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ABSTRACT. We prove that under certain conditions, a vectorial Sturm-
Liouville differential equation of dimension n > 2 can only possess finitely
many eigenvalues which have multiplicity n. For the case n = 2, we find a
sufficient condition on the potential function Q(z), and a bound mg depend-
ing on Q(x), such that the eigenvalues of the equation with index exceeding
mgq are all simple. These results are applied to find some sufficient conditions
which imply that the spectra of two potential equations, or two string equa-
tions, have finitely many elements in common, and an estimate of the number
of elements in the intersection of two spectra is provided.

1. INTRODUCTION

It was known a long time ago that if ¢(x) is a nice real-valued function on
0 <z <1, and p(x) is a nice positive function on 0 < z < 1, then the eigenvalues
of the potential equation with potential function q(x),

(1) y'(z) + (A = q(@))y(z) =0, y(0) = y(1) =0,
and the eigenvalues of the string equation with density function p(z),
(2) y" (@) + pp(x)y(z) =0, y(0) =y(1) =0,

are simple, i.e., of multiplicity 1, and the k*" eigenfunction has exactly k — 1 sign-
changed zeros in the interval 0 < z < 1. But for the following n-dimensional
vectorial Sturm-Liouville differential equation

(3) Z'(x) + (M — Q(x))Z(x) = 0, 2(0) = 2(1) = 0,

where n > 2, I is the n-by-n identity matrix, @Q(z) is a continuous n-by-n real
symmetric matrix-valued function defined on 0 < x < 1, and Z(x) is an R"-valued
function, the multiplicity of the eigenvalues and properties of the eigenfunctions are
not well-understood. One purpose of this paper is to investigate the multiplicity
problem of the equation (3) for the case when Q(z) is a Jacobi matrix-valued
function, ie., Q(z) = [¢;j(z)], where ¢;i(z) = pi(x), i =1, 2,,..., n, gj+1(x) =
gi+1,5(x) = —rj(x), 5 =1,...., n—1, and g () = 0 if |l —m| > 2. We shall denote
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this Q(z) by J[pi(), ..., pn(x);71(x), ..., m—1(2)], where p;(x) and r;(x), 1 < i < n,
1 <j<n-—1, are assumed to be continuous functions. In section two, using the
theory of matrix differential equations (see [2]), we prove the following theorem
among others:

Theorem 2.3. Suppose Q(x) = J[p1(x),...,pn(x);r1(2), ...y tn_1(x)], n > 2. If

1
/ ri(x)dx # 0,
0

then, except finitely many eigenvalues, the multiplicity of the eigenvalues of (3) are
at most n — 1.

The case n = 2 in Theorem 2.3 ( also see Theorem 2.2 ) is more interesting
for application. Let o(g) denote the spectrum of the potential equation (1) with
potential function g(z), and let os(p) denote the spectrum of the string equation
(2) with density function p(x). In section three, as applications of Theorem 2.3, we
prove the following results.

Theorem 3.1. Suppose q1(x) and g2(x) are two real-valued continuous functions
defined on 0 <z < 1. If

/ p(@)de £ / @)z,

then o(q1) and o(q2) only have finitely many elements in common.

Theorem 3.2. Suppose p1(x) and pz(z) are two positive C?-functions defined on
0<x<1 If

1 1
/ V2 (z)de = / p2V/2(2)d,

0 0
and

dx?

1 2 1 2
_ d _ _ d _
| e @ e s £ [ e @) 00 ) da,
then os(p1) and os(p2) only have finitely many elements in common.

Finally, in section four, for a two-by-two potential function Q(z) satisfying
the condition of Theorem 2.2, we study the problem of finding a number mg
such that for n > mg the n'" eigenvalue of (3) is simple. Suppose Q(r) =
J[p1(x), p2(2); ri(x)], fol ri(z)dz # 0. We find two constants Q. and A, which
are expressed in terms of pi(x), pa(x), and 71 (z); these two numbers play impor-
tant roles for studying the above mentioned problem. To be more precise, we have

Theorem 4.1. If \,, is an eigenvalue of (3) which satisfies the conditions

VAn > 2Q., Ay > A,

then \, is a simple eigenvalue.

Using Theorem 4.1, an estimate of mg is found (see Theorem 4.2), and the result
is applied to find an upper bound for the number of elements in the intersection of
the spectra of two potential equations (see Theorem 4.3).
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2. THE MULTIPLICITY OF EIGENVALUES
OF A VECTORIAL STURM-LIOUVILLE EQUATION

To study the eigenvalue problem (3) we consider the following matrix differential
equation:

(4) V() + (M = Q(z))Y(z) =0, Y(0) =0, Y'(0) =1,

where Y (z) is an n-by-n matrix-valued function. We use Y (x;\) to denote the
solution of the initial value problem (4). Then ), is an eigenvalue of (3) if and only if
Y (1; \y) is a singular matrix. The multiplicity of A, as an eigenvalue of (3) is equal
to the dimension of the null space of Y(1;\.). It is known (see [7, pp 304-305])
that (3) has a countably infinite number of real eigenvalues which are bounded from
below. Counting the multiplicity of eigenvalues, we arrange all eigenvalues of (3) as
an ascending sequence A\ < Ao < ... < A, < .... The multiplicity of an eigenvalue
Ay of (3) is at most n, and the multiplicity of Ax is n if and only if Y(1; \,) is the
zero matrix. The following asymptotic formula of Y (z; \) (' see [1, (1.2.2)]) shall be
used later: for A > 0,

sin vz 1
5 Y(xz;\) = I+0(<), A = o0.
5) (@) = =214 0(3)
To study the multiplicity of eigenvalues of (3) for
Q(x) = J[p1(2), ... pu(2); 71(2), ...rn—1(2)],

first we treat the case n = 2.

Lemma 2.1. If Q(x) = J[p1(z), p2(z); r1(x)], and A\, is an eigenvalue of (3) which

has multiplicity two, let yi(x) = col(y11(x),y21(x)) and ya(z) = col(y12(x), yaa(x))
be two solutions of (3) corresponding to \.. Then we have the following identity:

1
(6) / r(z){y11(2)y22 () — yr12(2)y21(z) tdz = 0.
0
Proof. Note that y;;(x), 4,7 = 1, 2, satisfy the following two relations:
(7) y11(2) + { A = pr(@)}yii () + ri(2)y21(z) = 0,
(8) yi2(x) + {A — p1(@)}yi2(2) + r1(2)yzz(z) = 0.

By (7) and (8) we have

) L @ia(e) — v (@)yha(0))
= ri(@){yn (2)y22() — yr2(x)ya1(2)}.

Integrating (9) from z = 0 to x = 1 and using the boundary conditions y;;(0) =
vi;(1) = 0, we obtain (6). -

Using Lemma 2.1 we prove the following result.

Theorem 2.2. If Q(z) = J[p1(x), p2(x); r1(x)], and

1
/ ri(x)dx # 0,
0

then, except finitely many eigenvalues, all eigenvalues of (3) are simple.
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Proof. Suppose, on the contrary, there are infinitely many eigenvalues \,, which
have multiplicity two. Denote the solution of (4) for A = A,, by

Y (@ Ay ) = g (@ An )15 =1
Then, by (5), we have

1-— 008(2)\711{621')

(10) det Y (z; \p,) = 3w

+O(N3/%).
(6) and (10) imply that

1 1/2

1 — cos2\n,

/ ri(e){ 5 + O()}dr =0,
0 Nk

which tells us that we have

(11) Arﬂx)dxz/o Tl(;v)cos(2)\1/2 Ydx + O(A 1/2)

By (11), the Riemann-Lebesgue Lemma tells us that if (3) has inﬁnitely many
eigenvalues of multiplicity two, then fol ri(z)dx = 0. Thus if fo ri(z)dx # 0, then
all, except finitely many, eigenvalues of (3) are simple. |

The result of Theorem 2.2 can be generalized as follows.

Theorem 2.3. Suppose Q(z) = J[p1(x), ..., pn(); 11(2), ooy Tn1 ()], n > 2. If

1
/ ri(x)dx # 0,
0

then, except finitely many eigenvalues, the multiplicity of the eigenvalues of (3) are
at most n — 1.

Proof. By Theorem 2.2, the assertion of Theorem 2.3 holds for the case n = 2.
Suppose there exists Q(z) = J[p1(x), ..., pn(x);71(2), ..., rn—1(x)], n > 3, such that
the eigenvalue problem (3) has infinitely many eigenvalues A.,, of multiplicity n.
Let Y(x; Ay ) = [4i (73 Amy )]} ;=1 denote the corresponding matrix solution of (4).
Then following the argument of Lemma 2.1, in particular using (7) and (8), we
have (6) for this case. Then, by (5), we also have the identity (11), and hence, by
the Riemann-Lebesgue Lemma, we have fol ri(z)dx = 0. Thus if fo ri(z)dx # 0,
then, except finitely many eigenvalues, the multiplicity of the eigenvalues of (3) are
at most n — 1. O

Theorem 2.4. Suppose Q(z) = J[p1(x), ..., pn(x);11(2), oy rn1(2)], n > 2. If at
least one r;j(x) which is not zero, and ri(x),...., Th—1(x) never change sign in
0 < x <1, then, except finitely many eigenvalues, the multiplicity of the eigenvalues
of (3) are at most n — 1.

Proof. We shall prove this theorem by mathematical induction. By Theorem 2.2,
the assertion of this theorem holds for the case n = 2. Assume it holds for the case
n =k, where k > 2, but there exists a Q(x) = J[p1(x), ..., pr+1(2); r1(2), ..., 71 (2)]
such that (3) has infinitely many eigenvalues \,,, which have multiplicity &k + 1.
Then, by the argument in the proof of Theorem 2.3 and the assumption that
r1(x), ..., rk(x) never change sign on 0 < z < 1, we conclude that r1(z) = 0.
But then for Q(z) = J[pa(z), ..., prg1(x);72(), ..., rr(x)], the eigenvalues of (3),
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counting multiplicity, consist of the eigenvalues in o(p;) and the eigenvalues of the
eigenvalue problem

(12) 2 (@) + (ul — Q))2(x) = 0, 2(0) = 2(1) =0,
which implies (12) has infinitely many eigenvalues of multiplicity &, a contradiction
to the induction assumption. This completes the proof of Theorem 2.4. O

3. THE INTERSECTION OF THE SPECTRA OF TWO POTENTIAL EQUATIONS,
OR TWO STRING EQUATIONS.

In this section we shall apply Theorem 2.2 to study the intersection of the spectra
of two potential equations of the form (1), or two string equations of the form (2).
Recall that for (1) with potential function ¢(x), o(g) is used to denote its spectrum,
i.e., the set of all eigenvalues of (1); and o4(p) is used to denote the spectrum of
(2) with density function p(z).

Theorem 3.1. Suppose q1(x) and g2(x) are two real-valued continuous functions
on0<zxz<1. If

1 1
(13) / q1(x)dx # / q2(x)dzx,
0 0
then o(q1) and o(g2) only have finitely many elements in common.

Proof. Denote

Aw) = [“f{”) qQ?x)] |

cosf —sind
u(o) = [sin@ cost } ’
and
Qo(x) = U™ (0)A(x)U(0)
= Jlp1(z), p2(z);r1(2)],
where
r1(z) = (@1 () — g2(x))sinbcosh,
0 is a constant. Then for Q(xz) = Qa(x), the sequence of eigenvalues, counting
multiplicity, of (3), consists of elements of o(q1) and o(gz), counting multiplicity.

If we choose 6 so that sinflcosf # 0, then, by (13), fol ri(x)dx # 0. And it follows
from Theorem 2.2 that, for Q(z) = Qg(z), (3) has only finitely many eigenvalues
which have multiplicity two, which implies that o(q1) No(g2) is a finite set. |

Applying Theorem 3.1 and using the Liouville transformation (see [3]) we obtain
the following result.

Theorem 3.2. Suppose p1(x) and p2(z) are two positive C*-functions defined on
0<a<1. If pr(z) and pa(z) satisfy the following two conditions,

(14) | e@is = [y @,
1) [ @ g @ £ [ e e 2

then os(p1) and o4(p2) only have finitely many elements in common.

(p3 "/ *)(2) dz,
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Proof. Letting

- 11/2 s= K1 11/2
K= /0 P2(t)dt, K /O P2(t)dt,
u(z) = p M (@)y(x),  A=Kp,
0(z) =p'*(x),  q(z) =0"(2)/0(2),

the equation (2) is transformed to equation (1) where y and z are replaced by u
and z, respectively. And, by the method of changing variables, we find that

1 1 2
(16) | @iz =k [ (07 @) 1507 ) d
0 0 dz
Applying (14), (15) and (16), Theorem 3.1 implies our assertion. |

As an application of Theorem 3.1, we prove the following result about Bessel
functions. For information about Bessel functions, we refer to [4] and [5]. Recall
that J,(z) (resp., Y, (z)) is the Bessel function of the first kind (resp., the second
kind) of order n.

Corollary 3.3. Supposen, k>0, n#k, b > 1. Then the functions
In(8)Yn(sb) — J,(sb)Y,(s)

and
T (8) Y5 (sb) — Ji(sb)Yi(s)

have at most finitely many positive zeros in common.

Proof. Tt is easy to show that if we set
f(@) = Va{Tu(s)Yn(sz) — Ju(s2)Ya(s)},
then f(x) satisfies the following equation:
£(a) + (62— ) @) =0,
with f(1) = 0, f’(1) # 0. Thus the square of the positive zeros of the function
In(8)Yn(sb) — J,(sb)Y,,(s) are the eigenvalues of the following eigenvalue problem:

(17) v+ 0= @) = 0,y =y = 0.

Then our assertion is just a consequence of Theorem 3.1. O

4. THE MULTIPLICITY OF EIGENVALUES
OF A TWO-DIMENSIONAL VECTORIAL STURM-LIOUVILLE EQUATION

Let Q(x) = J[p1(x), p2(z); 71 ()], where p1(z), p2(z) and r1 (x) are C*- functions
on 0 <z <1,and let Ay < X < ... < A\, < ... denote the sequence of eigenvalues
of (3). If fol r1(z)dz # 0, then, by Theorem 2.2, there exists an index mg such
that for n > mg the eigenvalues A, of (3) are simple. In this section we shall try
to find an upper bound estimate of the number mg. This estimate is obviously
applicable to the problem of estimating the number of elements in the intersection
of the spectra of two potential equations, or two string equations.

Let A = [a;;]7 =, be a two-by-two matrix. Define the mazimum norm of A as
follows:

|A] = sup {lag| : 1<) <2}.
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If A and B are two two-by-two matrices, then we have
(18) [AB| < 2[|A[[||B].

Let Y(z;\) denote the matrix-valued solution of the equation (4). Then Y (x; )
satisfies the following integral equation (see [1]):

L sinyV/ Az T sinvV Nz —t) .
(19) Y(z; M) = iy I+/O — Q)Y (x; A)dt.
Denote
L siny/ Az )

(20) Y(x;\) = 5y I+ G(x; N),
where
(21) G(x,A) = [g4( M]F j=1

(" sinyV/A(z — t) .

_ /0 TR QY (1 Xt

Note that, by (18) and (19), we have

1 1
22 Y(z; A S——I—Z/—Qt Y (t; N)||dt,
(22) 1Y (5 A 7 ; \/XH @Y (& Al
and, by Gronwall’s inequality, (22) tells us that

1 1 ¥

23 Yz )| < —=exp(— [ 2/|Q(t)||d¢).
(23) 1Y (z; M)l 7 Xp(\/X/O [Q)[dt)

Then, by (21) and (23), we have, for 1 <i,5 < 2,
1 1 z
1955 (3 0)] < —={exp(—= / 21Q(1)|dt) — 1)
g PR,
< L fexp(— /12IIQ(t)IIdt) 1)
< —{exp(—= —1}.
VoAV
Thus if
1
(24) Vi / 21Q(1)|dt.
0
then we have, for 1 <i4,7 <2, 0<x <1,
%2 [}
(25) @0 <5 [ IQ)at.

Using (21) and (20),
sin? vz sinvz

(26) detY(z; \) = 3 + iy TraceG(x; A) + det G(x; A)
1 — cos2V/\x
- T + h(df, A)v
where
inv A
h(z; ) = siny/ Az TraceG(x; ) + det G(x; A),

VA
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and, by (25), if (24) is satisfied, then we have, for 0 <z <1,

8e?
_Q*a

(27) ARz \)] < >

where

1
= dt.
Q.= [l
And by (27), we have

28) [ an@hte e < 22 [ i)
28 //\rlxhw;)\dx§ */ ri(z)|dz.
0 VA o
We shall also need the following inequality, which follows from integration by parts:
1 1
()] 1 / /
29 1 (x)cos2V Axds| < 22 4 —— ry(z)|dx.
(29) [ @ < 22— [ )

Note that, by (28) and (29), we have
1 1
(30) |/ rl(;v)cos2\/xgcdx—2/\/ r1(z)h(z; N)dz|
0 0

L fm) 1 [, !
< A +§/O |r1(x)|da:+16eQQ*/0 Ir (2)]da?},

if X satisfies inequality (24). Denote

n o1 '
Re= L2 [ wlar +16Q. [ i)l
2 2 0 0

Now we are ready to prove the following result.

Theorem 4.1. Suppose Q(z) = J[p1(x), p2(x);r1(x)], where p1(x), p2(x) and r1(x)
are C'-functions on 0 < x < 1, and fol ri(x)dx # 0. Let A, be the positive number

defined by
Vil R
[ o (@)l
If A, is an eigenvalue of (3) satisfying the following conditions,
(31) Vn > 20,
(32) An > Ay,

then M\, is a simple eigenvalue.

Proof. Suppose )\, satisfies conditions (31) and (32), but the multiplicity of A, is
two. Then, by Lemma 2.1,

1
/ ri(z)det Y (z; N)dz =0,
0
and by (26), we have

1 1 1
(33) /0 rl(:z:)da::/o 7"1(1:)0052\/233613:—2)\”/0 ri(x)h(z; Ay )dx.
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But then (30), (31), (32) and (33) imply that

| / (@)l < / ' (e)dal,

which is absurd. (|

Note that if s1(z) < sa2(x) are the characteristic values of the matrix Q(x), then
for any scalar-valued functions fi(x) and fo(x) we have

p1(a) ff (2)=2r1(2) f1(2) f2(2) + p2(2) f3 ()
> 51(2)[ff (2) + f3 (@)].

By the maximum-minimum principle ( see [6, Chapter VI] ) we have

An[Q] = A @],

where )\, [Q] is the n'" eigenvalue of (3), and Q1(x) = s1(x)I, I is the two-by-two
identity matrix. Since each eigenvalue of (3), with Q1(z) replacing Q(z), is of
multiplicity two, we have

n+1 2
2

where $1 4 is the minimum value of s1(z) in 0 < z < 1, and [y] is the Gauss
symbol of y. By (34), Theorem 4.1 implies the following result.

2
T+ S1,min

(34) AlQ] > [

Theorem 4.2. Suppose Q(z) = J[p1(x), p2(z);r1(x)], where p1(x), p2(z) andr(x)
are C-functions on 0 < x < 1, fol ri(z)dx # 0. Let s1(x) be the smaller charac-
teristic value of the matriz Q(z), and let mg be the smallest positive integer which
satisfies the following conditions:

(35) [%]272 + S1,min 2 4@*2,
(36) [%}%2 + $1min > A

Then the n'" eigenvalues of (3) is simple if n > mg.

By Theorem 4.2 and the proof of Theorem 3.1 we also have the following result.
We shall use the notation a Vb to denote the maximum of two real numbers a and b.
For ¢1 () and g2(z), two continuous functions on 0 < z < 1, fol (q1(x) — q2(x))dx #
0, we shall also use the following abbreviation:

1
T, = (1) — ()] + / 4, (2) — dh(@)\dz

1 1
1662 / (a1 (@) + @) v (101 (2) — o)) }de / l01(z) — g ()| da,
\/A_*: 1 L .
2|f0 (q1(z) — g2(x))dz]

Theorem 4.3. Suppose q1(z) and qz(z) are Cl-functions on 0 < x < 1, with
fol(ql(:z:) — @2(x))dz # 0. Let s, = min{qi,min,q2,min}t , and let ng, 4, be the
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smallest positive integer which satisfies the following conditions:
1
(37) [g1.qa) 7% + 54 > {/0 (lq1(2) + @2(2)]) V (Ja1 (2) — g2(2)])dz}?,

(38) [HQ1,Q2]27T2 + Sx > A*
Then o(q1) and o(g2) have at most ng, 4, elements in common.
Proof. In the proof of Theorem 3.1 we choose § = 7/4. Then

Har(@) +aa(e) 5@@) - a@)
Qﬂ'/4($) = ’
3(@1(2) ~ @2(0) (@) +e)

n() = 3 (0() ~ @),

[ 1Qua(e)lds = 5 [ (@) + (@) v (1) ~ o),
0 0

and A, is the same as the number A, defined in Theorem 4.1. Suppose, on the
contrary, o(g1) and o(g2) have at least ng, 4, + 1 elements in common. Since the
sequence of eigenvalues of (3) with Q(z) = Qr/4(z) consists of elements of o(qi)
and o(g2) counting multiplicity, there exists an index n., n. > 2ng, ¢, + 2, such
that A, [Q, /4] is not simple. But, by (34),

/\n* [er/él] > (n41,q2>2ﬂ-2 + Sx;
hence, by (37) and (38), Ay, [Qr/4] satisfies the conditions of Theorem 4.1, which
implies that A, [@r/4] is simple, a contradiction. Hence o(q1) and o(g2) have at
most ng, ¢, elements in common. O
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