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LOWER BOUNDS FOR THE EIGENVALUES OF A
VIBRATING STRING WHOSE DENSITY
SATISFIES A LIPSCHITZ CONDITION

DALLAs O. BANKS

If a string has a density given by a nonnegative inte-
grable function o defined on the interval [0, a] and is fixed at
its end points under unit tension, then the natural frequencies
of vibration of the string are determined by the eigenvalues
of the differential system

(1) w’ + 2o(x)u =0, w(0) =ula)=0.

As is well known, the eigenvalues of (1) form a positive
strictly increasing sequence of numbers which depend on the
density o(x). We denote them accordingly by

0 < lp] < Zp] < -+ < Aol < - .

In this paper we find lower bounds for these eigenvalues
when the density p satisfies a Lipschitz condition with Lipschitz

constant H and : odxz = M. The bounds will be in terms of
M and H.

Specifically, if E(H, M) is the family of functions
(2) {,o : pe L(H) and gap(x)dx = M} ,

where
LH) = {o:|o@) — p(x;) | = H| 2w, — @ ; 2, z, € [0, a]},
we find a unique function p,e E(H, M) for each \,[0] such that

Aa[00] = min n,[0]

where the minimum is taken over all functions pe E(H, M).
Our results will be expressed in terms of the fundamental pair
of solutions U, and U, of the Airy equation

(3) —d—22g+sU:0
ds

where U,(0) = 1, U,(0) = 0 and U,0) = 0, U;(0) = 1. These functions
are tabulated in [7]. The main conclusion is that

ming \,[0] = [nt1 (%—?;—)]S/Haa

393
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where ¢,(K) is the least positive root of
N e L0
- uf(k- 2)a(( - 3 -0
if K <4 and of

(5) ULtV E) = (_1/17 _ -;—)tU{(t/l/'K—)
if K= 4.

This result is similar in nature to those obtained by Krein in [4].
There he found that if o(x) < H then

4Hn? M - Hn'r?
= =) = n[0] £
g X< Ha> = Mol = =5

where x(t) is the least positive root of
Vg tany = /(1L — ¢) .

Furthermore, his inequalities are sharp. See [1],[2] and [6] and the
references given there for other results of this nature. The maximum
value of \,[0] over the family E(H, M) is not presented here. This
problem is being investigated and the results will be presented in a
later paper.

The method used in this paper has some general interest since
it can be used to derive the results of Krein as well as some of the
results given in the other papers mentioned above. This will be
discussed in the final section.

2. The lower bound for )\ [e]. In this section, we find a sharp
lower bound for the lowest eigenvalue \,[0] within the class of functions
E(H, M) defined by (2). It will be convenient to first prove a result con-
cerning the lowest eigenvalue of the system

(6) w4+ Ap@)u = 0, u(0) = w'(@) =0,

where z ¢ [0, .

THEOREM 1. Let p[p] be the lowest eigenmvalue of a vibrating
with one end fived and the other free, density o(x), and under unit
tension between the points * = 0 and © = a. If the density function
o€ E(H, m), then

(7) tilple’H = ti(Ha'/m)
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where (k) 1s the least positive root of
@ w9
(- 2+ 3 -
when k = Ha*/m < 2 and of
o uf/E)= (I yu(E
when k > 2. Moreover, equality holds if and only if
ox) = H(x — a/2) + mja
when Ha® < 2m and
, 0=2c=a—1V2m/H,

o) = {H(x—a)+1/—2_n77-!—, a—1vV2m/H=z < a,

when Ha® > 2m.

Proof. We consider the two cases Ha® < 2m and Ha® > 2m
simultaneously. We compare any density o€ E(H, M) with the func-
tion ¢ defined by

(10) qx) = H(x — a/2) + mja
in the first case and by
, 02 =a—VvV2m/H ,
(11) q(x) = { — e
Hx —a)+1vV2mH , a —V2m/H £z = «a,
in the second case. In both cases, we note that p and ¢ are con-
tinuous and

S:p(x)dx = S:q(x)dx =m

so that o and ¢ have at least one common value for ze[0, a]. If p
and ¢ have a common value p(a) = ¢(a), the Lipschitz condition implies
that for « > a

o) — p(a) = H(x — a) .
Consequently, for ¢ > a, we have
p(x) = H(x — a) + q(a) = q(2) .
Similarly for « < a we have p(x) = ¢(x). For x > a it follows that
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(12) [ et = " awas

For ¢ < a we consider the integrals of o and g¢frm0to @ minus
the integrals from 0 to z and arrive at the same wnclusion for all
x€e[0, ac].

We let p,Jo] denote the lowest eigenvalue of the differential
system (6) and ,[q] denote the lowest eigenvalue of the same system

with p replaced by ¢. We now use the following cmparison theorem
due to Nehari [5].

THEOREM (Nehari). Let o, q be nonnegative coutimuous functions
defined on [0, a] such that (12) is satisfied. Then

(13) wmla] = plo]
with strict inequality unless o and q are identicdl,

The computation of pJq] for each of the twocsesk < 2 and
k > 2 in terms of the fundamental solutions, U, and U, of the Airy
equation (3) with (13) yields the conclusion of the therem,

We use this theorem to prove the following e difficult

THEOREM 2. Let \,[p] be the lowest eigenvalus of o string fixed
under unit temsion between x = 0 and ¥ = a. If the density func-
tion pe E(H, M), then

(14) Mol H = t(Ha/ M)

where t(K) is the least positive root of (4) whem K=Hoa*)/M < 4
and of (5) when K > 4. Moreover, equality Fholls i (14) of and
only if o is the symmetric function defined by

H(x — a/4) + Mja, 0 = =142,

ola — ) , a/2 = x L,

(15) o(a) = {

when Ha?* < 4M and by

b

0 , O§x§a/2—/%

(16) e@) = H(w — a/2) + VHM , o/2 — /Eﬂléxéa/z ,

ola — x) , a2=x =

b

when Ha®* > 4M,

Proof. Let u, be the eigenfunction of (1) asociated with the
lowest eigenvalue \,Jp]. If we take wu,(x) > 0 in the interval (0, a),
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then u) = — \[plo(@)u(x) =0 so that u, is concave. Thus it has
only one maximum value which must be attained at some interior
point « of [0, a]. We consider the differential system

w’ + ro(x)yw =0, w0) =u'(a)=0, xel0,a],

obtain from (1) by restricting the domain of p to [0, ] and imposing
the given boundary conditions. Then ),[p] is also the lowest eigen-
value of this system and w, restricted to [0, «] is the corresponding
eigenfunction. A\,[p] is also the lowest eigenvalue of the system
obtained from (1) by restricting « to the interval [a, a] and imposing

the boundary conditions #'(a) = u(a) = 0. If we let m = Sap(x)dw,
0

m = Sa‘o(ac)dx =M —m and 8 = a — «, and apply Theorem 1 to each
restricted system defined above, we obtain the inequalities

(17 Mlo] = Ti(Haem)jetH, \o] = Ti(HB/m')/8°H

where 7,(k) is the last positive root of (8) or (9), depending on the
magnitude of k. The theorem would be proved if we could show that
a, B, m,m’ can be varied in such a way that the quantities on the
right side of the inequalities (17) always remain less than \,Jp] and
at least one of them is greater than or equal to

ti(H(a/2)"/(M]2))/(a/2)H = [2t(Ha*[2M)[/a’H .

If we let ¢ =27 and K = 2k in (8) and (9) then we get the equations
(4) and (5) so that the above considerations would yield the inequality
(14).

We carry out the process just outlined by considering the function
defined by

(18) (e, m) = wi(k)/o’H

k =a*H/m for all @0, a] and all m e [0, M]. We define a function
f on [0, a] by the equation

(19) e, f(@) = pla — a, M — f(@)) .

To show that this determines a well-defined function we note that, by
the comparison theorem for eigenvalues, n(«, m) is a strictly monotone
decreasing function of m for each a. Furthermore, n(a, m)— +
as m — 0. Consequently, n(a, m) — p(a — a, M — m) is strictly decreas-
ing between — o and + oo as m varies between 0 and M, proving
that f is uniquely determined.

It now follows that

(20) Mol = (e, fla) = e — a, M — f(@)
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whenever « is a maximum point of the corresponding first eigenfunec-
tion w,. For if m =\ o(x)dx > f(a) the comparison theorem and (19)
0

yield the inequality
n(a, m) = n(a, f(a)) = pa —a, M — f(a)) = n9e — a, M — m)

and (20) then follows from (17). Similarly, if m < f(¢), the com-
parison theorem and (19) imply

n(a, m) > na, fl@) = pla — a, M — f(@)) > nla — a, M — m)

and (20) again follows.

We want to show that p(a, f(«)) has a minimum value at a =
a/2,i.e., that the minimum of n(a, m) on graph of f is located at the
point (a/2, M/2). We first show that the graph of f is centrally
symmetric about the point (a/2, M/2),i.e., that f(a — a) = M — f(a).
This is a consequence of the defining relation (19) of f since (z, y) is
a point on the graph of f if and only if (¢ — ¢, M — y) is. Thus
for any («a, f(a)) on the graph, (a« — a, M — f(«)) is also on the graph
and hence (¢ — a, f(a — a)) = (a — o, M — f(«)) by the uniqueness
of the definition of f. This implies that f(a — @) = M — f(a), prov-
ing the central symmetry. In particular, f(a/2) = M/2. Also from
this symmetry we have that f'(a) = f’(a — @) whenever the derivative
exists. We will show presently that this is always the case.

We now assume that » has a minimum value over the graph of
f at a point (a, f(w)) where a == a/2. Then from (19) we see that
(@ — «a, fla — «)) also is a minimum point. Suppose that the minimum
value of 7 at these points is ¢, and consider the level set

(21) {a, m) i (@, m) = ¢} .

By the comparison theorem for eigenvalues this defines a function ¢
of ael0,a]. We will show presently that ¢ exists. It will then
follow that f'(a) = ¢’(a) and f'(a — @) = ¢'(a — @) if « is the minimiz-
ing value of 7(«, f(a)), for otherwise the derivative of 7 in the direc-
tion of the curve determined by f would be nonzero unless the direc-
tional derivative of 7(a, m) vanishes in a direction other than that
of a level cure. That the latter possibility is not the case will be
concluded at the same time we show that ¢’ exists. Thus we conclude
that f and ¢ are tangent at a as well as at a — a. From the
symmetry we concluded that f’(a) = f’'(a — «) so that the same must
be true of g at the minimizing value of «. We will show, however,
that ¢ is a strictly convex function of « and thus reach a contradic-
tion. We will then be able to conclude that the minimum value of
7 on the graph of f must occur at the point (a/2, M/2).
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To complete the proof we must show that f’ and ¢’ exist for all
a0, a], that the directional derivative of 7 in any direction save
that of a level curve is nonzero and that ¢ is a strictly convex
function.

To prove the first two assertions, we recall that the system (6)
with o replaced by the functions defined by (10) or (11) has the
lowest eigenvalue 7(a, m). We make a change of the independent
variable to get the system

(22) v 4+ My =0, 2(0) =2’ 1) =0, yel0,1]
where A(y) = Ha*(y — 1/2) + am if «®H < 2m and
Sy 2m
Hot(y — 1 VomH , 1-y/28 <y=s1,
a(y — 1) + a*v'2m 1/ g =Y

h(y) = -
2m

) O é ._S_ 1 - orr !
Y 1/cwar

if a®H > 2m. We note that the lowest eigenvalue of this new system
is still n(a, m). The derivatives f’ and ¢’ will exist and even be con-
tinuous if the partial derivatives 7, and 7, exist, are continuous, and
Nm #= 0, for then

fl(a) — y]ot(aa f(a)) _ 7]01(1 — &, 1 f(a))
Nl F(@)) — Pl — &, 1 — f(a))

and
_ Nula, g(a))

W= @@y

Furthermore, it is evident that, if in addition », # 0, the directional
derivative of 7 will be nonzero except in the direction of a level
curve.
To verify these properties of 7, and 7,, we use the formula

1
gogg— vi(y)dy
(23) Na= =N
| iy

for 7, and the same formula for », with 94/6a replaced by ok/om.
It seems likely that this formula is known, but since we know of no
reference we give an outline of the derivation. Let the change in A
due to a change A« in « be denoted by 44 and consider the system
(22) with %z replaced by A& + 4h. We denote lowest eigenvalue of this
new system by » + 4y and the corresponding eigenfunction by o,.
Then #, satisfies the equation @]’ + (y + 49)(h + 4h)v, = 0. We multiply
this by v,, use the fact that v{ 4+ niv, = 0 and carry out an integra-
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tion by parts to get

Sldiwﬁldy
0

A’? = - 77 1 .
S (h + Ahyv,Tdy
0

Dividing by 4a and letting da— 0, we get the formula (23). The
interchange of limit and integration is justified since 7, — v, 44— 0
and 4h/da — hjee all uniformly (see [3] p. 151 for 7, —w»,). The same
proof holds for 7,,.

It is clear from (23) and the corresponding formula for 7%, that
7. and 7, exist and are continuous whenever oi/occ and oh/oc exist
and are continuous. This is always the case with the possible excep-
tion of those points (a, m) such that Ha* = 2m. But even for this
case we note that since

Ok _3Hary — 1/2) + m
ox

when «*H < 2m and

0 , 0=y=s1-.,/2m
oh 1/a‘zH
TR o om
SHa(y — 1) + 2av2ZmH , 1-—3/ 2™ <y=<1,
(v—-1+ m /agH Y

when a*H > 2m we have the same limiting value 6my — 2m as («, m)
approaches a point on the curve «’H = 2m. Hence 7, exists and is
continuous for all positive &« and m. The same remark holds for z,,.
We can also use (23) to show that », < 0 by showing that each
of the factors there are positive. This is clearly the case for 7 and
1
the denominator. To show that gah/avi(y)dy > 0, we must consider
0
the two cases a*H < 2m and o*H >2m. In the first case, this
inequality will be evident if we note that

[3Kaw - 120y = "o+ [ oo

0 1/2

= |, 3Kel(y - 1/2)0i(w) + (1/2 — yill — Wldy .

The expression in the square brackets is positive since v} is an increas-
ing function. In the second case, we have

[BHay — 1) + 20V 2mH vi(y)dy .

1
Sl-— V imjatH

The expression in the square brackets is greater than 3Ha*(y — 1) +
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3/2av2mH . It can be shown that the above integral with this
substituted for the square brackets is positive by the same method
used in the first case.

It can be shown in a similar way that 7, < 0.

To complete the proof of Theorem 2, we must show that the
level curve defined by (21) is convex. Since the proof is rather long
we put it in a separate section.

3. Proof of the convexity of level curve p(a, m) =c¢,. To
prove the convexity of the level line

(21) {(a, m) : (e, m) = ¢}

we note that 2 is the least positive root of (8) or (9) depending on
the magnitude of Ha?*/m and that the function g satisfies the equation
(e, g(a)) = ¢,. It follows that ¢ is determined by the least positive
root m = g(a) of the equation

o (gt ) o) () v

- (g - e s (- ) )

if Ha* < 2m and of

(B ) - (5 - o) (5 )

if Ha* > 2m.

It will be necessary for us to consider the level line determined
by 7n(a, m) =c for any positive value of ¢. We show that if the
level line corresponding to a given value of ¢ and a given value of
H is convex, then the level line corresponding to ¢, and H, is convex.
For some value of ¢ and H, we assume that the corresponding func-
tion defined by m, = g(«) is convex so that, by (18), z.(Ha*/m,) =
¥YHca. But for any value of ¢, with p(a, m) = ¢,, we have m, = g,(a)
determined by t(Ha*/m,) = ¥ He,x or

T (H (¥ eofea)’/( ¥ eJeym,) = VHe Vejea .

This implies that m, = (¢,/e)**m, = g( ¥ ¢,Ject) so that the convexity of
¢ implies that of g,. Similarly, if g is the function determined for
an arbitrary value of H, it can be shown that m, = (¥H,/H)'m, =
g9( ¥H,/Ha), so that g, is convex if ¢ is. Thus, to verify the convexity
of the level curve corresponding to ¢,, we may choose H =1 and ¢
may be any positive value which is convenient.
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We first consider the case where Ha®= a®*=2m and let z =
Ve(mja+a/2) and w = ¥e(mja—a/2) so that (8) becomes
F(z, w) = U(w)Uj(z) — U (w)U{(z) = 0.

It will be convenient to define

H(z, w) = U,(2)Ufw) — U2)Uy(w) ,

I(z, w) = U/(w)U;(z) — U;(w)U/(?) ,
and

G(z, w) = U,(2)Uj(w) — U/(w)Uy(?) .

If we restrict z and w to the set S = {(z, w): F(?, w) = 0} then the
identities F,=z2H,F,=1,H,=0,H, =G, I, = 2G and I, = 0 are all
valid.

We then calculate

(24) m’:m:_Faz_M
da F, Fz,+ F,w,
z I+ wH
= A7, Lo 2, W)eE S y
YC I+ zH (2, w)
Note that m’ = — %./9,, < 0 since 7, and 7, are negative. We want
to show

d*m om’ dz om' dw
25 = = =— >0
(25) dao? 02 da + ow do =

Since z and w are position for the case under consideration, we have
from the definition of z and w that

dz _ Ve

— =+ —m' <0
da af+ <
and
o—
dﬂ:—-._z‘—l—iﬁ_ml<0.
da o o

Thus (25) will be verified if we show that om'/oz and om'/ow are
negative,

Using the identities in F, G, H and I listed above, we find that
om’ ,[1 i 2G 2G + H]

oz

I+ wH I+ zH

and
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' _ [ H4 w6 _ a6
dw I+wH I+zHJ1'

Since m’ < 0, we need only show that the terms in the square brackets
are positive on S. We do this by showing that

(i) I+zH<O0,

(ii) I+wH>0,

i) >0,

(ivy. H+2G>H+ wG>0
on S for ¢ sufficiently large.

We first note that on S,

H(z, w) = Uy(w)[Uy(2) — Ux(2) Us(w)/ Uy(w)]
= U(w)[U.(z) — Us(2)Ui(2)/U;(2)]
= [U()U:(z) — Us2) U/ (2)]Us(w)/ Ui ()]
= Uy(w)/U:(2)

since F(z, w) = 0 and the wronskian W(U,, U,) = 1. Similarly, it may
be seen that I(z, w) = — Uj(z)/Uf(w) on S. Thus, IH= —1 and
since H and I have finite values on S, they must be nonzero and of
opposite sign there. At w = 0 we see that F'(z, 0) = U,(z) = 0 gives the
value z =2, = 1.5 - - - and hence I(z,, 0) = — U/(z,) = .9 > 0 (see [7] p. 30).
We may thus conclude that H(z, w) <0 and Kz, w) >0 on S. We
note that z > w so that

I(z, w) + zH (2, w) < I(z, w) + wH(z, w) .

But, by (24), we know that the ratio of these two quantities is
negative so that (i) and (ii) must be satisfied.

To prove (iii) we first show that G(z, w) must be of one sign on
S. We consider the lowest eigenvalue vy, of the system

(26) U’ +vo@)U=0, U0)=U@=0, =zcl0a

with p(z) = ¢ — @/2 + mja. Solving this system we find that v, =
oi(a*/m)ja® where o,(K) is the least positive root of the equation
G(1/K + 1/2)0, (1/K — 1/2)0) = 0, Now suppose that G(z, w) = 0 for
some point in S. By the definition of z and w and the fact that n(a, m) =

¢ we see that
o{re(ty + ) re( - )=

But then 7 = (o/a)® must be an eigenvalue of the system (26). By
Nehari’s comparison theorem the lowest eigenvalue of this system is
strictly greater than 7 so that » can not be the lowest or any other
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eigenvalue of (26). Thus G does not vanish on S and computing G
at the point corresponding to w =0 we get G(z, 0) = .48 --- > 0.
Hence (iii) is established.

The first inequality of (iv) now follows from (iii) and the inequality
2> w. We show that the last inequality holds for z = ¥ ¢ (m/a + «/2)
and w = ¥ ¢ (m/a — a/2) sufficiently large and that this is sufficient for
our purpose. We will need an asymptotic expansion of H and G.
These can be obtained from the asymptotic formulas for the funda-
mental solutions of the Airy equation which in turn can be obtained
from the asymptotic formulas for the Bessel functions of order
+1/3, + 2/3 (see [7]). We thus find that

0s) = LB oo (88— 4 o( L),
Uits) = ]}4%3;?;/3 sin (833/21_ 7'5) <371/4>

and

oy (4[3)300sH 85 4 /1
i(e) = E= cos (575) + 0 57)

From these formulas it follows directly that

F(z, w) = L(g)“ cos (4(23’2 — w¥?) + 7:) N 0< 1 ) ,

V'3 6 w*
G(z, w) = 1/—2—?(-;3)1/4 cos <4(23/2 - é"a/z) — 71-) + 0(#) )

and

where have used the relation I"(p)I"(1 — p) = n/sintp and the appro-
priate trigonometric formulas.

Since F' vanishes on the set S it follows that the cosine term
can be made arbitrarily small for z and w sufficiently large. It then
follows that the expression for G is arbitrarily close to

2 (w

()" cos {f4e — w) + 76 - 7/3)

() ety 1 ()"



THE EIGENVALUES OF A VIBRATING STRING 405

and in a similar manner we see that H is arbitrarily close to
—1/V" 3 (wz)V*. We finally conclude that H + wG can be made
arbitrarily close to

1 1
™ = )

which, from the definition of z and w, will be positive for ¢ sufficiently
large provided m/a — «/2 > 0. But this is just the case under con-
sideration. The case where a® = 2m will be discussed at the end of
this section.

We turn to the case where Ha® > 2m. Here we take H = 2 and
consider the curve defined by 7(a, m) = 1/2. The g(a) is determined
by the least positive root m, of the equation

Ul(vVm) = (Vm — a) U(Vm) .
We let y = 1" m, so that
(27) a=fly)=y— U Uy) .

It has already been shown that 7,, and 7, are negative so that da/dm =
—0m/Ne < 0. This implies that f’'(y) < 0. Now

dza . 113 _d_y_ 2 14 dZy
;%5-.f<w(dm)-+f<wgﬁg

where f'(y) <0 and d’y/dm* < 0. Hence d’a/dm* > 0 if f"(y) > 0.

To show that f”(y) >0 we first investigate the range of y
determined by the condition a®>>m or &« >y =1"m. We show that this
condition requires that y < y, where y, = 1.51 ... is the least positive
root of Uj(s) = 0. For any value of y we have that — U;(y)/U/(y)
has the derivative —y/U!*(y) < 0 and hence is decreasing except at
zeros of Uj(y) where it has asymptotic. In particular, it is decreasing
for ye(0,s,) where s, is the least positive zero of U/(s) = 0 and has
a zero at y, < s,. Comparing — U/(y)/U{(y) with & — y, we see that
unless y < ¥,, the value of y determined for a given a by (27) satisfies
y > a which is a contradiction. In particular, when ¥y = y,, a = ¥,.

To show f"”(y) > 0 for y |0, y,], we use the fact that U, decreases
from the value one at y =0 to a value Uy(y,) > .48 at y,, (see [7]).
Calculating f"(y), we have

() = — [Ui(y) — 2y’ UV )P .

Since Uj(y) is negative we want the expression in the square bracket
in the numerator to be positive. But

—m@:—ﬂmwa=gwmw<wz
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since 0 < U,(¢t) < 1 for te (0, y,). Hence

U/ — 2y2U1(y) = — ¥/2 + 24°UL(y)
= 2y*[Ui(y) — 1/4] > 0,

which proves f”(y) > 0, y € (0, y].

Thus, in both cases Ha® > 2m and Ha® < 2m, the level lines are
convex. If Ha® = 2m, we use the fact that these lines have a con-
tinuously turning tangent so that the convexity is proved for all

cases.

4. Bounds for the higher eigenvalues. While the proof of
Theorem 2 was rather long, it leads to an immediate proof of the
following:

THEOREM 3. Let \,[p] be the nth eigenvalue of a string fived
under unit tension between x = 0 and x = a. If the density function
oe E(H, M), then

SH = ot (CH
(28) Mol H = n t1< nM)
where t(K) is the least positive root of (4) when K =4 and of (5)
when K > 4. Moreover, equality holds if and only if 0 = 0, where
0, 1s defined by

M a
H(z - 2)+ 2= 0=o=-2 ,
(x 4n>+ a ’ =v=3,
29 (%) = p0<i—x> insl
(29) 0o(x) = 7 ’ om - T m !
oo+ i), w-pisoske,
n n n
k=23, -, m) if HnM= 4 and
™
0 0<og< 2 _ /2
’ _x_Zn 1/'nH ’
HM a M a
H(e — % an 2 JE <= L
(m 2n>+ n 2n ]/an—x"2n’
(30)  pO(2) = “ “ “
=z — < xrx
po(n x) ’ om ==, ’
on (s + £2) , k-nisesfl
n n n

(k=28 -+, mn) if aXHnM > 4.
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Proof. We give a proof by induction. For n =1, the theorem
is a restatement of Theorem 2. Because of the nature of the induec-
tion, it will be necessary to prove the theorem for » = 2 before going
to the general case. Thus, we start by considering the second eigen-
value AJo] and the associated eigenfunction wu, of the system (1).
This eigenfunction has exactly one nodal point in the open interval
(0, @) which we denote by a. X,Je] is also then the lowest eigenvalue
of each of the differential systems

w” + No(x)u = 0, w(0) = w(@) =0, x€[0, a]
and
u” + ro(x)yu = 0, wa) = u(a) =0, rela, al.

By Theorem 2, we conclude that

31) Nl0] = t3(“ H ) /a3H and \[o] = ¢ <B H ) /,6’3H

where a + 8 =a,m = Sa o(@)dx and m' = M — m,

We now use the s;me argument as that used in the proof of
Theorem 2. We increase or decrease m so that m + m' remains con-
stant and the right hand quantities of the inequalities (31) become
equal. For each « there is determined a unique value of m so that
a function f is defined. The minimum of ¢(a*H/m)a*H on the graph
of f is then found to occur at @ = a/2, m = M/2 just as in the proof
of Theorem 2. Hence we find that

1

aoleH = 8(20),

To complete the induction, we consider the nth eigenvalue \,[p]
and the corresponding eigenfunction u, of (1). This function will have
n — 1 distinet nodal points #,(k =1, ---, % — 1) in the open interval
(0, ). We assume that these points are ordered, i.e., z, < %,,,, and
consider the differential systems

(32) w4+ ANVo(x)yu =0, w(0) = w(x,) =0, xe|0, x,]

and

(33) u” + ANPo(x)u = 0, w(x,) = u(a) =0, x e, al

where 2, is the smallest nodal point. Then \,[0] is equal to the
"1 We note at this point that it is easy to prove the theorem for =27, ¢ a

positive integer. One would hope to be able to carry out a reverse induction as
in [6]. Unfortunately, the method used there cannot be directly applied here.
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lowest eigenvalue \{" of the system (32) and it is equal to the (n —1)
st eigenvalue A2, of the system (33). Then corresponding eigenfunc-
tions are just u, with the domain restricted to [0, x,] for the system

(32) and to [«,, a] for the system (33). From Theorem 2, we have

(34) wlol = = 6(5) farmr = g, m

where m, = Szlp(x)dx. By the induction hypothesis
0

(35) Mol = a = 8(T) Jar = g, m)

where & = (& — z,)/(n — 1) and m = (1/(n — 1))Sa o(x)dx. Equality holds
in (34) if and only if p is defined by (15) 051(16). Equality holds in
(35) if and only if o is defined by (29) or (30) with = replaced by
(m — 1), M/n by m, and a/n by «. Since the function defined by (29)
or (30) is periodic of period (¢ — x,)/(n — 1) the nodal points of the
(n — 1)st eigenfunction will occur at the points «, + ka(k =1,2, ---,
n — 2). By holding the string fixed at the last nodal point we get a
string fixed between «, and 2z, + (n — 2)a whose (n — 2)nd eigenvalue
is equal to n(a, m) as defined in (35). This is also the lowest eigen-
value of the piece of the string between z, + (n — 2)a and a.

We want now to piece together the part of the string between 0
and 2, with density defined (15) or (16) and that part between x, and
2, + (n — 2)a with density defined by (29) or (30) in such a way that
the (n — 1)st eigenvalue of the resulting string fixed between 0 and
2, + (n — 2)a is less than \,[o]. This can be done by increasing (or
decreasing) the mass of the string between 0 and x, and decreasing
(or increasing) the mass of the string between z, and z, + (n — 2)a
in such a way that the total mass between 0 and z, + (» —2)a remains
constant and such that the equality

(36) (@, my £ 0) = n(a, m F 0/(n — 2))

results. Here 0 denotes the change in the mass m,. This is essentially
the same argument used in deriving (19) in the proof of Theorem 2.
Equation (36) defines a function f. We assume as part of the induc-
tion hypothesis that the minimum value of 7 over the graph of this
function oceurs at the point ([z, + (n—2)a]/n — 1, [m, + (n — 2)ym]/n — 1),
and that this value of » is the (n — 1)st eigenvalue of a string with
density defined by (29) or (30) with n replaced by n — 1, M/n by
[m, + (n — 2)m]/(n — 1), and a/n by [z, + (» — 2)a]/(n — 1). We now
repeat this process, first fixing this new string at its first nodal point
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and adjoining the right-hand piece to that part of the string between
2, + (n — D and a. Continuing this process indefinitely, we define
a sequence of numbers

(e, m) v =1,2, )
all less than A,[0]. We show that this sequence converges to the
value n(a/n, M/n).

We see that the above process generates a sequence of first nodal
points which satisfies the recurrence relation.

20+ = [af + (n — 2af )/ — 1)

with the initial conditions x{" =, and z® =[x, + (n — 2)a]/(n — 1). This
may be solved by letting x* = 7> and determining ». We thus find that

—1 V
n—1

x(») — Cl + ( Cz
where ¢, and ¢, are constants to be determined from the initial con-
ditions. We see immediately that x*'— ¢, as v— o where ¢, =a/n.
Similarly m{*’ — M/n. By the construction of the sequence {n(z{*’, m{*')}
we have

Mol = nla/n, Min) .

This proves Theorem 3.

5. Remarks. The methods used to prove Theorems 2 and 3
can also be used to find lower bounds for the eigenvalues of a vibrat-
ing string when the end points of the string are free, i.e., when
#'(0) = w/(a¢) = 0 and when an end is fixed and the other is free, i.e.,
#(0) = w’(a) = 0. We do not state these theorems but merely note that
for the free end point problem the lower bound of the nth eigenvalue
tlo] is the same as the lower bound for the (n — 1)st eigenvalue of
the fixed end point problem. The same can be said for Krein’s results
quoted in the introduction.

For the fixed free problem the lower bound for the nth eigenvalue
¢Jo] is the same as the lower bound for the (2n)th eigenvalue of
the fixed end point problem which is obtained from the fixed free
problem by defining the density o to be symmetric about © = ¢ and
considering the system

uw” + No(x)w = 0, u(0) = u(2a) = 0

xe]0, 2a].
Finally, we note that the methods used in this paper can be used
to obtain the lower bounds given by Krein for the nth eigenvalue of a
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string with density | o(x) | = H. Our methods also yield bounds for
the nth eigenvalue of a string with a continuous concave density,
i.e., where

0 (%) > %[p(xl) + ()] -

These bounds will not be sharp except in the case of the lowest
eigenvalue.

In general, it is to be expected that lower bounds will be obtained
if the extreme eigenvalue, which corresponds to 7n(«, m) in this paper.
yields convex level lines in the a, m plane whenever it is set equal to
a constant. If we apply this idea to the concave case just mentioned,
the extreme eigenvalue turns out to be pg,/am where p, is a fixed
constant so the level lines are given by m = const./a which is clearly
convex,
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