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EIGENVALUES OF PERIODIC STURM-LIOUVILLE PROBLEMS
BY THE SHANNON-WHITTAKER SAMPLING THEOREM

AMIN BOUMENIR

ABSTRACT. We are concerned with the computation of eigenvalues of a peri-
odic Sturm-Liouville problem using interpolation techniques in Paley-Wiener
spaces. We shall approximate the Hill discriminant by sampling a few of its
values and then find its zeroes which are the square roots of the eigenvalues.
Computable error estimates are provided together with eigenvalue enclosures.

1. INTRODUCTION

We would like to introduce a new method for computing the eigenvalues of
classical regular Sturm-Liouville problems with periodic boundary conditions

(1.1) { =" (t, 1) + Q()p(t p) = pp(t, )t €[0,0]

e(0,1) = p(w,p)  and (0, p) = ¢'(w, ),
where Q(t) € L' (0,w). For the spectral theory of periodic differential equations,
we shall refer to [4], [1] and [8]. Recall that in general the spectrum of (1.1) may
not be simple as in the case of separated boundary conditions, and this is a major
difficulty.

In this work, we shall extend the method in [3], which relies on the interpola-
tion in Paley-Wiener spaces of a certain boundary function, whose zeros are square
roots of eigenvalues. In our case the boundary function turns out to be the well-
known Hill discriminant (see [4]) and only few values are needed for its approxima-
tion. The truncation error can be minimized by increasing the number of sampling
points, which gives higher accuracy on the numerical side and provides eigenvalue
enclosures. We shall examine a few examples, where eigenvalue enclosures and com-
parisons of the results with the well-known code Sleign2 are provided. In the last
example our interpolation scheme is compared with an “exact” solution. One of the
features of the method is the possibility of locating double eigenvalues. Indeed, by
minimizing the truncation error, we can zoom in on close eigenvalues, and if they
happen to be simple, then we can find two disjoint enclosures separating them.

2. HILL’S DISCRIMINANT

The Hill discriminant, which is at the heart of the spectral theory of the periodic
Sturm-Liouville operator, is defined by

A(p) = 1(w, 1) + @ (w, 1),
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where 1 (¢, 1) and 2 (t, 1) are two independent solutions of (1.1) satisfying

©1(0,p) =1 { ¢2(0,1) =0
2.1 and
2 L6 s (0.0 =1.
Recall that p? is an eigenvalue associated with (1.1) if and only if u is solution of
(2.2) Al) =2

(see [4]). In order to interpolate the Hill discriminant we shall need to find a suitable
representation in terms of analytic functions.

From the inverse spectral theory (see [7]) ¢1(t, 1) and @a(t, 1) can be represented
by

(2.3) ei1(t,p) = Costu+/ Ki(t,m) cosnp dn,

sint sm
R O (L

where K7 and K5 are the kernels of transformation operators. We recall that Ky
and K5 have m + 1 locally integrable derivatives if Q has m locally integrable
derivatives. In our case m = 0, which means that —K2 and tKl are locally
integrable and K; and K are continuous functions. Thus the integrals in (2.3) are
well defined. The Lyapunov function or Hill’s discriminant for (1.1) can now be
described using K7 and Ko:

(24)  Ap) = oi(w, ) +py(w, )

2coswp + Ki(w,w)

sinwp sinwp

+ KQ(wa OJ)

“lo 0 sin nu
K K —dn.
s [ SRt + SRt | 22y
Let us agree to denote the last integral term by

25) S = [ | gt + g Katen)| 2 ay

and several useful constants by

exp (|Imz|)
c
- 1+ 2|

q:iéﬂQOmdn
£ :=exp (C/Own 1Q(n)] dn) :

We now recall that Paley-Wiener spaces are defined by

sin z

)

z

and

PW,, := {F(,u) entire: |F(p)| < Me“™# and / w)]? du<oo}

Also (see [7])
Ki(w,w) = Ko(w,w) = / Q(n
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Thus in order to recover
sinwp

(2.6) Ajr) 1= 2cos(wps) + / " QUndn + S()

we need to find S(u) only.
Proposition 2.1. If Q(t) € L'(0,w), then

S(u) € PW, and E;:= 1/ |MS )| du<502q21/

Proof. Because Q(t) is locally integrable, it follows that [EKQ (w,m) + EK 1(w,n)]
is also locally integrable, and applying the Riemann-Lebesgue theorem to (2.5) we
deduce that S(p) = 0(%), ie, S(u) € LZ#(—OO, 00). Next observe that

swl < [
&

Cyexp (w [Impl) .

9 enexp (n | Impl)
~Ki(wn)| ———
t 1+ |nu

0
th(w n) + 3

0

dn exp (w [Impul)

0
8th(w n) + 8t Ky (w, 77)‘ TH

IN

Hence S(u) € PW,,. If C is known, then we can estimate the constant Ej,
which is crucial in the computation of error bounds. To this end we shall use the
following integral equations (see [10]):

(2.7) o1(t, ) = cos(tp) + Tupa(t, i),
sin (Tp
wa(t, ) = #ﬂLTmﬂz(t,u),
where

C(0,w) — C(0,w),

100= [ FE=Domrmin e o)
(2.9 I < [ e el
=

For p large enough, the method of successive approximation yields (see [10])

s
p) = E T cos(tp)  and  a(t,p) E T, —— 11177#
n>0 n>0

and by the Gronwall lemma applied to (2.7) we obtain

lp1(t, 1)| < exp (/Ot %dn) < exp (c/otle(n)l dn) :

t " nlQ (n)
t, < ¢ exp (/ ———d
el = T Py Tl

< ¢t t
CCT——.
T 1+ plt
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Applying T}, to (2.7) yields
(2.9) @1(t, ) = cos(tp) + T, cos(tp) + Ti o1 (t, 1),

where

T2 1 (0,0 (c qw)? /tcn Q) ,
0

L+ ) L+ |l
(c qw)? ( ’ )
e C / 0 1Q)| dn
1
2.10 S
(210) = Slewl o
Similarly we have
orltup) = Si“ff“) o1, 2 4 o),
d d
(2.11) os(t,p) = cos(tp) + dtTH Slnlitll) dtT oalt, 1),
where
d w t .. _
aTﬁwz(w,u)’ = COS(M(w—t))Q(t)/ MQ(??)wz(n,u)dndt
0 0 1%

IN

[ 101 [ A Qo o i an

[T1ewl [ e

e [Mawl [ (52) 10t
(i) [ 1eon | e an

: (1+Iu| ) ([ 1awra)

IN

IN

IN

2
(2.12) < g
(1 + |M| w)®
We now use (2.9) and (2.11) to obtain
A(p) = o1(w, ) + h(w, p)
d, . sin(t d
= 2cos(tu) + T, cos(tu) + dtT” (tn) +T3 o1 (t, ) + dtTﬁth(t ).

Observe that

d . sin(tp)
T, cos(tp) + ET" ”

= /0 (sm(u(+n)) cos(nu) + cos(pu(t — n))M> Q(n)dn

I
_sin(ut) [*
= =0 [ auar
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Thus a new representation of the Hill discriminant follows:
(2.13)

() = 2 cos(tys) + 28 i Oy +T2 pr(to) + L1
14 0

t, ).
o T3 o (t, )

Therefore (2.6) together with (2.13) imply

(2.14) S(p) =T7 1(t, ) + dtT[f (pa(t, 1))

and estimates (2.12) and (2.10) yield
3¢c2¢2L? 1

2 (14 |ulw)?
Hence it follows from (2.14) and (2.15) that S(u) € PW,, and

2 2 3
B= | sl du < B[ 25 < e[

It is also possible to use asymptotics of solutions (see [5]) to derive the estimates
above.

(2.15) 1S(w)] <

3. GENERAL CASE

We now address the question of how to apply the idea above to more general
equations, such as

) @)+ a@y(e ) = s@y(ep),  0<z<a,
3.1) { y(0.) = yla ), p(0)y(0.1) = pla)y/(a. ),

where p(z),q(z), and s(z) are real valued, W’ q(z), s(z) € L'(0,a) and s(x) >
0. It is well known that u? (see [4]) is an eigenvalue of (3.1) if and only if u, is a
root of

(3.2) D(p) := 1 (a, p) + pla)y(a, p) = 2,

where 11 (z, p) and ¥9(x, u) are two independent solutions of

(p(@)y (2, 1) + q(@)y(z, p) = p?s(x)y(z,p),  0<z<a,
with initial conditions
{ ¥1(0, u) 1 and { P2(0, 1) = 0
p(0)Y1(0, ) = p(0)15(0,p) = 1.

It is readily seen that D(u) is an entire function of u of order one, and the main
difficulty is estimating its type. Once the type is obtained, which depends on
p(z),q(z) and s(x), we can apply the above method with a few modifications.

One simple way to deal with (3.1) is to transform it to the standard form (1.1)
which is possible when the coefficients ﬁ and s(x) are C?(0,a), and s(z) > § > 0.
Indeed, the Liouville-Green transformation allows us to recast equation (3.1) into
an equivalent periodic problem (see [4])

(3.3) { —¢"(t, 1) + Q()p(t, ) = pPp(t,p) €0, Al
' 0(0,1) = (A, ) and  ¢'(0, ) = Ko'(A, p),
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where t(z) = [ %dn for z € [0, a] and

plt(a), 1) = (o), Qi) = gla) — pH () @) ~p(a) - (p@)s(a)} T

Clearly the type of D(p) is then A := ¢(a) and the boundary conditions
are obtained from y'(z,u) = ¢’ (t(z), p) ;Eig, and so K = 4/ i%;ig)). In case
s(w)p (w) =s(0)p (0), then we have K = 1.

o If p(x) and s(x) are not smooth, then we can still use ideas from the trans-
formation operators for the string (see [2])

—p(@)(p@)y (z, 1) + p(@)a(@)y(z, p) = p’p@)s(@)y(z,p)  0<z<a.
Then setting t(z) := [ ﬁdn, v :=t(a) and p(t(x)) = y(z) we have

(3.4) "t p) + Q)p(t, ) = pPw)p(t,p)  0<t <~y
Q(t) == p(z(t))q(z(t)) and w(t) = p(z(t))s(z(t)).

If the spectrum is bounded from below, then a simple transformation (see [6],
p. 90) allows us to recast (3.4) into

(3.5) =" (t, 1) = BPW () (t, 1),

and an upper bound for the type of solutions ¢ (¢, 1) is given by, /2y fO'YW(t)dt
(see [6], p. 32).

e There are other methods which can be used to estimate the type, such as
semi-classical approximation. The asymptotic distribution of eigenvalues of
(3.5) depends on the behaviour of the weight W (t) as t — 0.

4. SAMPLING

Proposition 2.1 allows us to use the well-known Whittaker-Shannon-Kotelnikov
sampling theorem to reconstruct the function S(u) from its sampling values (see
[9] and [11])

o km  sin(wp — k)
s = 30 ST

where S(%™) are obtained by using (2.14) where the values of

km km km
A(;) = p1(w, 7) + 5 (w, 7)

are computed by solving the initial value problem defined by (1.1) and (2.1). A
good approximation of S(u) can then be obtained using very few points
N

Sn(p) == Z S(

k=—N

k_ﬂ') sin(wp — k)

w wp — km

and the truncation error

|S() — Sn ()| < T (1)

can be easily estimated for || < &7 (see [11]),

w

Ey 2wy/wlsinwy| 1 1
41)  Tn(p) = 4+ ,
(4.1) w (k) N+1 723 VN —wp  Nr+wu
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where, by Proposition 2.1, E; < £c2¢?4/ %w. It is essential to have an upper bound

estimate on the magnitude of constant F; in terms of Q(¢) in order to obtain precise
error bounds on the eigenvalues and possible enclosures.

The knowledge of S(u) allows us to reconstruct the Hill discriminant A(u) de-
fined by (2.6) and then solve (2.2), which we shall agree to write as

A(p) = A(p) =2=0
to find the eigenvalues for [u| < &%, Tt is readily seen that Sy (x) helps define an
approximation to E,

R ()= 2ooson) + =2 7 Qapan + () 2

Let yun be a solution of Ay (un) = 0 and denote by p* a solution A(p*) = 0. In
W2 . 2. . S .
other words (u*)” is an eigenvalue and (upy)” is its approximation. Since

‘&v (n)— A (ﬂ)’ < Tn(p),

we have N
B ()] < T ()
and thus the enclosure is defined by
(4.2) T {u such that ’&N (u)] < TN(;L)}.

Observe that the endpoints of I, = are solutions of An (1) = £Tn (1), and so they
are computable. N N
From the uniform convergence of An (1) — A (p), we distinguish two cases.

° &'(u*) # 0, i.e. u* is a simple eigenvalue and so there exists an N,

inf \Mo (M)‘ = §(No) > 0

NEIMNO

and VN > N inf ‘Z;V (u)] > 0.

HET

Proposition 4.1. Let p* > 0, be a simple eigenvalue of (1.1), then Ve > 0,
ANy such that VN > Ny, Jun such that

inf | A (1)

I —pun| < ﬁ
welyy
Proof. Given p*, we can find N, such that p* < %,Mér}f ‘K’N (u)‘ > 6 > 0 and
rN

Tn(p) < € for p € I,,. From‘ﬁN(u*) _EN(MN)‘ < Tn(p*), the mean value

theorem implies

(4.3) (" = ) Bly() | S Tw(’), m€ (0 ux) € Ly,
and since p* is simple, éIIlf ‘K’N (u)‘ > 0, and we have
Help
* Tn(p* €
" — pn| < (N ) < =
inf ‘A’N (M)‘ inf ‘AQV (M)‘ .

el el
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As we increase N > Ny,
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HElL

|p* — pn| — 0 as N — oo.

e The second case is when we have a double eigenvalue, which is characterized
by

sup Tn(u) — 0,

inf
HET

A(p)=0, A (u) =0 and A" (") # 0.

‘A;v (u)] — §(Np), and so

Because of the concavity of the A(u) at pu*, there are two cases.

solutions inside the intervals defined by (4.2).

KN(N*)

AN(N*)

An (i) = Ap")
(1) 20— B + (0 — ) By () — [Bwu) — B)] =0,

We shall consider problems defined by (1.1), where Q(z) is integrable. Recall
that N represents the number of points used in the Shannon-Whittaker sampling
theorem. The positive eigenvalues are obtained by recovering the Hill discriminant
from its sampled values. To this end we only need to compute the values ¢ (w, ) +
kZ, k = 0,1,...,N, which are obtained by solving the initial
value problem (1.1) with Runge-Kutta 4-5, which is implemented with the symbolic

ph(w, p) for p =

(1" — pn) AN (un) +

— If Ay (pn) has two zeroes then

2

L — )

2

- A ~ () is also concave and may not have zeroes. In this case we look for

Bv(pu) + (5" = ) Bl () + 5 (4" — 255 ),
Rrt) 4+ (" — i) Bly () + 50" — i PR (),

2N (),

where [EN(‘LL*) - ﬁ(u*)} < Tn(p*). Clearly the coefficients of this qua-

dratic are intervals, i.e., inIf Al (n) < A(n) < max A% (n), and simi-
nelu nely

larly 0 < Ty (p*) < malx Tn(n). Therefore we can find an upper bound
nel,

for |u* — pn|, using interval analysis. Since Ay (yx) may have no roots
in the neighbourhood of p*, the only practical way to locate double eigen-
values is the interval defined by (4.2). In practice it is more convenient
to be given N and then compute the truncation error Tn (1) to find the

intervals I,,, defined by (4.2).

5.

EXAMPLES

manipulator Maple with precision set to 13 digits.

e Example 1: Let us choose w = 2, and
0 O<z<l/2,

q(z) :==

_1
1422

1/2<x<7/4,

0 T/d<z<2

The square roots of the eigenvalues are listed below.

N | M2 M3 g M5

5 10.5376360812 | 3.141592653 | 3.198533821 | 6.283185307 | 6.309309048
13 | 0.5376389426 | 3.141592653 | 3.198655062 | 6.283185307 | 6.309851843
19 | 0.5376389987 | 3.141592654 | 3.198665145 | 6.283185307 | 6.309892873
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The enclosure for the first simple eigenvalue u? is given below.

N
5
13
19

HMmin

0.5063
0.5292
0.5327

H1
0.5376360812

0.5376389426
0.5376389987

Hmax

0.5700
0.5461
0.5425

e Example 2: ¢(z):=2z(1 —z) and w = 1.
The enclosures are given below.

N
4
7
15
20

M1 min

0.576496
0.575138
0.576292
0.576496

M1
0.576890580

0.576891292
0.576891400
0.576891408

M1 max

0.577287
0.578648
0.577491
0.577287

z

H2,3 min H2

6.29811294928

M3 ,UQ,B max

6.30777169387

6.31155085736

6.32991780134

6.30116798050

6.30769833630

6.31163581017

6.32196796225

RN

5

6.30414770889

6.30768224351

6.31165451250

6.31645456422

20

6.30496865578

6.30768111508

6.31165582479

6.31520080034

For N = 20, an estimate of the truncation error is given by

TN(p) <27.107% when p € (6.304968,6.3152008)

TN(p) < 46.107° g € (0.5764,0.5774).

1. A quick run of Sleign2, with a tolerance of 10~7, gives the following eigenvalues

Sleign2 | = v/X | 0.576919405 | 6.31198463 | 6.31204087 |

which agrees with our results. Observe that all three square roots are within
our enclosures.

Example 3: In this example w = 3 and

0 O0<z<l,
qlz) =<4 § 1<z<2,
0 2<z<3.

It is a simple task to compute the solutions @1 (¢, 1) and @a(t, 1) explicitly,
and so it follows that A(u) is also obtained in a closed form. From the
“exact” solution the first five eigenvalues are simple. The interpolation gives
satisfactory results as can be seen from the following table.

N p1 H2 U3 Ha Us

6 0.6629613387 | 2.162705929 | 2.277446491 | 4.241533696 | 4.261003349
11 0.6629773389 | 2.162572186 | 2.277814772 | 4.240002625 | 4.263173280
21 0.6629803405 | 2.162548286 | 2.277880363 | 4.239796746 | 4.263474201
Exact | 0.6629808831 | 2.162544034 | 2.277892016 | 4.239762398 | 4.263524610




1066 AMIN BOUMENIR

6. CONCLUSION

With a simple analysis, and with values of solutions of initial value problems
computed at a few values of the eigenparameter, we have computed the eigenvalues
of a periodic problem with a certain estimated error. The main advantage is the
recovery of an approximation of the Hill discriminant whose graph shows possible
double eigenvalues. By increasing the number of sampling points, the truncation
error is reduced and this allows us to zoom in on very close eigenvalues. Observe that
the eigenvalues in Example 2, found by the code Sleign2, are within our enclosures.

One of the main features of our scheme is the estimate on the truncation error,
Tn(p) and its use for the eigenvalues enclosures. It is also possible for T (u) to
include the phase and amplitude errors made on the sampling values.
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