ON THE BOURDARY VALUE PROBLEMS OF LINEAR ORDINARY
DIFFERENTIAL EQUATIONS OF SECOND ORDER®

BY

MAX MASON

It is the purpose of this paper to investigate the solutions of linear differen-
tial equations of second order which satisfy linear boundary conditions of a
general form. In the first section theorems regarding the existence of solutions
of the differential equation

Y +p(x)y +q(x)y =Sf(x)
under the boundary conditions
ay(x,) + ay(x,)+ ay’ (2,) + a,y (x,)=4,
by(») + by(=x,) + by (%) + b,y (x,)= B,

will be established, under the assumption that the relation

a,b,—ab,= e'/;l,m(albs —ab)

is satisfied. t These results will be derived from the general solution of the
differential equation. In the following sections the differential equation

v +p(2)y + [ (z)— B(z)]y=0

will be considered, where A is a parameter. The existence of functions satis-
fying the differential equation and the homogeneous form of the above boundary
conditions for particular values of A, i. e., the existence of normal functions for
the problem, will be proved by means of certain minimum problems, based upon
that used by WEBER § whereby reasoning similar to that of DIRICHLET’s prin-

* Presented to the Society at the Williamstown summer meeting, September 8, 1905.
Received for publication February 26, 1906.

1 The problem might be called in this case a self adjoint boundary problem. The nature of
the problem would be considerably different if this relation were not satisfied.

{ Mathematische Annalen, vol. 1 (1869), p. 1.
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ciple was employed. By this method the properties of the normal functions as
minimum functions are set in evidence, properties upon which the proof of
oscillation theorems for the normal functions may be based. As an illustration
an oscillation theorem for periodic solutions will be proved in the last section.

Special cases of the above boundary conditions have formed the subject of
many investigations since the famous memoirs of STURM and Li1OUVILLE.*
Picarpt Has applied the method of successive approximations to the case
y(w,)=0,y(>,)=0, for the differential equation

¥y +rd(x)y=0,

where the function .1 does not change sign. The writer{ has treated certain
boundary conditions for this differential equation by reducing the problem to the
solution of an integral equation by means of one-dimensional Green’s functions,
and applying a method to which the method of § 2 of the present paper is
analogous. In particular the existence of periodic solutions was thus shown.
These results were later reproduced by HOLMGREN, § using a method based upon
HILBERT’s treatment of DIRICHLET’s principle, and by TziTzf1ca,| who used
a generalization of PI1CARD’s method. The existence of periodic solutions was
also proved by BOCHER,S] the proof being based on STURM’s results.

Important results have recently been obtained by HILBERT regarding the
solution of integral equations with symmetrical Kern.** These results may
however be applied to the boundary problem of the differential equation only in
case the function A4 (2) does not change sign, a restriction which will not be
made in the present article. The expansion of a function in terms of normal
functions, which is the. result of greatest interest in HILBERT’s work, has also
been treated by DixoN 11 for a general boundary condition in connection with a
differential equation to which the one here considered may be reduced if A4 (x)
does not change sign.

§ 1. The existence of solutions of the general problem.

It is required to determine a solution of the differential equation }}

*Journal de Mathé{matiques, vols. 1, 2 (1836, 1837). See BOCHER, Encyklopidie der
mathematischen Wissenschaften, II A 7a.

1 See his Traité d’analyse, 3 (1896), p. 105 fI.

tMathematische Annalen, vol. 58 (1904), p. 528.

§Arkiv for Matematik, Astronomi och Fysik, vol. 1 (1904), p. 401.

|Comptes rendus, vol. 140 (1905), pp. 223, 492.

1 Ibid., vol. 140 (1905), p. 928.

** Nachrichten der K. Gesellschaft der Wissenschaften zu Giéttingen, 1904.
See also WESTFALL, Dissertation, Gottingen, 1905, and ScHMIDT, Dissertation, Gottingen, 1905.

+tProceedings of the London Mathematical Society, ser. 2, vol. 3 (1905), p. 83.

11 The coefficients of the different equations considered are assumed to be continuous func-
tions in the interval (2, «,).
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1) ¥ +p(2)y +q(2)y=rs(»)
which satisfies the boundary conditions

{ L, (y)=ay(z)+ a,y(x,) + oy (%) + a,y'(x,)=4,

2
@ L,(y)=by(x,)+ by(x;) + byy' () + b,y'(x,) = B,

where A, B, a,, b, are given constants. It will be assumed that the coefficients
of the boundary conditions satisfy the relation

xXe
f “pdx
. . ab,—ab,=e/2 " (a,by— a;b)),
or, 1n writing
X,
C'/;ls,dt =

ab, —abd=4d,, T,
that the equation holds:
@) dy = md,s.
The general solution of equation (1) is
4) y=clu+czv+ufvadw+vf ’fPudw,

where
x
pdx
P= 6‘/;1 N

¢, and c, are arbitrary constants, and w, v are linearly independent solutions of
the differential equation

(1,) Y +p(2)y +9(x)y=0,

and are connected by the relation

(5) uv—vu= c_“/;lpdx - ;}.’

The constants c,, c, are to be so determined that y satisfies the boundary condi-
tions (2). Substituting (4) in (2), writing v (2,) = v,, v'(%,) = v;, etc., and
arranging terms, we have :

clLa(u)+cha(v)=A—(al'vl+asv;)f2fPud:c—(a,u2+a4u;)J z’vadx,
= =
(6) - ,
¢, Lb(u)+ch,,(v)=B—(bl'vl+b3v;)f fPudm—(bzu2+b4u;)fvad:c.
*/xy x

If in place of u, v any other pair of linearly independent solutions
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U=du+ep,
(diey—edy 0
V=d,u+ev aTah+0)

is used, the determinant A (u, v) of the first members of (6) will be replaced by
AU, V)=(d,e,— e,d,)A(u,v).

Then the following theorem holds ;

If A4 0 there exists a unique solution of the differential equation (1)
under the boundary condition (2). There exists a solution of the homogeneous
problem, i. e., a solution not identically zero of the differential equation (1,)
under the boundary conditions

(20)
when and only when A = 0.

Certain conditions must be satisfied by 4, B, f(z) in order that a solution
of the non-homogeneous problem may exist when A = 0. These conditions
will be different according as the minors of A are or are not zero. The discus-
sion of these two cases will be given separately.

Case 1. The minors of A are not all zero.

In this case but one solution of the homogeneous problem exists, except for
an arbitrary constant factor. Let u be this solution. Then v will not be a solu-
tion, i. e., L, (v) and L,(v) are not both zero. Since u satisfies (2,) it will
also satisfy the equations :

(T) b L, (u)—a L,(u)=dyu(x,)+ dyu'(v,) + d,v'(x,)=0,
(1)  b,L,(u)—a,L,(u) = dyu(x,) + dyu' () + wdyu’ (x,) =0,
(T b L, (w)—a,L,(u) = dyu(x) + dyu (x,) + dyu'(x,) =0,
(1) 8L, (v)—=0L,(u)=d u(x)+md u(x,)+ d,u (x)=0.

{La(y)= 0,
L,(y)=0,

The necessary and sufficient condition for the existence of a solution of (1)
and (2) is from (6):

L,(v) { B— (Bv,+byy )j:fPudw — (Byu, + b4u;)Lz’vadx}

_Lb(v){A — (a0, + aav;)fz’fl’udw — (a,u, + aiu;fz’vadw} =0.
z EN

Since wu satisfies the boundary condition (2) the coefficient of the integral involv-
ing v takes the form :
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(a,v, + agv; ) (b,u, + byw;) — (9,9, + a,v;) (B, + b,u,)
— (5o, + byv) ) (a4, + aguy) + (b9, + b,v;) (2,4, + a,u,)

= dy (v, % — u,v;) — d,, (%, — u,v;).

From (3) and (5) this reduces to
d

— e} X
dyy— dye Ll =‘dls_;“= 0,
and the above condition becomes :

L¢(v){B-(b,vl+b,v;)ffPudw}
8 o
® —L.('v){A—(a,v,+a,v;)ffl’udw}=0.

Now it may be shown by means of equations (3), (5) and (7) that the follow-
ing equations hold :

(%) L, (v) (b, + mbu,) — Ly (v)(a,u, + 7a,u,) =0,
9,) L,(v)(bu, + wbu,) — L,(v)(au, — ma,u,) =0,
(CA) L, (v)(mwbyu; — byu,) — L,(v)(ma,u, — a,u,) =0,
9) L, (v)(bu, — mbu,) — L,(v)(a,u, —ma,u,)=0.

In fact, expanding the left member of (9,) and applying (3), (5) and (7), we
have,

dyv,u; + wdy v,u, + dyu v + mdyviu, + dyuiv, + md, vy,
=d, + v, (d,u, + dyu; + 7dyu,) + d,
+ "'v;(dzluz + dsl“; + d“u;) =0.

The other equations of (9) are proved in a similar manner. Now L, (v) and
L,(v) are not both zero, and hence the equation

(a,u, + ma,u) { B— (b, + b,v;)f ’fpudm}
(10) i ,
- (byu; + wb,u,) { A — (av; + a,v;)f SPudx } =0
x
is a result of (8) and (9,). Furthermore, (8) is a result of (9,) and (10) unless

’ ’ ’ ’
a,u, + ma,u; =0, byu, + wbu; =0.
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These equations can hold only when either d,,= 0 or u; =0, u, =0. But if
u; =0, u;=0 then u, 4 0, v, & 0, for a solution of (1)) can not vanish
together with its derivative, and it follows from (7,) that d,, = 0. Therefore
equation (10) is equivalent to (8) unless d,,=0. If we expand the terms of
(10) we have
(a,B — Ab,))u; + w(a, B — Abd,)u,

— (dyv,u; + dyv,u; + wd 0, u,) f fPudx =0
or, on account of (5) and (7,),

(a,B—Abz)u;+vr(alB—Ab,)u;+dnf’fPudac=0,
x

an equation which does not contain v, and which is equivalent to (8) except
when d, = 0. Three similar equations may be derived from (8) by using (9,),
(9,) and (9,). We have, replacing = and P by their values, the four equations,

(0,B — Ab)u, + e/ " (o B— Ab)u, + ., [ fo/ """ ude = 0,
) 2) Y%y (@, 1) %, 12 Je
£

(a,B— Ab)u, + e Lo (aB Ab)u, + d 3fhfef;’””udw=0,

(1)
(a,B — Ab,)u, — e/ (a B — Aby)u, + d,, f fe-/;l“uud:c— 0

(a«iB - Abl)u; —€ l' Mt(alB - Abl)uz + du f Je '/;‘pdrudx =0,

each of which is equivalent to (8) unless the determinant d,, which occurs in it
is zero. Since from equation (3) d,, and d,, vanish together it is easily seen
that all the determinants d,, d,,, dzs, d, s cannot be zero unless all determin-
ants d,, are zero, a case to be excluded, since the boundary conditions (2) would
be either incompatible or dependent. Therefore :

The necessary and sufficient condition for the existence of a solution of the

differential equation
@) Y +ry +ay=rs
under the boundary conditions
L.(y) = ay(=)+ a,y(2) + oy'(2) +a,y'(x,)= 4
{Lb(y) = by(=) + by(2,) + by'(») + by (z,) =B

when one solution, u, of the homogeneous problem

(2)
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y+py+qy=0, L,(y)=0, L,(y)=0,

exists, but no other solution linearly independent of u,is that A, B, and f(x)
satisfy one of the equations (11) with non-vanishing determinant d,.. If A=0,
B = 0 the condition is

(12) f x’fe/;:'"“ udx = 0.

If this condition is satisfied there exists a single infinity of solutions of (1)
and (2) of the form
y=y+cu,
where y is any one such solution and c is an arbitrary eonstant.
Case II. AUl minors of A are zero.
In this case the functions » and v are solutions of the homogeneous problem.

The determinant d,, cannot be zero. For if d,, = 0 then d,, = 0 and since v
satisfies the same boundary conditions as u it follows from (7,) that

dyu(,) + dyu' (x) =0,
dzn”(wz) + dn'v'(xz) =0,
and therefore d,, = 0, d,, = 0, for the determinant u (x,)v’(%,) — v(%,)u’ (2,)
is not zero. From equation (T,) it follows in the same way that d,, = 0, d,, = 0
in case d, = 0, that is, all determinants d,, are zero if d,is zero. We may
therefore assume that d,, is not zero.
The necessary and sufficient conditions for the existence of a solution of

equations (1) and (2) are seen from (6) and the boundary conditions for v and v
to be

A — (a0, + aw{)fzfpudw + (a,u + a,u, )f ’vadac-_—. 0,
B— (b, + b,v)) f fPudss + (b + b’ ) f fPeds =0,
Eliminating each integral in turn we have, on account of (5),

(a,B — 4b)u, + (a;B— Ab)u, + d,Sf ’fe 0 P ud = 0,
13) i
(a, B — Ab)v, + (a, B — Ab,)v, + d,,f fon " v =0.

Since d,, can not be zero in this case, these equations are equivalent to the pre-
ceding pair, and hence :
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T'he equations (13) are the necessary and sufficient conditions for the exis-
tence of a solution of the differential equation (1) under the boundary condi-
tion (2) in case two linearly independent solutions u,v of the homogeneous
problem exist. If A =0, B=0 the conditions are

£y xg o ] 3
(14) f Jeln ™ nde = 0, Se/= " pdz = 0.

If these conditions are satisfied there exists a doubly infinite set of solutions
of (1) and (2) of the form
y=71y+ cu+dv,

where  is any one such solution and c, d are arbitrary constants.

§ 2. The existence of the first normal functions.

There exists a solution of the homogeneous problem when and only when the
determinant A of equations (6) is zero. If the coefficients of the differential
equation contain a parameter A, then A is a function of A, and A must have a
value which is a zero of A () in order that a solution of the required type exists.
These zeros A, of A(\) will be called normal parameter values, and the corre-
sponding solutions y, of the homogeneous problem normal functions. We shall
consider the case that ¢ is a linear function of A. The problem to be treated
is to prove the existence and investigate the properties of the normal parameter
values and normal functions for the differential equation

1) ¥ +p(2)y + [A(2) — B(2)]y=10
under the boundary conditions
L,(y) = ay(2) + ay(w,) + ay'(2) + 2,y (x,) =0,
L,(y) = b,y(z) + by(x,) + bsy'(2,) + b,y'(2,) = 0.
It will be assumed that the following conditions are satisfied :
3) d,, = md,, (r—efaric)
(15) B(=z)=0 (n=z=m),

(2)

(16) all the determinants d,, d,,, d, d,, that are not zero have the same sign.

The following statement is a result of condition (16):
LeMMA.  The values of the expression

— [yye/ " 1 = y()y () — 7y (2,) ' (2,)

formed for all functions which satisfy (2,) are positive or zero.
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Any function y which satisfies (2,) also satisfies the equations

A7) dpy(z,) + dyy' (%) + dyy'(z,) =0,

17,) d,y(%,) + dyy'(z) +mdyy'(2,) = 0,

17,) Ay () + dpy (2,) + dyy'(x,) =0,

17) dyy () +mdiy(x,) + dyy'(x,) =0.
Hence

(18,) d,[y(,)y () —my(2,)y () ] = dys[y ()] + 27,3 (,)y () + 7y, |y () T
(18,) d[y()y (@) —my()y ()] =4, [y(x)]*+ 2md,y (@,)y (z,) +7dys [y (=,)]%
(18y) doy[y()y () —my(,)y ()] =\ [ y(2)]*+ 7, [y (=,)]%

(18,) d,,[y(.)y () —my(w,)y ()] =d o[y ()] + 7, [y (;)]*

The discriminants of the right members of (18,) and (18,) are
w(d, dy— 7d},) =7w(d, d,,— ddy,).
The second member when expanded is seen to be equal to
wd,d,,.

Since the determinants d,, which occur in the first members of (18) cannot all
be zero the truth of the above lemma is seen at once.

Consider now the following minimum problem :

Among all functions y(x) which satisfy the bonndary conditions (2,) and
the equation *

(19) f " APy =1 (pmefart),

and are continuous together with their first and second derivatives in the
interval (x,, x,), that one is required which gives the least value to the
expression

J= f (y* + By) Pde — [yy Pz

The values of o/ are all positive or zero, on account of conditions (15) and the
lemma proved by means of condition (16). Hence there exists a definite lower
limit A, of the values of J under the above conditions. It will be proved that

* It is here assumed that 4 is not everywhere negative in (z,, z,). This is no restriction on
the problem since A occurs in the equation (1/) multiplied by the parameter 1.
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this value A, is a normal parameter value for the differential equation (1')
under the boundary conditions (2,), and that the corresponding normal function is
the solution of the minimum problem. If A  were not a normal parameter value
there would exist, according to the theorems of § 1, a solution of the differential
equation

Y'+py +(NA—=B)y=f

under the boundary conditions (2;), whatever be f. It will be shown that f
could be so chosen that the solution of the equation would satisfy all conditions
of the minimum problem, and would give to J/ a value less than the lower limit
of all such values, A,. The value A, must therefore be a normal parameter

value.
Let

Uy Ugy Ugy *

be an infinite series of approximating functions for the minimum problem, i. e.,
an infinite series of functions «, which satisfy the equation

(20) Yimit J (2, ) = A

h=wo

and all the conditions of the minimum problem.
LemMA.  The approximating functions u, can be so chosen that there exists
a fixed number G such that for all h

(1) lu (@) <@ (m=s=m)

u, dx: ——f]u,‘da,\f(u'z-f-l)dw,
’ 1 ’ J ul,)
j:uhdxé ;};L.Pu,‘zdw'\’—(ﬁ—,

where m is the minimum of P = e/”" in the interval (%, x,), it follows that

From the inequalities,

A
|“l.(w) -, (2)] <;,f + (2, — ) + &,

where limit = 0. The functions «, therefore have the form

h=» I
'“1.(:"') =c, + '71.(“’)’

where ¢, are constants and vy, a series of functions such that the maxima of their
absolute values remain under a fixed limit. From the equation
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g o]
f' APuds = o f APdz + %, f APy dss + f "APyds =1,
£ x Eo1 1

it follows that the quantities ¢, all lie between finite limits unless

f" APdz=0, limit f" Ay de =0,
xy h=w Ju

and consequently

g
(22) Timit f Axido=1.

h=x
From equation (18,), which is satisfied by the functions u,, we have
dyg [, (2)]" + 7dyy [0, (2,)]* = — &, [w,w, P]2: = d,J ().

Hence, if |c,| increase beyond limit, d, = 0 and either d,,= 0, or the values
u, (x,) remain between finite limits. Similarly from (18,), either d,, =0, or
u, (%,) remain between finite limits, and hence, from (17,) and (17,),

diy+ dy =0, du + md,;=0.

Therefore either d,, 4 0 or d,, 4 0, for if both are zero then all determinants
d,, are zero. Then the boundary conditions (2,) are equivalent to either (17,)
and (17,), or to (17,) and (17,). Hence, if |c,| increase beyond limit, the
boundary conditions, since d,, must be zero, are equivalent to

¥(x,) —my'(x,) =0,

y(@) —y(x,) =0,
dyly (@) — y(w,)] + dyy/ (7)) = 0,
mdy[y(2,) — y(2,)] + dyy' (x,) =0,

if d,, & 0. [In either case the boundary conditions are satisfied by y = const.,
and hence by vy, = u, — ¢, ], and we have also

if d,, = 0, or to

= [ Pla=—[wwuPls + a[mu (%) — w(x)] = — [ww, P15

Therefore
J(v,) =J(v,)-
Let

5, = f ‘AP ds.
From equation (22) o
limit 8/‘ =1.

h=x
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Therefore if |c, | increase without limit, i. e., if the functions %, do not satisfy
condition (21) there exists a series of functions

#, (x) = y(z) — ¢,

Vg,
which satisfy (21), and since they satisfy the equations
L(3)=0, L(g)=0,

rAP&’dac= 1 (" aPydz =1,

h xy

llmltJ(uA)-hmlt J( A) = Agy

they form a series of approximating functions for the minimum problem. The
lemma stated above is therefore proved.
Define an infinite series of functions f, by the equations

(23) (v, PY+ (\,A — B)Pu, = f,.
Multiplying these equations by », and integrating from x, to x, we have, on

account of the condition (19),

xg
[u, Pz _f (u + Bu?) Pde + 7\0=f“j;uhdac.
x n
Hence, on account of (20),

24) limit f " foudr =0

h=wo

Under the assumption that A, is not a normal parameter value there exists
for each A a solution of the differential equation

U,+pU,+(NA—-B)U, = Au,,

or, multiplying by P = ef‘l , of the equation

(25) (U, Py + (\A— B)PU, = PAu,,

under the boundary conditions (2,). Consider the functions
v,=u,+cU,

where ¢ is a constant. These functions satisfy the boundary conditions (2,)
and the equation

(v, P) + (N4 — B)DPv,=f, + cPAu,.
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Multiplying this equation by v, = u, + ¢U, and integrating from x, to x, the
following equation results :

[v,0, P]2 -f(v;’-}- Bv:)Pdw-i-korAPv:dm
£21 R

(26)
=rj;u“dm+c (.U, +PAw)de + ¢ | PduU,de.

Now from equations (23) and (25) it follows that

[ (AT~ Pavydo= [ (4 PYV,— (U; Py} de
' ’ = [(40, = U;w) Pz

The functions u, and U, satisfy the boundary conditions (2,) and hence equa-
tions (17). Since P(z,) =1, P(x,) =, it follows from (17,) and (17,) that

dy, [(4 U, — Uyw,) P15 = muy(%,) [dy Us(2) + 8, U, (%) ]
— 7w U (2,)[dy i (2,) + dy o (2)] — (%) [ Ui (%) + 7y Uy (2,)]
+ Ui(2,) [y (=) + md,gui(2,)] = 0.
[(w0,—Uiw) P]5=0

Hence

unless d,,= 0. By using other pairs of equations (17) it is seen that this
equation must hold in any case, since all the determinants d, cannot be zero.
Therefore

f'(j;uh — PAut)dz =0
fPAu’dm—

@n f” PAvids — J(v,) = f Fou,do + 2 + & f P Au,U,dx.

Since

equation (26) becomes

Now from equation (4)
U=cu+dv+ ufPAuAvdw +v f ’PAu,.udw,

where u, v are the linearly independent solutions of the equation

y'+py+(A4—B)y=0
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and c,, d, are constants whose values are so determined that U, satisfies the
boundary conditions (2). Referring to equations (6) one sees that ¢, and d, are
linear combinations of the two integrals

r ’PAu,, udx, f ’PAuh'vd:c,

the coefficients being constants independent of 2. Therefore since the functions
u, satisfy condition (20) it follows that the functions U, satisfy a similar condi-
tion, and that the quantities

! f "PAu, U do

which occur in (27) remain for all 4 under some fixed limit B. Then from (27)

’

X2 Xy
xof Pszdx—J(vh)>J(ﬁ.vhdw+2c-—c’B.

Let ¢ be chosen as a positive number so small that
. 2c—cB>0.
Write 2c — ¢* B = 8. It follows from (24) that 2 may be taken so large that

Jou,de < 8
Then for this value of 2 we have
28) A f PaAvde — J(v,)>0.
n
Therefore
f "PAde> 0,
and "

is a real number. Let

2 3
o= {fPAvgdw}
v

h
a

y=

This function satisfies all conditions of the minimum problem. It must there-
fore give to J/ a value less than or equal to A, the lower limit of the values of J
under the conditions of the problem. But dividing (28) by o* we have

1
N— o J(0) =2 = J(y)>0,
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which is impossible. The assumption that A is not a normal parameter value
therefore leads to a contradiction. Hence the lower limit N, is a normal
parameter value, and there exists a normal function y,, not identically zero,
which satisfies the differential equation

(29) Yo +2¥+ (A4 — B)y,=0

and the boundary conditions (2,).
Multiplying equation (29) by Py, and integrating from x, to x,, we derive
the equation

(30) L f PAyde = J(3,)-

Since A, is positive or zero the integral in the first member is positive unless
J(y,) =0, i e., unless y, is a constant. Hence the arbitrary constant factor
of y, can be so determined that

(81) f" PAyidz=1,

unless y, = const. Even if y, = const. this determination may be made, unless
(32) f "PAds = 0

for if the integral is not zero it may be assumed without restriction to be posi-
tive, as the function A occurs in the differential equation multiplied by the par-
ameter A. Now equation (82) cannot hold if y, = const., since if (82) is satisfied
A, must be greater than zero. In fact, since the approximating functions u,

satisfy the equation
f ‘PAutdn =1,
rn

it follows that if (32) holds, each function %, must assume for some two values
x=1w,,r="=2, two values u,(x,), u,(x,) which differ by an amount equal to
3, a fixed positive number independent of 2. Let Y, represent the ordinate of
the straight line connecting the two points [x,, u,(x,)] and [Z,, %,(%,)].
Then

1 ’ 8 rrn
IYI~I=£TT__'_-¢_’ Y " =0.
“h h
Now )
J(uh)if*u;zdm.
Write “

-
M= In—'“h'
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Then since 7, vanishes at x, and at z,, and 7" = 0,

A Zh & <,
f' wde = f (F, = fde=—"— + j 0 de.
N EL Ty — &, )

Therefore, for all values of 4,

2

J(u,) > x, —:c:’

anc A, cannot be zero.

It may therefore be assumed without restriction that the normal function y,
satisfies equation (31). Hence from (80) y, gives to o/ the value A,. The
normal function y, is therefore the solution of the minimum problem.

§ 8. The existence of an infinite series of normal functions.

We proceed by complete induction. Suppose that there exist n positive or
zero normal parameter values

Mgy Ay o My (=)
and 7 linearly independent normal functions
Yor Yio ** 2 Yu
satisfying the differential equations
yi+pyi+ (WA — B)y,=0

and the boundary conditions (2,). At most two of the values A, can coincide,
since the functions y, are assumed to be linearly independent. Multiplying the
differential equation by Py, and integrating from x, to x,, we have

A, f" PAyds = J(y,).

The arbitrary constant factor of y, may therefore be so determined that
(33) f ‘PAyrdz=1,
xy

except possibly when J(y,) = 0, since A, and J(y,;) are positive or zero. If
J(y;) =0 then y, is a constant and A, = 0; hence y, =y,, and it has been
shown above that y, satisfies (31). Furthermore, from the equations

(Py;) + (A —B)y,=0,
(Py.) + (M, A—B)y, =0,
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follows

(n=) [ PAyyde = [ Pyy,— yiu))i

Since y, and y, satisfy the boundary conditions (2,), the right member is zero,*
and hence if A, 4= A,
xg
(34) f PAyy de=0.
xy
If X, =, then the functions y, and y, are not uniquely determined. The func-

tion y, has the form
Yo=Y, +cy,

where ¢ is an arbitrary constant. The value of ¢ may be determined so that

f’PAy'.yhdm=f’PAy..kam+c=0.
z 1

It may therefore be assumed without restriction that the n normal functions
y; satisfy the equations

(33) f ‘PAyide=1
(34) rPAyiykdw=0 (i+k).

To prove the existence of a normal function y, linearly independent of
Yor Yi» ** *» Y,—1» consider the following minimum problem :
1t is required to minimize the expression

J(w)= [+ By) Pde — [Pyy' 1z
under the conditions '
L,(y)=90, L,(y)=0,

(35) f "PAyds=1,
21

(36) fqPAy‘ydw=0 (i=6,1,2,---,n—1).
x

Under the conditions (15), (16) there exists a finite lower limit A of the values
of JJ, and an infinite series of approximating functions

Upy Uyy Ugy -

*The proo_th the same as that given in the reduction of equation (26) to (27).
Am. Math, Soc. 24
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which satisfy all the conditions of the minimum problem and the equation

Jimit J(1,) = X,
h=o

Define as before an infinite series of functions f,, by the equations
(Pu))y + (A, A — B)Pu,=f,.

Under the assumption that for A = A, there exists no solution of (1) and (2;)
which is linearly independent of y,, y,, ---, y,_,, there must exist, for each
value of %, a solution of the equation

G Ui+ pU,+ (M4 - B)U, = 4,

under the boundary conditions (2)). For by the theorems of §1 the equations

f’Ay‘uhdm=0,quy,‘u,.dw=0 (k=1,2,38,--),

which are satisfied by all the functions «, , are sufficient conditions for the exist-
ence of such solutions U, in case A, = A, =\ ; the first equation alone is the
sufficient condition in case A, is equal to but one of the normal values A ; and
there is no condition necessary in case A is not a normal value. The possibility
that A is a normal parameter value different from A, A, .-, A _, is excluded
by the assumption that for A = A no solution of (1) and (2,) exists which is
linearly independent of y,, y,, - -+, ¥,_,-

Since
f‘.PAy..uhdx= 0 (I:z‘l), ;’ 3’”_1),
< 1 ©y 9y
it follows from the equations
(Py;Yy + (A= B)Py,=0,

(PU,) + (A, 4 — B)PU, = PAu,,
that

(n=2) [ PAY T, o= [P(3.T,~ Uiy ]z

The right member is zero since y, and U, both satisfy the boundary conditions
(2, Hence if A_ 4= A, the functions v, satisfy the equations

2y
f Ay, U dxe=0.
0
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If A, =, then the functions U, are not uniquely determined by (37) and (2,),
but have the form
Uh = U;L + cnyl"

where ¢, are arbitrary constants. These constants may be so determined that

f PAy'wa—fPAyde-f-c =0.

The functions U,, and therefore the functions
vh = uh + ¢ (fh ’

where ¢ is a constant, satisfy all the conditions of the minimum problem except

f' "PAvdn =1

The assumption, that for A = A\, no normal function linearly independent of
Yos Y1s ** *» Yo, €Xists, may now be shown to be false by the method used in the
case of the first normal function. There exists n + 1 normal functions provided
n exist, and the existence of a first has been proved. Hence an infinite series
of normal functions y_ exists, and an infinite series of corresponding normal
parameter values A, which are defined as the lower limits of the expression
J(y) under the conditions (2,), (35), (36).

As has been shown above, it may be assumed without restriction that these
functions satisfy the equations

f"PAynymdac=0 (ndm),
z

f ’PAy,’, de=1

The function y, therefore satisfies the conditions of the minimum problem used
to define A,. Multiplying the equation

(Py,) + (M, A—B)Py,=0
by y, and integrating from , to x,, we have
J(y.) =M

Hence y, is the solution of the minimum problem. From the definition of A\,
as the lower limit of J under the conditions, it may be seen without dlfﬁcnlty
that the series y, contains all normal functions whose corresponding parameter
value A is positive or zero.
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The values A increase without limit, for they are the zeros of A, which is an
integral transcendental function of A.* If these zeros had a limiting value A
then A would vanish for A = A together with all its derivatives.

If A changes sign in the interval (x,, x,) the above method, with the single
alteration that the equation

f' ‘PAyrdy =1
be replaced by "

f "PdAyide = —1,
N

shows the existence of an infinite series of negative normal parameter values A,
and corresponding normal functions y;. The results may be summarized in the
following

THEOREM. There exists an infinite series of normal parameter values N,
and corresponding normal functions y, for the differential equation

1) y'+p(x)y + [M(x)— B(x)]y=0
under the boundary conditions

{aly(wl) + ay(2,) + ay’'(2,) + 0,y (=) =0,

%) by (x,) + by(x,) + by () + b,y (=) =0,

where, in writing a,b, — a,b,=d,,
xg
Sy P
e/n " dyy=d,,

and where all the determinants d,,, d,,, d,,, d,, whick are not zero have the
same sign.

If the futiction A(x) is not megative in the interval (x,, x,) the values X,
are not negative, and increase without limit with i. If A(x) changes sign
in the interval the values N, include an infinite series of positive quantities
increasing without limit and an infinite series of negative quantities decreas-
ing without limit.

The function y, minimizes the expression

J(w)= ["(v" + By Pdn — [y Pz
under the conditions B
L,(y)=0, L,(y)=0,
" *See PICARD, Traité d’analyse, t. 3 (1896), p. 92.
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jw.’PAy2 de==+1,

1

fI’PAyl.ydw=0 [i=0,+1, +2, -, = (n—1)],

and gives to J the value =\, the upper signs being taken if A, is positive,
the lower signs if \, is negative.

§ 4. An oscillation theorem for the periodic solutions.

If the coefficients of (1') are periodic functions with the period ®, — 2, then
any solution of (1') under the boundary conditions

y(z,) —y(x,)=0,
¥ (%) —y (z,)=0,

is likewise periodic with the period x, —«,. In this case, since d,=0,
d,=—1,d,=—1, d;=0, conditions (16) are satisfied. Since d,=1,
d,, =1 we must have
£
™= e‘/;l »ie =1

rpdx =0,

in order to satisfy condition (8). It will be assumed that this condition is sat-
isfied. Then there exists an infinite series of periodic solutions y, of (1') when
the coefficients are periodic. We shall investigate the number of times y, van-
ishes in the interval (x,, x,) under the assumption that

9

or

A(x)=0 (5, =z=u,).

Let p, and %, denote the normal parameter values and functions for the
boundary condition
y(x,)=0, y(x,)=0.

Then, under the assumption 4 = 0, according to STURM’s theorems* the func-
tion u,_ vanishes n times within the interval (x,, x,). We shall determine the
number of times the periodic function y, vanishes in (x,, x,) by means of this
fact.
It may be proved from the definition of the normal parameter values as mini-
mal values that
xn = K, = )‘n+l'

*See BOCHER, Eneyklopidie der mathematischen Wissenschaften, 11 A 7a.
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To show that u, = A _, it suffices to form a function w which satisfies the con-
ditions _
w(x,)=0, w(wx,) =0,

f"Pszdm=1, f’PAu,.wdm=o (=0.1,2, -, n—1),
z £S5

1

and gives to
f"(w" + Bu?) Pdy
EN
a value less than or equal to A_,,. Consider the function

w=CYy+ Y+ -+ Cy 1 Yui1>

formed from the periodic solutions y,. Since w(x,)=w(z,) the above
boundary condition ‘will be satisfied if w(x,)=0. Now the n + 2 constants c,
may always be so determined that they are not all zero, and that the n + 1
equations

w(z,) =2y, (x,) =0,

T2 2
fPAu‘.wd:c=2ckaAu'.ykdm=0 (i=0,1, -, n—1)
z

EN

are satisfied, and furthermore so that

f"Pszdw —Sa=1.
£y

Then w satisfies all the conditions of the minimum problem used in defining u_.
Multiplying the equation

(Py.Y + (M4 —B)Py,=0

by y,, integrating from «, to , and remembering the conditions which y, satis-

fies, we have
- f'" Pyy,ds — f' ' PByy,dx=0.
£ z
Hence

f"(w'2 + Bu?) Pdz = zck,f(y;’ + By!)Pdw=Scix, =, Sci=1,,.
Therefore

To prove the inequality
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it is to be noticed that A_ is the lower limit of the values of

J(y)=j:(y"+By2)Pdw

under the conditions

f’PAyZdw=1, f’PAy‘y(Iac=0 (i=0,1,2, - n—1),

y(=) =y(=,), y'(:c,)=y’(ac2),

and since J(y) contains y' only in the integral this lower limit will be
unchanged when the condition y'(x,) = y'(x,) is omitted.
The function
w=Cu + Cu + - 4+cu,

satisfies the equation w(w,) = w(x,) since it vanishes at x, and ,. Then the
n + 1 constants c, can always be determined so.that they are not all zero, and
that the n equations hold :

L

Eckf (PAyu,de=0  (i=0,1,2,--,a—1).
The common factor of the constants ¢, may then be determined so that

[ Pavtas =2 =1,

and the desired inequality follows as in the preceding case.
Suppose y and y are functions satisfying the equations
(Pyy+ (x4 —B)Py=0,
(PyY)+ (24— B)Py=0.
Then, since P(x,)=1, P(x,)=1, X
[3 —71i= (A=) [ 4Pyys.
Suppose a and b are consecutive zeros of ¥, andrthat ¥ is positive between a and b.

Then 7' (a) >0, % (b) <0, for 7 cannot vanish with y. Suppose further that
A > A and write (+) for a positive function or constant. Then, since 4 >0,

(+)y(a)+(+)y(b)=—(+)f:(+)ydx.

Hence y must vanish between a and b. That is, between two zeros of a solu-



360 M. MASON: ON BOUNDARY VALUE PROBLEMS

tion of (1') for a value X there lies at least one zero of a solution of (1') for
A A*

Suppose now that A\, =pu, . If y, and u are linearly independent, then y,
does not vanish at x, or at =, and since by the well known STURM’s theorem the
zeros of two linearly independent solutions of the same differential equation
of type (1") separate each other y, vanishes » + 1 times within the interval
(2, ®,). If y, and u, are linearly dependent y, vanishes with »_, that is, n 4+ 1
times in the interval (x, == <w,). But y, is periodic and therefore A, = u_
only when n is an odd number. Therefore we have from the inequalities
PE=TIE= N

By < Ny = g S Ny, <y,

Ifx, _,=u,,, then y,  vanishes 2m times in the interval (x, = x <Cx,), as
was seen above. If A, _ <lm,,_, then, since between each pair of zeros of y, ,
one zero of w,, , must lie, y, , vanishes at most 2m times in (x, =z <wx,).
But since w,, , <<N,,_; ¥;,,_, vanishes at least 2m — 1 times in (x, Sz <ux,),
and since y, , is periodic it follows that y, _, vanishes in all cases 2 times
for o, = x < w,.

If N, =mu,,_, then y, vanishes 2m times in (2, Sz <x,). Iy, , <A,
then y, has at least 2m zeros in (», = x <x,). DBut since A, << gu, ,y,, has
at most 2m + 1 zeros in this interval, and since y, is periodic it follows that it
vanishes in all cases exactly 27 times for a2, =x < x,. These results may be
summarized in the following

THEOREM. There exists an infinite series of normal parameter values N,
and corresponding periodic functions y, with the period x, — x,, which satisfy

the differential equations

m

y:nl +2)yl,l + (an - B)yn = 0’
where

fgpd.v=0, B=0,

and where p, A, B are periodic with the period x, —x,. If A(x)=0 in the
interval (w,, x,) the functions y,, and y, ., vanish exactly 2m times for
Sz
=X,
SHEFFIELD SCIENTIFIC SCHOOL OF YALE UNIVERSITY.

7 g_'l;ixi;-is ;‘w.';ll known result of STURM.



