and F (z,y) > G (x,y) there, and suppose further that each satisfies
a Lipschitz condition with respect to y on €2, with Lipschitz constant L. If
there are functions y (x) and z (x) such that

y' =F(z,y) and ' =G (x,2) on(a,b), (11.8)
and if, further, y(a) > z(a), then y (x) > z () on [a,b].

Proof: Let g (z) = z () —y (z). Then g (a) < 0 and the object is to show that
g < 0 on [a,b]. Suppose to the contrary that for some ¢ € (a,b) g(c) > 0.
Consider the set

S={zelaclg(x) <0}.

This set is bounded above by ¢ and is not empty, so it has a least upper
bound x;. We must have g (z;) =0, and g > 0 on (xy, ¢]. We'll consider the
two equations on this interval.

The equivalent integral-equation formulations of equations (11.8) give

z(z) —y(z) = /j {G(s,2(s)) = F (5,5 (s))} ds.
Rewrite the integrand:

G (s,2) = F(s,y) = (G(s,2) =G (s,9)) + (G (s,9) = F(s,9))

The last terms on the right make a negative (or at least non-positive) con-
tribution, so

z(x) —y(r) < /: {G(s,2(s)) =G (s, (s))} ds.
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The integrand is dominated by L |z (s) — y (s)| where L is the Lipschitz con-
stant. On the interval (z1,¢] g (s) = z(s) —y(s) > 0 so the absolute-value
sign is not needed and the preceding equation reads

x)gL/:g(s) ds

It now follows from Gronwall’s lemma (Lemma 1.4.1) that g (z) < 0 on
(x1, ¢], which is a contradiction. Consequently there is no such point ¢. O

This theorem can be strengthened by “running it backwards:”

Corollary 11.2.1 Suppose that for some x, > a we have y (z,) = z(x,).
Then y (z) = z (z) on |a, x,].

Proof: Let © = z, — £ so that for 0 < & < z, — a we have z € [a,z,]. Set
y(z)=n(&) and ( ) = ¢ (€). The differential equations become

= (&n), (=T

with initial data n(0) = ¢(0), ®(&,n) = —F(x, —&,n) and ¥ (£,() =
—G (. — &,¢) . We now have ¥ > @ and conclude on applying the theorem
to these initial-value problems that > n on [0, z. —al, i.e., that y () < z (2)
on [a,z,|. But we know from the theorem that y () > z (x) on this interval.
O

We can apply these results to the 6 equation of the Priifer system. Con-
sider the initial-value problems

0 = Q (siné)2 + % (0089)2 =G (3:,9) . 0(a) = b, (11.9)
0 = Q(sinf)” + % (cos )’ = F(x,0), 0(a) =0y (11.10)

Here the region €2 = [a,b] x R and the coefficients all satisfy the conditions
(11.2).

Proposition 11.2.1 Suppose that in equations (11.9) and (11.10)
Q > Q and P < P.

[a,b]. Moreover, if for some x, > a we have

If 0y > Oy, then 0 (z) > 0 (x z) on
= 0(x) on [a, .].

0(x.) = 0(x,), then 0(z)
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Proof: The assumptions imply that [* > G, so the conclusion follows from
Theorem 11.2.1 above and its corollary. O

This result can be strengthened in a manner that will be useful below.

Corollary 11.2.2 Suppose that one of the assumptions of Proposition 11.2.1
is strengthened: Q > Q on (a,b). Then 0 (z) > 0 (z) on (a,b].

Proof: Suppose, to the contrary, that ¢ (z.) = 0 (x,) for some z, € (a,b]. By
the Proposition § = 0 on [a, z,]. It follows that

(Q — Q) (sin 9)2 + (% — %) (cos 9) =0

on that interval. Each of the two terms is non-negative so each must vanish
separately. Since Q > Q on (a,b) this is only possible if sin = 0 on (a, z.),
and hence by continuity on the interval [a,z,], and therefore # is constant
there. Equation (11.10) then leads to a contradiction. O

Remark: An alternative hypothesis leading to the same conclusion is that
P < P and @ does not vanish identically on any open subinterval of [a, b].

Proposition 11.2.1 provides a comparison theorem for solutions of equa-
tion (11.1).

Theorem 11.2.2 (Sturm Comparison Theorem) Let 4 be a nontrivial solu-

tion of the equation
4 (p2) L Ga—o
dx dx B

vanishing at points x1 and xs in [a,b]. Letu be any solution of equation (11.1)
on this interval, and suppose that Q > Q and P < P on [x1,29]. Then u
vanishes at least once on this interval. If i has k zeros on this interval then
u has at least k — 1 zeros there.

Proof: Consider the corresponding Priifer equations (11.10) and (11.9). Since
sinf (z1) = 0, we may assign the value 0 / (z1) = 0 without loss of generality.
Similarly, at x,, sinf = 0 and we have 0 (z5) = mm where the integer m is
at least equal to 1, by Proposition 11.1.1. For 6, the Priifer variable corre-
sponding to u, we may choose 6 (z1) € [0,7). The conditions of Proposition
11.2.1 are satisfied and we infer that 6 (z5) > mn. Therefore 6 takes on the
value m somewhere on the interval, and at that point v = 0. If u has k



Sturm-Liouville theorem 195

zeros, including those at the endpoints, then u has at least kK — 1 zeros on
[Il, 1’2] O

This comparison theorem provides the key to showing that equation (11.1)
is oscillatory and to estimating the number of zeros of its solutions. For the
comparison equation choose the constant coefficients

P:PM and Q:Qm

where Py is the maximum value of P on [a, b] and @, is the minimum value
of Q. The comparison equation is therefore

1 QmA
+ —u=0.
u MU

If @,/ Py is positive, this equation has the solution @ = sin (k (z — a)) on

la,b], where k = \/Qu /Py If k(b —a) > (k — 1) 7, this has at least k zeros
on [a,b] and consequently any solution u of equation (11.1) must have at
least £ — 1 zeros.

We need to be able to choose () to be large. In the Sturm-Liouville theory
the means for doing this is the presence of the parameter \. We now turn to
this.

11.3 The Sturm-Liouville Theorem

Recall the Sturm-Liouville system:

% <p($) %) @) —q@)u=0, a<a<b, (11.11)

Alu] = au (a) + a'v' (a) =0, Blu] = pu(b) + v (b) = 0. (11.12)

The conditions on the coefficients are now familiar and are given precisely in
statement (10.12), but we remind the reader of two of these:

p(x) > 0 for each x in the closed interval [a, b] (11.13)
and
p(z) > 0 for each z at least in the open interval (a,b). (11.14)

Our objective is to prove the following
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Theorem 11.3.1 (Sturm-Liouville) The boundary-value problem (11.11), (11.12)
has an infinite sequence of eigenvalues {\,}~ with A\, < Apy1 and A, — +00

as n — oo. The eigenfunction u, associated to A, has precisely n zeros in

the open interval (a,b).

We shall obtain this result through consideration of the #-equation of the
corresponding Priifer system,

—(cosb)*, 0(a) =1, (11.15)

0= (@) = (@) (in )+ s

where v € [0, ) is chosen so that the right-hand boundary condition A[u] = 0
is satisfied, i.e., v is the unique number in [0, 7) such that

asiny + o' (P (a)) " cosy = 0. (11.16)

The solution = 6 (x, \) is a continuous function of A for each = € [a, b], by
the discussion in §6.3.

Lemma 11.3.1 The solution 0(x, \) of the initial-vlaue problem (11.15) is,
for each fized x € (a,b], a continuous, monotonically increasing function of

A

Proof: The functions P, () of the preceding sections take the values P = p and
Q = Ap—q, respectively, and a choice of comparison equation has coefficients
P =pand Q = A\p— ¢. Consequently, if A\ > )\ then Q > Q on (a,b), and
Corollary 11.2.2 implies that 6 (z,\) > 0 (z, )\) for any x > a. In other
words, for any x > a, @ is a strictly increasing function of A. O

We denote by z,, (A) the nth zero of the solution u of equation (11.11) in
(a,b), if it exists. The next lemma guarantees that it does exist and describes
its behavior as function of A.

Lemma 11.3.2 Let u(x,\) be any solution of equation (11.11). For any
n > 1 and sufficiently large A, x, (\) is defined and x, (A) — a as A — oo.

Proof: We first show that x,, exists if A is large enough. Take for a comparison
equation one with coefficients

A

P=py, Q=Nom—qu
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where par, gar denote the maximum values of p, g on [a,b], and p,, the min-
imum value of p. Assume provisionally that p,, > 0. Then for a given
positive value of A the conditions of the Sturm Comparison Theorem hold.
The comparison equation is

2

I
=
=
o

I

" + KU
which has a solution @ = sin (k[z — a]). If X is large enough, x? is not only
positive but as large as we please. Choose A so that k[b—a] > (n+1)7. Then
@ has at least n + 1 zeros in (a,b) and, by the Sturm Comparison Theorem,
u has at least n zeros in this interval. This shows that z,, () exists for large
enough A. It also establishes the final statement that x, (\) — a, for the
k-th zero of the comparison equation in (a,b) is & = a + kn/k. For any k
this tends to a as A tends to infinity. But z, (A\) < Z,41 (), again by the
Sturm Comparison Theorem.

If p vanishes at one or both endpoints, the analysis above must be mod-
ified. Choose €,0 to be arbitrarily small positive numbers and consider the
comparison equation on the interval [ay, b;], where a; = a+¢€ and by = b — 0;
if €, are chosen small enough, this is an interval slightly smaller than [a, b].
On this modified interval the minimum p,,, > 0. Repeating the analysis above
we find that @ has n + 1 zeros in (aq, by) if A is large enough, and that any
solution of equation (11.11) has at least n zeros on this interval and therefore
also on (a, b). This shows that z,, () exists. It also tends to a; as A\ — o0, so
for sufficiently large A, x,, (A) —a; < € and therefore z,, (A\) —a < 2e. Since €
is arbitrary, this shows that z, — a. O

Remark: We emphasize the phrase any solution in the statement of this
lemma: irrespective of initial conditions, and for any n > 1, there exists a
number A, such that, if A > A,,, z,,(\) exists and therefore 6(b, \) > nr.

We now obtain the decisive result, the asymptotic behavior of # as A —
+o0.

Proposition 11.3.1 For any © > a, 0 (x,\) — 400 as A — +oco and
0(x,\) — 0 as A\ — —o0.

Proof: The first statement can be inferred from the preceding lemma, as
follows. Since for any fixed n we have z,, (A\) — a, for any z > a we have
x, (A) < z for all sufficiently large A. This means that 6 (z,\) > nx, from
which the first statement follows.
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To prove the second statement we need to show that, given € > 0, there
is a number A, depending in general on € and on the choice of z € (a, b], such
that 6(z, \) < € provided A < A. We proceed in stages.

1. Consider equation 11.15 for #. The terms that are not multiplied by A
are bounded by K = |q|y/+1/pm, where the subscripts M and m denote
the maximum and minimum values, respectively, that these functions
take on the interval [a, b]. Therefore we have

0" < Ap(z) (sinf)* + K. (11.17)

2. We first establish the result on the open interval (a,b) and return to
a consideration of the right-hand point b later. We pick a point x; in
this open interval.

3. The initial value 0(a, \) = v € [0, 7). For negative values of A, ' < K
by equation (11.17) above. From this one infers via the mean-value
theorem that #(x,\) < v+ K(z — a) and therefore, for sufficiently
small values of x — a, # < w. In particular, given the value of €, we can
choose a; € (a,z1) such that

Ola,\) <m=7+e<m—e

For this we may first have to rechoose € to be smaller than the originally
prescribed value: this is permitted. We choose it so that v + 2¢ < 7.
Since the estimate K for @ is independent of A, so also is the choice of
ay, provided only that A < 0.

4. The straight line § = s(z) connecting the points a1, and 1, € in the
x — 6 plane has slope
m=—(n—¢€/(xr1—a),

negative unless v = v; — e = 0. Let p; be the minimum value of p on
[a1, z1] and choose

A= (m—K) /pi (sine)”;

we shall suppose A < Ay, At © = a1,0(z) < s(z). If for some value
of z in the interval [ay, x1] 6(x) > s(x) then there must be a first such
value z,, at which 0(z,) = s(z,) and

0 (z.) > m.



Sturm-Liouville theorem 199

But then 6(z,) € [¢, ™ — €] so that sinf(z,) > sine and
m < Ap(x,) (sin(z,))* + K < Ap; (sine)®> + K <m

if A\ < Aj as given above. This contradiction shows that indeed 0(z1, \) <
eif A < Al-

5. We have thus far excluded the right-hand endpoint b from consideration
because it is possible that p(b) = 0. Choose by < b so that 6(b) <
0(b1) + €. This can be done, independently of A for A < 0, because of
the estimate 6’'(x,\) < K. Then applying the reasoning above at by,
we infer that 6(by, \) < € — and therefore 6(b, A) < 2¢ — provided A < A.
This completes the proof. O

Proof of Theorem 11.3.1: The initial condition on the function # ensures that
the left-hand boundary condition is satisfied. The corresponding solution u
of equation (11.11) will be an eigenfunction if the second boundary condition
is also satisfied. This will be so if 6 (b, \) = § + nm for n = 0,1, ..., provided
0 is such that

Bsind + B (p (b)) " cosd = 0. (11.18)

There is a unique value ¢ € (0, 7] satisfying this equation. Choosing this
value, we now ask: can we find A such that 0 (b, \) = 6?7 The answer is
yes, because of Proposition 11.3.1; call this value A\g and the corresponding
eigenfunction ug. Since 0 < 7, 0 < 7 in (a,b) and therefore u does not vanish
in this interval. Can we find A such that 6 (b,\) = § + 77 Yes again, by
virtue of Proposition 11.3.1, and the corresponding eigenfunction u; has a
single zero in (a, b) since 0 takes the value 7 there. Continuing in this way, we
see that Proposition 11.3.1, in conjunction with Proposition 11.1.1, proves
the Sturm-Liouville theorem. O

PROBLEM SET 11.3.1

1. Show that for any real k, the equation u” — k?u = 0 is non-oscillatory, i.e.,
has at most one zero on any interval.

2. Verify that any solution of the Priifer system (11.5) provides a solution of
equation (11.1) through the relations (11.3).
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. Let u be a solution of equation (11.1) that has zeros at points x; and x5 in

(a,b). Suppose v is any linearly independent solution. Show that v has a
zero in the interval (zy,z2).

. Let P be as described in the conditions (11.2) and suppose @ = 1/P. Solve

equation (11.1) in quadratures (i.e., find a formula requiring only the inte-
gration of known functions).

. Show that the function f defined by equation (11.7) satisfies a Lipschitz

condition in the region Q = [a,b] x R and estimate the Lipschitz constant.
Argue that equation (11.3) has a solution on [a, b] without referring to equa-
tion (11.1).

. In Theorem 11.2.1 it is assumed that each of the functions F' and G satisfies

a Lipschitz condition.

(a) Show that it suffices if one them satisfies a Lipschitz condition.

(b) Show that some condition stronger than continuity must be imposed on
at least one of the functions by producing a counterexample otherwise
(Hint: consider equations with non-unique solutions like y' = /).

. Prove the remark following Corollary 11.2.2.

. Suppose that ¢ > 0 in equation (11.11), and that the boundary conditions

are u (a) = u (b) = 0. Show that all eigenvalues are positive.

Suppose that p is a positive, decreasing function, ¢ a positive, strictly in-
creasing function on (a,b), i.e., if z9 > x1 then

p(x2) < p(x1), q(x2) > gq(x1), p> 0,9 > 0on (a,b).

Let u be an eigenfunction of the Sturm-Liouville problem (11.11), (11.12)
with consecutive zeros at a; and as, and suppose that « > 0 on the interval
(a1,az). Show that u has a single maximum on that interval (Hint: if it has
two, then there are three points of the interval at which v’ = 0; examine the
sign of pu” /u at these points).

For the eigenvalues {\;}§° of the Sturm-Liouville problem, show that there
exists a number h > 0 such that A\gy; — A > h for all £ =0,1,2,... (Hint:
assume the contrary and use the fact that the continuous function 6(b, \)
satisfies the condition (b, Agy1) — (b, \g) = 7).
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11. Consider the eigenvalue problem
W+ =0 0<z<m u(0)=0, u(m)+u (7)=0.
Describe the eigenfunctions and give a formula determining the eigenvalues.

12. Consider the problem
WHI=00<z<m u=u"=0at0andmn.

Show that all eigenvalues are real. What are the signs of the eigenvalues?
What are they?

11.4 The nature of the spectrum when p changes
sign

One can envision numerous modifications of the conditions leading to the
basic theorem (11.3.1) above. We address one of these in this section, namely
the relaxation of the condition that the coefficient p be positive on the entire
interval (a,b). The object of this section is to prove the following:

Theorem 11.4.1 Consider the boundary-value problem consisting of equa-
tions (11.11) and (11.12) under the condition that the continuous function p
take different signs in different subintervals of the interval (a,b). Then there

o
s a sequence of eigenvalues {)\;}k—o for which A} — +o00 as k — oo, and a

sequence of eigenvalues {)\,;} for which \;;, — —o00 as k — oo.

k=0

This guarantees not only that there are negative eigenvalues in the case
when p changes sign but also that there are infinitely many of them. No
statement is made regarding the numbers of interior zeros of the eigenfunc-
tions. There are important applications where p indeed changes sign on the
interval. An extended example follows.

Example 11.4.1 A paradigmatic problem in hydrodynamics is that of the
flow of an inviscid liquid between coaxial cylinders. Any flow for which the
velocity field, expressed in cylindrical coordinates r, ¢, z, has the structure

U =0,Us=1rQr),U, =0, (11.19)
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represents a time-independent solution of the underlying fluid-dynamical
equations (the so-called Euler equations). Here the function  is quite ar-
bitrary, apart from smoothness conditions (we shall assume that it is C* in
the interval (Ry, Ry), where Ry and Ry are the radii of the inner and outer
bounding cylnders). It is important to distinguish among different choices of
this function 2 on the basis of their stability. A criterion was proposed by
Lord Rayleigh. Rayleigh’s criterion is that the flow determined by the func-
tion (r) is stable to small, axially symmetric perturbations of the velocity

field provided that
d

s (7~2Q(r))2 >0 (11.20)
for all values of the radial coordinate r in the interval (R;, Ry); the implication
is further that the flow is unstable if this criterion is violated at any point of
the interval.

The limitation to axially symmetric perturbations implies that the per-
turbations w,., ue, u, to the time-independent velocity field (11.19) are inde-
pendent of the angle coordinate ¢. Thus a conclusion of stability under such
conditions leaves open the possibility of instability to more general pertur-
bations (i.e. to those that are not axially symmetric), while a conclusion of
instability is decisive, since the existence of any motion that departs from the
flow (11.19) shows that that flow cannot be stable. Our discussion is limited
to the case of axially symmetric perturbations.

By considering the representative perturbation of the radial velocity in
the form

U, = u(r)e otk (11.21)

one derives® for the equation governing v and o the eigenvalue problem
k’2
(DD, = k) u+ —5®(r)u=0; u(R) = u(Ry) =0, (11.22)

where

D =d/dr,D,=D+1/r and ®(r) = l?’di (T2Q(T))2.
rear

Thus Rayleigh’s criterion for stability is that ®(r) > 0 for each value of r in
the interval Ry, Ry. This problem can be rewritten in the form

& (105) + o=y =o. (11.23)

3See the monograph Hydrodynamic Stability by Drazin and Reid for a derivation of
the basic equation (11.22).
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(% (Rl) = 0, v (RQ) =0 (1124)

where
o(r) = rulr), plr) = 1/r, A= K/o%, plr) = ~0(r) and q(r) = K/r

This is exactly in the form of the Sturm-Liouville problem consisting of equa-
tions (11.11) and boundary conditions (11.12), with the modification that the
function p is not necessarily positive on the interval (Ry, Ry).

In the case when p is positive on this interval, i.e., in the case when
Rayleigh’s criterion is satisfied, we indeed find that the time-independent
solution (11.19) is stable, as predicted. This can be shown in the following
way. Refer to Problem (8) of the preceding problem set; this establishes
that any eigenvalue X is necessarily positive. Since A = k?/o?, this implies
that o is real, that is, that the time dependence expiot of the perturbation
is oscillatory, and the perturbation is therefore bounded in time and, in
particular, remains small if it is initially small.

However, if there should be a subinterval of (R, Rs) where p(r) < 0, the
conclusion above cannot be drawn. Indeed, in that case, according to Theo-
rem 11.4.1 above, there are negative eigenvalues A. The reasoning leading to
the structure of the perturbation in the form (11.21) then shows that there
are values of ¢ in the form ¢ = 4is with s real and positive. The choice
o = —is then leads to a time dependence exp (st), which increases without
bound, so an initially small perturbation does not remain small. This verifies
that the flow (11.19) is unstable if it violates Rayleigh’s criterion. O

To fix ideas, we restrict consideration to the special case of Theorem
(11.4.1) when p suffers only one sign change, at x,, and assume that

p(x) > 0on (a,z.), p(z.) =0, p(x) < 0on (z.,0b). (11.25)

Before turning to the proof of Theorem (11.4.1), we note the following
variant of Lemma (11.3.2) above:

Lemma 11.4.1 Let u(xz,\) be any solution of equation (11.11) with p as
described by the conditions (11.25) above. Given any integer n > 1, u has
n zeros on the interval (z.,b) provided X\ is negative and sufficiently large in
absolute value.
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The proof of this is an obvious modification of the proof of Lemma (11.3.2);
we recall the remark there that this conclusion is independent of the initial
values for u at z,.

Proof of Theorem (11.4.1):

We begin the analysis with equation (11.15) above. The function u(z) related
to the solution f(z) of this equation via equation (11.3) is an eigenfunction
of the system (11.11), (11.12) if 6(a) = v and 0(b) = § + nw, where n is a
non-negative integer and, as in equations (11.16) and (11.18), v and ¢ are
the unique numbers, in the intervals [0,7) and (0, 7| respectively, assuring
that the boundary data (11.12) are satisfied.

Since on the interval (a, x,) p is positive, Proposition (11.3.1) also holds
on this interval. Consider then a solution of equation (11.15) satisfying the
initial condition #(a, ) = 7, ensuring that the left-hand boundary condition
of the Sturm-Liouville system is satisfied. The value of §(z,, \) can be con-
trolled by choosing A. In particular, it can take on any value in the interval
(0, 00) for appropriate choice of A. Choose a provisional value Ay such that
O(z., N\g) = m. By Proposition (11.1.1) the solution u(x, \g) does not vanish
in the open interval (a,x.), but u(x., A\g) = 0, and 0(x, \g) > 7 for = > z,.
Consider in particular (b, Ag). Choose the least integer N such that

N = (0(b, Ao) = 0) /m;

then NV > 1 and 0(b, \o) lies in an interval of the form ((N —1)7+ 4§, N7 +4].
If it should happen that (b, \g) = N7 + ¢, then the corresponding function
uo(x) would be an eigenfunction and )y an eigenvalue. The eigenfunction
would have no zeros on the interval (a,z.); on the interval (z,,b) it would
have N — 1 zeros.

In the general case 0(b, \g) < Nm + 0. Let A\ decrease. Since (z, \) is
continuous and increases without bound as A\ decreases for each fixed = €
(x4, b], it follows that there is a first value of A, say A\; for which 0(b, \) =
Nm + 40.* This is an eigenvalue and the corresponding function u(z, \y) is
an eigenfunction. Since by making A more negative we can infer that 6(b, \)
tends to oo, it must take on the successive values (N+1)7+6, (N+2)7+4, . . ..

4Here it is important that we may rely on Lemma 11.4.1 above, rather than on Lemma
11.3.1 and Propostion 11.3.1, which are valid when the value of  is fixed at the left-hand
endpoint; in the present case, as A decreases, so also does the value 0(z., \) at the left-hand
endpoint.
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This shows that there is an infinite sequence of eigenvalues {)\,;}ZO_O with
A — —00 as | — o0.

Now consider w on the interval (a, z,). Recall that for A = \g 0(x,, \o) =7
and 6(b, \o) lies in the interval ((N —1)7+9, N7 +0]. Now let A increase. As
A increases, the number of zeros of u on the interval (a, z,) increases without
bound and therefore 6(x,, \) increases without bound. For some value of
A we must have 0(x,,\) = (N + 1)m and therefore (b, \) > (N + 1)7, by
Proposition (11.1.1). There must therefore be a somewhat smaller value of
A, say A¢ such that 6(b,\J) = N7 + §. The corresponding solution u of
equation (11.11) is then an eigenfunction and A\ an eigenvalue. Increasing \
further we find that 0(b, \) must successively take on the values (N + 2)w +
5, (N +3)m+4,... as A takes on values \{, A5, .... This provides a sequence

of eigenvalues tending to +o00. O

The proof of Theorem (11.4.1) shows that there is a sequence of eigen-
values ({\; }) with the property that the corresponding eigenfunctions have
no zeros in the interval (a, z.), all zeros being confined to the interval (z,,b)
where p is negative. It leaves open the possibility that there may be further
eigenfunctions belonging to negative eigenvalues that do have a zero or zeros
in the interval (a,z,). A similar remark may be made regarding the zeros of
the eigenfunctions belonging to the sequence {\;} of eigenvalues tending to
+00. Thus the qualitative desription of the eigenfunctions is less complete
than in the case when p > 0 in (a, b)

PROBLEM SET 11.4.1

1. Consider the boundary-value problem
W+ Ap(z)u =0, —a <z <a; u(—a) =u(a) =0

in the case when p is an odd function of x: p(—z) = —p(z). Show directly
(i.e., without referring to Theorem 11.4.1) that to each positive eigenvalue
with eigenfunction u(x) there is a negative eigenvalue and corresponding
eigenfunction. Can A = 0 be an eigenvalue?

2. In the preceding problem let a = m and take for p the step function

(z) = +1if —mr<2<0
PEI=Y difo<ae<n
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Since p is discontinuous at z = 0 so is «” in general so we generalize the
notion of a solution to functions v that are C? at points x # 0 but need be
only C! at = 0. On this understanding find the relation determining the
eigenvalues for this problem.

11.5 The periodic case

The standard Sturm-Lioville problem has separated endpoint conditions.
This is a commonly occurring case, but it does rule out certain physically
interesting possibilities. We explore one of these here, that when the problem
is posed on the entire real axis and the coefficients are periodic:

p(t+1)=p(t), p(t+1)=p(t) and q(t + 1) = q(¢). (11.26)
Here we have (without loss of generality) taken the period to be one,
and have denoted the independent variable by ¢ rather than x, in keeping
with custom when in typical applications the independent variable represents
time rather than space. The coefficients are defined on the entire real axis
once they are given in the fundamental interval [0, 1], and are assumed to
satisfy the conditions (10.12) on that interval. In particular, we revert to the
assumption that p is positive at least on the open interval (0, 1).

Suppose that equation (11.11) is to be solved on the interval [0, 1] with
the (non-separated) endpoint conditions

u(0) = u(1) and u'(0) = u/(1). (11.27)

It is easy to see that any such solution, when continued to the real t axis, will
be periodic with period one (see Problem 6 of Exercises 10.3.1). As usual,
u = 0 is a solution for any choice of the parameter A\, but we seek nontrivial
solutions, i.e., eigenfunctions; we shall find that these eigenfunctions will
again require that the A be chosen to be one of a sequence of eigenvalues.
Similarly, consider equation (11.11) on [0, 1] with the further, nonseparated
boundary conditions:

u(0) = —u(1) and «'(0) = —u'(1), (11.28)

In this case one finds that u(t+1) = —u(t), implying that u(t+2) = u(t), i.e.,
the eigenfunctions in this case represent functions having twice the period of
the coefficients.



The periodic case 207

Definition 11.5.1 We'll refer to the problems consisting of equation (11.11)
together with either of the boundary conditions (11.27) or (11.28) collectively
as the periodic problem

We begin by defining, independently of any boundary data, a standard
basis of solutions ¢(¢, \) and ¥ (¢, \) of equation (11.11), satisfying the initial
conditions

6(0,0) = 1,¢'(0,3) = 0; (0, A) = 0,(0,\) = 1. (11.20)
Any solution u of equation (11.11) can be written
u(t,\) = ap(t, \) + bip(t, \) (11.30)

for some choice of constants a and b. Imposing on this solution the boundary
conditions (11.27) leads to the system of equations

(oan s ) (3)- ()

6L w1,
AW—(MLA) w/m))

must possess the eigenvalue 1. Similarly, in order for the boundary conditions
(11.28) to be satisfied, the matrix A(\) must possess the eigenvalue —1.

The eigenvalues of the matrix A(\) are the values of p such that the
determinant

Thus the matrix

¢/ 17)‘) ¢/(1aA) —H
vanishes. This determinant may be expressed as

det (A —pl) = p® = fF(\)p+W(LN)

det(A—uI):‘¢(1>()‘)—M $(1,) ’

where
FA) =o(L,A) +¢/'(1, A), (11.31)
and W(1,\) is precisely the Wronskian W (¢, \) of the solutions ¢ and

evaluated at t = 1. For the self-adjoint form of the equation (11.11) the
expression (2.17) for the Wronskian takes the form

pOW(t, A) = p(O)W (0, A).
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Noting that W (0, A\) = 1 and that p(1) = p(0), we now find that W (1, \) = 1,
and the characteristic equation for the eigenvalues u of the matrix A(\) takes
the simple form

w4 fp+1=0. (11.32)
Denote the two roots of this equation by py and p_; they are given by the

formula
pe = —(1/2)f(A) £/ f(N)? — 4 (11.33)

If f(A\) < —2or f(A\) > +2, these roots are real, one greater than one in
absolute value and the other less (Note that pypu_ = 1). Otherwise they
form a complex-conjugate pair of modulus one.

There is a closely related stability problem in which these roots play an
important role.

Example 11.5.1 Stability of the origin Consider the initial-value problem
for equation (11.11) on the interval (0, 00). The solution u = 0 is valid for
any value of A\. We may inquire into its stability, in the following way. Can
we choose the numbers a and b in equation (11.30) so that the size of the
solution increases without bound as t — o0, or is it the case that the solution
remains bounded for any choice of @ and b7 In the first case we say the origin
is unstable, in the second stable (compare the definitions in §8).

Consider first the case when, for the given value of A\, one of the roots
(11.33) satisfies the condition |u| > 1, i.e., |f(A)] > 2. Then this root is real
and the corresponding corresponding eigenvector of coefficients, (a,b) = ¢
(say), of the matrix A(A) may likewise be chosen to be real. Choose this
eigenvector as the coefficient vector. After one period, the coefficient vector
¢ has become A(A)§. On the next interval, from time t = 1 to time t = 2,
the equation is the same as on the preceding interval, so the initial-value
vector has become A()) - A(N\)E = A(N)?€. In this way, at a time t = n,
the coefficient vector & has grown to A(A\)"¢ = p"¢, and is clearly growing
without bound. A criterion for instability is therefore that |f(\)| > 2.

On the other hand, when |f(\)| < 2, the roots p+ are complex and both of
modulus one. Any real coefficient vector £ may be written £ = c, 2z, +c_z_
where zy are the (complex) eigenvectors of the matrix A and ¢y complex
coefficients. Since

A" =cqpplizy +e_pl 2,
it is easy to check that

[A™ENN < feslllz4 ] + e[z,
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which is bounded independently of n. This is therefore the stable case. O

This example shows that the two cases that we have identified above as
leading to periodic solutions, of period one if f(\) = 42 or period two if
f(A) = =2, lie on the borderline between stability and instability. Since in
applications the discovery of this borderline is a frequently sought goal, the
study of these cases acquires a special significance.

They are also precisely the two cases when equation (11.32) has a double
root. When f(A) = £2 and p = =£1 is therefore a double root of the char-
acteristic equation, there are two possibilities for the matrix A(A). It may
have a unique eigenvector, in which case there is likewise a unique eigenfunc-
tion of the boundary-value problem consisting of equation (11.11) and the
conditions (11.27). Alternatively, it may have a pair of linearly independent
eigenvectors. In the latter case it is easy to see that A()\) carries any vector
(a,b) to itself, i.e., A(\) = I. This means that

H(1,N) ==+, 1,9(1,A) =0,¢'(1,\) =0,¢'(1,\) = +1, (11.34)

the plus signs holding in case f(A\) = 42, the minus sign if f(\) = —2.
Given the initial conditions on ¢ and 1, these provide a number of boundary-
value problems on the interval (0,1). For example, the problem consisting
of equation (11.11) on this interval together with the separated endpoint
conditions

u(0)=0and u(1) =0 (11.35)

is satisfied by the function v on this interval, up to a constant factor. Alter-
natively we may consider the problem solved by the function ¢ in this special
case: it satisfies equation (11.11) and the separated endpoint conditions

w'(0) = 0 and u/(1) = 0. (11.36)

The same considerations apply to the other borderline case, when f(\) =
—2 and p = —1 is a double root. We therefore are able to learn useful infor-
mation regarding the function f(\) by considering standard Sturm-Liouville
problems with separated endpoint conditions, and we now turn to this.

We derive a series of properties of the function f based on the regular
Sturm-Liouville problem (11.11), (11.35) on the interval (0,1). Once these
properties have been established, the analysis of the periodic problem will be
straightforward. They are the following:
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Lemma 11.5.1 Denote by {1;}32, the increasing sequence of eigenvalues of
the problem (11.11), (11.35), and let the function f(\) be given by equation
(11.81). Then

1. f(/J“Qk) S -2 and f(/J“Qk-i-l) 2 27 k= 0a172a"'

2. There exists a number p, < po such that f(u.) > 2; for A < p.,
f(A) > 2.

3. If f(N) = £2 and X\ # py, for any n = 0,1,2,..., then the periodic
problem has only a single linearly independent eigenfunction at . For
that value of A the derivative fy = df /d)\ satisfies

(a) fa(A) <0 if A< po,
(0) fr(X) >0 if por, < X < piggg1, and fx(A) <0 if pogr1r < A < flopga.

On X intervals for which X # p, and |f(N)| < 2, f is monotone,
increasing or decreasing according as Wy 1S negative or positive.

4. Suppose f(par) = —2. Then

(a) If fa(par) # 0, the periodic problem has only a single linearly
independent eigenfunction; in this case fy(pax) < 0.

(b) If fa(par) = 0, the periodic problem has two linearly independent
eigenfunctions; in this case fax(par) > 0.

5. Suppose f(uagr1) = +2. Then

(a) If fa(pors1) # 0, the periodic problem has only a single linerly
independent eigenfunction; in this case fy(piors1 > 0.

(b) If fa(par) = 0, the periodic problem has two linearly independent
eigenfunctions; in this case fax(pary1) < 0.

Proof:

1. The eigenfunctions of the problem (11.11), (11.35) may be chosen to
have «/(0) = 1, and therefore are precisely the functions (¢, ii;). Since
the Wronskian evaluated at t =1 is

gb(l,,u]')'l//(l,,uj) - ¢/(1>:uj)w(1nuj) = ¢(1’:uj)¢/(1’:uj) = 1a
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we find for f the expression

flug) =¥ (1, ) +1/9'(1, ),

where we note that ¢’(1, ;) # 0 since otherwise (¢, y;) would vanish
identically on (0, 1). The function g(z) = = + 1/z satisfies g(z) > 2 on
(0,00) and g(z) < —2 on (—o00,0). If j is even, (¢, ;) has an even
number of zeros in the open interval (0,1). Since 9'(0, p;) > 0, this
implies that ¢/(1, p;) < 0. Thus f(p;) < —2if j is even, and similarly
f(pj) > 2if j is odd. This proves the inequalities in item (1) in the list
of statements.

2. For the statement regarding u, consider the problem consisting of equa-
tion (11.11) with the separated endpoint conditions (11.36), and let p.
be the least eigenvalue of this problem. The corresponding eigenfunc-
tion, which is ¢(t, i«), has no zeros on (0,1) and therefore remains
positive there. To see that p. < o, consider Theorem 11.2.2 applied
with P(t) = P(t) = p(t), Q(t) = prp(t) —q(t) and Q(t) = pop(t) — q(t).
The solution (¢, pg) of the 'unhatted’ equation vanishes at ¢ = 0 and
t = 1. If it were the case that ux > ug, it would follow that any solu-
tion of the "hatted” equation would vanish at least once on (0,1). But
the eigenfunction of the problem (11.11), (11.36) belonging to the least
eigenvalue does not vanish on this interval. Therefore u, < 1. Again
making use of the Wronskian expression as above, one finds that the
expression for f(u,) now takes the form

fl) = o(1, i) + 1/9(1, )

since ¢(1, ) > 0, it follows that f(u.) > 2. The conclusion that
f(A) > 2 for A < p, will be drawn below, with the aid of equation
(11.42).

3. If f(A\) = %2 then the periodic problem has a nontrivial solution. If
there were two linearly independent solutions, then (¢, \) would be a
solution of the system (11.11), (11.35), implying that A = p; for some
7 =0,1,2,..., whereas here we assume the opposite.

To address the inequalities regarding the derivative fy, we first observe
that this derivative exists. This will be so if the derivatives ¢,(, A) and
P4 (¢, \) exist. This in turn follows from Theorem 6.4.2 in Chapter 6; it
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further follows that the derivatives ¢, 1, satisfy the linear differential
equation (the variational equation) obtained by differentiating formally
with respect to A in equation (11.11). Therefore if we provisionally put
v(t) = ¢a(t, A), we find for v the initial-value problem

i (P05 ) + 00 = )0 = ~p(016(00). 0(0) =0, v0) =o.

(11.37)
Here we have observed that ¢(0,A) and ¢'(0, \) are both independent
of A; this implies that v(0) = v'(0) = 0. Exactly the same equation
and initial conditions are obtained for the derivative v, except that 1)
rather than ¢ appears on the right-hand side.

The solutions of these equations are provided by the variation-of-parameters
formula, conveniently given by equation (10.27) of Chapter 10. In that
equation the denominator p(§)W () is constant, and therefore equal

to its value at the left hand endpoint; in the present case that is p(0).
Thus the solution of equation (11.37) is

— t
PaA(t, A) = m/o (@(s, o (t, A) = o(t, \)o(s, A)) p(s) (s, A) ds.
(11.38)
The solution for 1, is given by the same formula as that above with
the exception that the last term in the integrand is (s, A) instead of
#(s,\). Further, we require not 1, but ¥ (or 8?1 (¢, \)/0tdN)). This
results in the formula

r __1 ¢ / Y
Uh= gy (95 (6 0) = 916 Nl X)) ) (s, X) s

(11.39)
Adding these expressions and evaluating them at ¢t = 1 gives for f) the

formula .
A = (1/p(0)) [ Bls, Np(s) ds. (11.40)

where

B(s, ) = $19% + (61 — 9y) ¢ — 1 ¢”, (11.41)

and we have used the following notation:

¢1 = ¢(1> )‘)a gb,l = ¢/(1> )‘)
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and the same for ¢, and ¢|; ¢, written without indices, is short for
o(s, A), and likewise for 1.

Multiplying the function B by —; and completing the square results
in the formula

8 = o= 2 (61— 0] — (61— u? +avnel] w2

Finally, observing that in the last term above we can replace the term
¢ by the term ¢9] —1 through the Wronskian relation ¢;¢] —¢| 11 =
1, we find

1 21
— 1B = [¢1¢ 3 (¢1 — %)74 1 {f()\)Z - 4} P, (11.42)
The last assertion of statement (3) follows from this formula. The
assumption that A # p; implies that ¢); # 0 so the further assumption
that f(A) = £2 implies that B(s, A) has the sign of —1; on the entire
interval 0 < s < 1. Therefore,

(a) if A < o, the function ¢ does not vanish on (0, 1]. Since ¥(0,\) =
0 and ¢'(0, ) = 1, 41 is positive on this interval and f) is therefore
negative.

(b) Consider ¢, = (1, A) as a function of \. At A = g 1, has its first
zero, and is negative in the interval pg < A < py; then positive
again in the interval p; < A < pg; and so on, as stated.

We can now verify the assertion in statement (2) that f(A) > 2 if
A < fis. Suppose first that f(u.) = 2. Then equation (11.42) shows
that fi(u.) < 0, so that f > 2 at least on some interval to the left
of py. If f(A) < 2 for some value of A < pu, there would have to be
a nearest value of A < p, where f = 2. Necessarily fy > 0 at this
point, but equation (11.42) guarantees that fy < 0 there. Thus there
is no such point and f(\) > 2 for A < p,. If f(u.) > 2 then there is a
point A\g with pu, < A9 < po where f(Ag) = 2. Applying the preceding
reasoning to Ay we infer that f > 2 if A < Ay and a fortiori for A < p,.

4. If f(par) = —2, then the periodic problem is satisfied with A = pgy.
This means that ¢); = 0. Then the expression (11.41) becomes

B = ¢1¢* + (61 — %) 9.
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The Wronskian relation then gives ¢; = 1/t and, since f(uor) =
Yy 4+ 1/¢] = —2, we must have ¢, = ¢} = —1. The second term above
in the expression for B therefore vanishes, and we see from the formula
(11.40) that f\ =0 if and only if ¢] = 0.

(a)

Assume first that this is not so, i.e., that f\(u2x) # 0. Then
¢, # 0. It follows that there is only one linearly independent
eigenfunction of the periodic problem. That fy(u2) is in fact
negative follows from the facts that f is a continuous function of
A and is negative for values of A\ = pg;, — € for sufficiently small
e > 0.

Next suppose that both f(uor) and fy(uox) vanish. By the re-
mark above that in that case also ¢} = 0, we infer that the condi-
tions (11.34) hold and there are indeed two linearly independent
solutions of the periodic problem. We need to take the second
derivative of f — and therefore with respect to ¢ and ¢ — with
respect to A. This can be justified by applying Theorem 6.4.2 to
the variational equation for ¢, above.®> We can find a formula for
Foa(par) by differentiating the expression (11.40) for fy, obtaining

oA = /01 p(s)Bx(s, \) ds.

The expression for B, obtained from equation (11.41) is lengthy
in general but simplifies when we put A = pg, and employ the
conditions (11.34):

Bi(s, piok) = ¢\ + (¢1,)\ - %,A) P — Py A¢°

The coefficients in this formula can be evaluated by differentiat-
ing the expressions (11.38) and (11.39) as well as corresponding
expressions for ¢’ and 1. Carrying these out and again applying
the conditions (11.34), we find (for example)

bir = — /0 L ()6, )b, A du (11.43)

®In the present case, one can in fact show that the solutions ¢(t, A) and (¢, \) are, for
each fixed t € [0, 1], analytic functions of A in the entire complex A plane.
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and three similar equations for the other derivatives appearing in
the expression for B)(uzk), with the result that that expression
takes the form

1 1 1
BA:W/O pas?du—was/o p¢wds+¢2/0 2.

This expression is positive for all choices of 1) and ¢ provided the
discriminant is negative, i.e., provided

</01p¢¢du)2 </01p¢2du/01p¢2du.

This is the Cauchy-Schwartz® inequality which holds generally and
verifies that indeed fix(uor) > 0.

5. The proof of this last case is virtually identical with the preceding one
and is therefore omitted.

We are now able to describe the eigenvalues and eigenfunctions of the
periodic problem. We’ll denote those of the problem (11.11), (11.27) by
{Nite  {v;},” and those of the problem (11.11), (11.28) by {v;}]", {w;}]".
We contnue to denote by {u;},", {1;}, the eigenvalues and eigenfunctions
of the related Sturm-Liouville problem (11.11), (11.35).

Consider the first two statements of Lemma 11.5.1. These show that
there is a number Ay in the interval p, > Ao < po where f = +2; this is
an eigenvalue of the problem (11.11), (11.27). It has only a single, linearly
independent eigenfunction because A < p, whereas, if there were two linearly
independent eigenfunctions it would necessarily be the case that Ay = p; for
some 7 =0,1,....

Allowing A to increase, we see that, at the value po, f < —2. If f(uo) <
—2 then there is a value A\; < pg where f = —2 and, since f(u1) > +2,
a subsequent value Ay at which f = —2 again. If f(ug) = —2, there are
two possibilities. One is that fy(uo) # 0. In this case it must be negative
since it is continuous function of A which is negative on the interval (Ao, o)
according to equations (11.40) and (11.42). Therefore f < —2 for values
of A to the right of pg. It is therefore the case that f(\) = —2 again for

6See Theorem 12.2.1 below; equality rather than strict inequality may hold, but only
if the functions ¢ and v are linearly dependent, which is excluded in the present case.
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Figure 11.2: The curve y = f(A). These three diagrams illustrate the three
possible dispositions of the eigenvalues of the periodic problem with respect to
those of the auxiliary Sturm-Liouville problem. In frame (a), v1 < pp < vs; in
frame (b) v1 = pp < v2 and fy(po) < 0; in frame (¢) v1 = vy = po and f takes a
local minimum value of —2 at this point.

a value of A in the interval (pg,p1). This gives a pair of values v; = pg
and v € (po,1). According to Lemma 11.5.1 there is a single linearly
independent eigenfunction corresponding to each of these. Finally, it may
be that f(uy) = —2 and f\(uo) = 0. In this case, there are two linearly
independent eigenfunctions and vy = vy = pg. Since then fy\(u) > 0, for
values of A just to the right of 9, f > —2. On an interval where —2 < f(\) <
+2, f is monotone increasing according to equations (11.40) and (11.42). It
must equal or exceed this value at or near the value A = py, where the
preceding analysis may be repeated. We have now completed most of the
following

Theorem 11.5.1 The least eigenvalue Ao of the problem (11.11), (11.27)
has a single, linearly independent eigenfunction vy associated with it, which
does not vanish on [0,1]. The remaining eigenvalues {\;}]° of this prob-
lem and the eigenvalues {v;}° of the problem (11.11), (11.28) satisfy the
following relations:

Vajp1 < foj < Vjgo < Agjpr < lojr1 < Agjqe < Vojgg < Uojro < Vojpa < -ve

forj=0,1,2,.... Here the sequence {ji;} is the sequence of eigenvalues of the
regular Sturm-Liouville problem (11.11), (11.35). The eigenfunctions waj+1
and waj1o have precisely 2j zeros in the interval [0,1) and the eigenfunctions
Ugj+1, Vaj+2 have precisely 25 + 1 zeros in the interval [0, 1).
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Proof: Only the remarks on the numbers of zeros remain to be established.
Consider the function vy. At the endpoints, vy does not vanish: if it did,
it would be a solution of the problem (11.11), (11.35) and it would follow
that Ao is one of the eigenvalues pyg, i1, ... of that problem. But \g < po,
so vg(0) = wg(1) # 0. Moreover, it cannot vanish in the interior. If it did,
it would have to vanish at least twice, since the boundary condition vy(0) =
vo(1) implies that the number of zeros is even. But then the eigenfunction
ug of the problem (11.11), (11.35) would vanish at least once in the interior,
by the Sturm comparison theorem, since g > A\g. Hence vy does not vanish
on [0, 1].

Next consider the functions w; and ws belonging to the eigenvalues 1
and 5. Suppose first that vy < g < v5. Then neither w; nor ws can vanish
at the endpoints by the same reasoning as that above for vy. But since
wi(1) = —w;(0), this function has an odd number of zeros in (0,1), and
likewise for wy. If w; had three or more zeros, then u; would have at least
two by the Sturm comparison theorem, and this is not so; therefore w; has
exactly one zero on (0, 1) and likewise for wy. Suppose next that v; = p but
falpo) # 0: then py < vo. Then wy has one zero in (0, 1) by the preceding
reasoning, and w; = wug vanishes at the endpoints but not in the interior.
Finally, if 14 = vy = po then the functions ¥ and ¢ satisfy the boundary
conditions (11.35) and (11.36) respectively. The first of these vanishes at the
endpoints only, the second cannot vanish at the endpoints and therefore has
a single zero in the interior. Therefore, in each case, the eigenfunction has a
single zero on [0, 1).

Continue this reasoning to the functions v; and vy belonging to the eigen-
values A\; and Ay. In the case when A\ < p; < Ay, the eigenfunction v; must
vanish at least once on (0,1) since A\; > pp, and since it must vanish an
even number of times and cannot vanish at the endpoints, it has at least two
zeros there. It cannot have more than two for if it did w, would have at least
three. Thus v; has exactly two zeros in (0, 1) and likewise for vy. Again, if
A1 < p1 = Ag, the reasoning above applies to A;, and we have vy = uy, o vy
has three zeros in [0, 1], two at the endpoints and one in the interior. Finally,
if Ay = Ay = 4, then ¢ and ¢ satisfy the boundary conditions (11.35) and
(11.36) respectively. The latter function has two zeros in the interior by now-
familiar reasoning, the former one in the interior and two at the endpoints.
Therefore, in all cases, there are two zeros on [0,1). O

Stating the number of zeros on the interval [0, 1) is legally correct but is done
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principally to keep the statement of the theorem reasonably short: the proof
gives a more precise description of the disposition of the zeros.

PROBLEM SET 11.5.1

1. Prove that any solution u of equation (11.11) with the boundary conditions
(11.28) satisfies the condition u(t + 1) = —u(t) for all real ¢.

2. Suppose f(A\) = 2. Show that the conditions (11.34) are both necessary and
sufficient for the problem (11.11), (11.27) to have two linearly independent
solutions.

3. Let p(t) = p(t) = 1, ¢(t) = 0. Find the function f(\) explicitly and verify
the conclusions of Theorem 11.5.1 in this case.

4. Derive equation (11.43) and the corresponding equations giving qﬁ’l’)\, (I
and ] , evaluated at A = fig.

5. Show that the eigenfunctions {v;} of the problem (11.11), (11.27) are orthog-
onal when the eigenvalues are distinct, and may be chosen to be orthogonal
in all cases, and likewise for the problem (11.11), (11.28).

6. Need the eigenfunctions of the problem (11.11), (11.28) be orthogonal to
those of the problem (11.11), (11.27)7 Use Problem 3 above as a test case.



