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1. Introduction

The present paper is concerned with the extension of the concepts of ad-
jointness, normality, symmetrizability, and definiteness of Bliss [1], [2] and
Reid [4], [6] to linear differential systems, written in vector form

¥y — A(x)y = AB(2)y, e sz
(Mo + AM)y(a) + (No + ANDy(b) = 0.

In addition, the hypotheses imposed on the coefficients of the boundary con-
ditions are analyzed, and necessary and sufficient conditions for testing these
assumptions for individual problems (1.1) are developed. For real-valued
coefficients, Bobonis [3] has extended the class of definite problems intro-
duced by Bliss [1] and [2] to problems (1.1) in which corresponding assump-
tions on the boundary conditions are postulated. As for problems with
boundary conditions not involving the parameter, the extension of the definite
classes of Reid [4] to problems (1.1) also yields further results for the definite
problems of Bobonis.

Section 2 introduces the basic assumptions made on the coefficients of (1.1),
and a simple necessary and sufficient test for the conditions imposed on the
boundary conditions both in this paper and by Bobonis [3] to hold is given.
Adjoint boundary problems and their basic interrelations with the original
problem are also discussed. In Section 3 the equivalence of two boundary
problems of the form (1.1) under a nonsingular transformation is discussed;
in particular, the equivalence of a problem with its adjoint. A problem (1.1)
will be termed abnormal if there exist nontrivial vectors y(x) satisfying

y — A(@)y=0 and B(z)y =0 on ab,
Moy(a) + Noy(b) =0 and M;y(a) + N1y(d) =0,

and otherwise normal. For abnormal problems (1.1) equivalent to their
adjoint under a nonsingular skew-hermitian transformation, Theorem 6.1 of
Reid [6] is extended in Section 4 to establish the existence of an equivalent
normal problem also equivalent to its adjoint under the same transformation
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and satisfying the boundary assumptions of Section 2. The extension of the
concept of symmetrizability to problems (1.1) is discussed in Section 5, and
the results of Reid [6] are generalized to show that for an abnormal problem
(1.1) equivalent to its adjoint under a nonsingular transformation, there exist
an associated nonsingular skew-hermitian transformation and an equivalent
normal problem symmetrizable under the associated transformation.

The extension of the classes of definite problems of Bobonis [3] and Reid
[4] to problems (1.1) with complex-valued coefficients is developed in Sec-
tion 6. In particular, for normal definite problems (1.1) we have the reality
and the equality of index and multiplicity of proper values, existence theorems,
and completeness and extremizing properties of the proper values and solu-
tions. Moreover, for abnormal definite problems (1.1) there are shown to
exist corresponding equivalent normal definite problems. Consequently, re-
sults for abnormal definite problems (1.1) follow from the application of the
above results to the associated normal definite problem.

Matrix notation will be employed throughout this paper. The n X =
identity matrix will be designated by E, while M* shall denote the conjugate
transpose of the matrix M. Vectors are treated as » X 1 matrices, with
(y, 2) denoting the inner product z*y of two n-dimensional vectors. In addi-
tion, let (y, 2) denote [3 (y, 2) dx for a pair of vectors y(), 2(x) for which
(y, 2) is integrable on ab.

2. Adjoint boundary problems

In the following it will be assumed that the elements of the n X n matrices
A(z) and B(zx) are complex-valued continuous functions of the real variable
zona = x = b B(x) #£ 0 on the interval, and the n X 2n matrix
| My + A\M; No+ AN, || has rank n for every complex value of A. The
elements of the n X n coefficient matrices My, No, My, and Ny may be com-
plex-valued. The boundary problem under consideration is

Llyl = y' — A(z)y = \B(2)y, a
sly; Al = M(\)y(a) + N\)y(db) =0,

with M()\) = M, + )\M1,N(>\) = No+ AN:.

If n X m matrices P(\), Q(\) are such that the n X 2n matrix
| P*(X)  Q*(X) ||, where P*(X) = [P(X)]*, @*(X) = [Q(X)]*, is of rank n for
all A, and if, furthermore, they satisfy

IIA
IIA

z = b,

(2.1)

(2.2) MM\PQA) — NMVQ(N) =0 for all \,
then the problem
23) L*[z] = ¢/ + A*(2)z = —AB*(x)z, a<z=h,

tlz; Nl = P*(N)z(a) + @*(X)z(b) =0
will be termed the boundary problem adjoint to (2.1).
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Concerning the boundary conditions s[y; A] = 0 ¢ will be assumed through-
out that there exist constant matrices My, N2, P., and @, such that for all
values of A the 2n X 2n matrices
“ M) N()\) —P; —P(\)

Q QM)

are reciprocals. It is to be noted that this matrix hypothesis is also employed
in [3]. The following result shows that P(\) and Q()\) must then necessarily
be linear in A.

(2.4)

TraeoreM 2.1. A4 necessary and sufficient condition that there exist matrices
P(\), Q(\) and constant matrices M2, No , Py, Q; such that the matrices (2.4)
are reciprocals is that the 2n X 2n matriz

vMo No
M1 N1

have rank n + p, where p is the rank of the n X 2n matriz || My N.|. More-
over, in this case P(\) and Q(\) must be linear in \.

(2.5)

If the matrices (2.4) are reciprocals, there exists a matrix V of rank p such
that My = VM,, N1 = VN,. Then,if (§ %) isa 1 X 2n vector orthogonal
to each column of matrix (2.5),

= tMo + My = EMo + #VM,, 0 = N, + #N: = N, + %VN,,

and it follows that £ = 0, ¥ = 0. Hence, #M; = %N, = 0,and, consequently,
(2.5) has rank n + p.
Furthermore, as

©.6) M) NQO) E \v Mo, N, ’
M, N, 0 E M, N
it follows, for the choices of Py, Qo , P2, and @, such that the matrices
@) M, N, ’ —P, —Py
M, N, Q: @
are reciprocals, that the reciprocal of (2.6) is
25 —P, .—P|| ||E —xvl _|[7P: —(Po = AP2V) H
Q: Qo 0 E Q: (Q — NQV)

and, thus, P(\) and Q(\) are necessarily linear in A.
On the other hand, if the rank of (2.5) is n + p, let ¢ be a p X n matrix
such that || ¢M; oN, || has rank p. Then there exist (n — p) X n matrices
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&, v such that the 2n X 2n matrix
My N,
oM, oN;

“ v
oM,

is nonsingular. On setting M, = dyl

7N2 =

, the first matrix of

(2.7) is nonsingular, and there exists an n X n matrix V such that M; =
VM., N, = VN,. We then have the factorization (2.6), and the matrices
(2.4) are reciprocals with the choice of the second matrix as (2.8), where the
matrices (2.7) are reciprocals.

The condition that (2.5) have rank n 4 p does not automatically hold when-
ever the n X 2n matrix || Mo + A\M; N, + AN, || has rank n for all \. This
may be seen, for example, for n = 2 from the choice of

10 00 10 01
’ N1=

10 01 00
If we now set
syl = Miy(a) + Nay(b),  tled = Plz(a) + Qf2(d)  (¢=0,1,2)
it follows from the reciprocal character of (2.4) that
(soly], tale]) + (saly], tole]) = (y(0), 2(b)) — (y(a), 2(a)),
(s1ly], tal2]) + (salyl, tle]) = 0
for arbitrary values y(a), y(b), 2(a), 2(b). Moreover,
(2.10) (Lly), 2) + (y, L*2)) = (y, 2)’ fory,z e C’;

and, in particular, (L{y], 2) + (y, L*[z]) = 0 for all vectors y(z) of class C’
satisfying s[y; \] = O for a value X and z(2) of class ¢’ if and only if {[z;X] = 0
for this value of \. Consequently, with the further definitions of a proper
value of (2.1) as a complex number A for which there exist nonidentically
vanishing solutions of (2.1), termed proper solutions, and the index of \ as the
dimension () of the linear space of all solutions of (2.1) for this value A, we
then have the following result from relations (2.9) and (2.10).

Mo= = = N

) b

(2.9)

Lemma 2.1. A constant \o 25 a proper value for (2.1) if and only if No is a
proper value for (2.3) of the same index.

3. Equivalent boundary problems
Problem (2.1) will be said to be equivalent to a second boundary problem
o — A'z)u = AB"(2)u, aZz=0h

(3.1) M°(Nu(a) + N'M\)u(d) = 0,
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with M°(\), N°(\) linear in \, and coefficients satisfying the same condi-
tions imposed on the corresponding coefficient matrices of (2.1), under a trans-
formation u(z) = H(z)y(z), a < z = b, provided H(z) is a nonsingular
matrix of class €’ on ab such that, for an arbitrary value \, the vector y(z)
satisfies the differential equations or the boundary conditions of (2.1) if and

only if the corresponding u(x) satisfies the respective differential equations
or boundary conditions of (3.1).

TrEOREM 3.1. The boundary problem (2.1) is equivalent to (3.1) wunder
H(z) if and only if H(x) is a nonsingular matriz of class C' satisfying

H —AH+HA=0, HB—-B'H=0, aZz=0h
M\ H(a)P(N) — NNOVHD)QMN) =0 for all A,

where P(\), Q(\) are n X n matrices with the n X 2n matriz || P*(X) Q*(X) ||
of rank n and M(N)P(\) — N(A)Q(N) = 0 for all \.

As a special case of the above theorem we have the following result, the
final conclusion of which also appears in Theorem 4.1 of Reid [6].

THEOREM 3.2. A necessary and sufficient condition that the system (2.1) be
equivalent to its adjoint (2.3) under T (x) is that

(3.2) T+ A*T + TA =0, TB + B*T = 0, a sz =0
(3.3) MM\)T (a)M*(X) = NQA)T(B)N*(X) for all .
Moreover, the general solution of the matriz differential equation of (3.2) 1s
T(z) = Y*'(2)CY " (z), where Y () is a nonsingular matriz solution of

LYl =Y — AY = 0 and C is an arbitrary n X n constant matriz.

From the relation
(3.3) P*(N)T(a)P(A) = @Q*(N)T(B)Q(DN) for all \,

equivalent to (3.3), it follows that a system equivalent to its adjoint under
T(x) is also equivalent to its adjoint under T*(z) and under Ti(z) =
aT(z) 4+ c.T*(x), provided T1(x) is nonsingular for some xz, on ab. In addi-
tion, the Corollary to Theorem 4.2 of Reid [6] with A}(z) = A,(z) = Eisalso
valid for systems (2.1), (3.1) and their adjoints.

CoroLLARY. If the boundary conditions s{y; A] = 0 are equivalent to their
adjoint conditions tlz; \] = 0 under z = T'(x)y, then the condition that the matriz
(2.5) have rank n + p, where p is the rank of || My N, ||, s equivalent to the
condition that the matrix

(3.4) W = M, T* " (a)MY — No T* ' (b)NT
have rank p.

From relation (3.3) for A = 0 it follows that Wy = 0 for a vector 5 if and
only if there exists a vector £ such that MYy = Mst, Nin = Nit.  In this
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case the rank of (2.5) is equal to n plus the rank of W, and, hence, (2.5) has
rank n -4 p if and only if W has rank p.

4. Normal and abnormal boundary problems

Let Ag,o denote the linear space of vector functions y(x) for which L[y] = 0
and By = 0 on ab, sly] = 0 and s;[y] = 0; correspondingly, let A¥, denote
the totality of vectors z(x) satisfying L*[z] = 0 and B*2z = 0 on ab, tlz] = 0
and #[2] = 0. A boundary problem (2.1) will be termed nmormal if Ao, is
zero-dimensional, and abnormal with order of abnormality r if dim Ao, =
r > 0. A nontrivial element of Ay, will be designated an abnormal solutzon
of (2.1). Asall values of \ are proper values of (2.1) in case dim Agp = r > 0,
let 2,(A) = 2(A\) — r denote the normal index of \ as a proper value of (2.1)
in case ¢(\) > r, and let a normal proper solution y(z) be a proper solution of
(2.1) for which not both By = 0 on ab and si[y] = 0 hold.

In addition, let Ao denote the linear space of vectors y(z) satisfying L[y] = 0
and By = 0 on ab; and, similarly, A¥ will denote the linear space of vectors
2(z) for which L*[z] = 0 and B*2 = 0 on ab. Then, from (2.2) and the re-
ciprocal character of the matrices of (2.4), it follows that a pair of end values
y(a), y(b) satisfies syly] = 0 and si[y] = 0 if and only if there is a constant vec-
tor £ such that y(a) = Py K¢, y(b) = —@Qo K& where the n X n constant
matrix K is of rank n — p and satisfies VK = 0 with the constant n X n
matrix V of rank p for which M; = VM,, Ny = VN,. Thus, if p = n for
a problem (2.1) the problem is normal, while the case p = 0 is the class of
problems studied in Reid [6]. Consequently, if dim Ay = p > 0 and 5 de-
notes an n X p matrix whose column vectors form a basis for Aq, then
dim Ao = r = 0is equivalent to the condition that the 2n X (n + p) matrix

“ PyK g(a)
- K ﬂ(b)

isofrankn —p 4+ p — 1.

Finally, if A; denotes the linear space of vectors y(z) for which there exists
a vector g(x) with continuous components such that L{y] = Bg on ab, it follows
from (2.10) that

(4.1) Z*(a)y(a) — 2*(b)y(d) =0 for y(x) e Av, 2(x) e A¥.

Now, if (2.1) is equivalent to its adjoint (2.3) under T'(z), then y(x) be-
longs to Ag or Ag, if and only if 2(z) = T(x)y(z) belongs to A¥ or A¥o, re-
spectively. In particular, if under such equivalence dim Ag,, = dim A¥, =
r > 0 and n(x) is an n X r matrix whose column vectors form a basis for A,
then the columns of ¢(z) = T(x)n(x) form a basis for A¥,. Moreover, as
MyPy — NoQi= —M; Py+ N1Qo = V(—M; Py + N2 Q) = V from (2.2),it
then follows from #[¢] = t[¢] = 0 and rank V = rank || My N, | = p that
there exists an n X r constant matrix ¢ of rank r such that

$*(a) = o*IM,,  §*(b) = —a*JNo,
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where J is an n X n constant matrix of rank n — p satisfying JV = 0, and
o*J has rank r < n — p. Hence, for r an n X (n — r) constant matrix of
rank n — r such that ¢*Jr = 0, the boundary conditions s[y; \] = 0 are
equivalent to

*sly; Nl = 0,

o*Jsly; N = *(a)y(a) — £*(b)y(b) = 0.

In addition, as ¢*JM; = ¢*JVM, = 0, ¢*JN; = ¢*JVN., = 0 it follows
from the nonsingularity of || J*o | that the (n — 7) X 2n matrix
|| 7*M1 %N, || has rank p and its rows are linearly independent of the rows of
| #*My +*N,||. Consequently, if # and ¢ are n X r constant matrices such
that the r X r matrix 6*p(a) + ¢*n(b) is nonsingular, then the boundary
problem

(4.2) Lyl = MBy,  r*[y; N\ =0,  6*y(a) + ¢*y(b) = 0

is a normal problem whose boundary conditions satisfy the matrix hypotheses
of Section 2. Furthermore, as relation (4.1) implies that ¢*Js[y; A\] = 0 for
any proper solution y(z) of L{y] = ABy, problem (4.2) is equivalent to (2.1)
in the sense that, if y(x) is a proper solution of (4.2) for a value A, then y(z)
is a normal solution of (2.1) for this value \, while if y(x) is a solution of (2.1)
for a value A, then

y(@) + @)y, v = —[6*) + ¢*n(D)]7-[6*y(a) + ¢*y(b)],

is a solution of (4.2) for the same value A\. Finally, \ is a proper value of (4.2)
of index k if and only if A is a proper value of (2.1) with normal index 7,(\) = k.

TueoreM 4.1. If (2.1) ¢s an abnormal problem equivalent to its adjoint (2.3)
under a nonsingular skew-hermitian transformation T (x) and the matrices (2.4)
are reciprocals, then there exists an equivalent normal problem, (4.4) below, that
1s also equivalent to its adjoint under the same T(z) and for which the matrices
corresponding to (2.4) are reciprocals.

For a problem (2.1) equivalent to its adjoint under T'(xz) one may choose
(43) P(\) = T (a)M*(X), QW) = T*(B)N*(X)
in view of (3.3). Then, for (z), J, ¢, and 7 as above and

= —iM,T " (a)My — N. T (b)N3],

o*J (so[n] — Rso[n]) = —o*J (¢*J)* is nonsingular, and, hence, the boundary
problem

Lly] = \By,
(4.4) *s[y; N\] = 0,

o*J (saly] — Rsoly]) = 0
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is a normal problem equivalent to (2.1). Furthermore, if T (z) is skew-
hermitian on ab, then R is also skew-hermitian, while the matrix W given by
(3.4) is hermitian in view of (3.3). Consequently,as W = Vand 0 = VR =
WR = RW from the choice in (4.3), we have, by direct computation, that
the boundary conditions of (4.4) satisfy with 7'(x) a relation corresponding
to (3.3), and, hence, problem (4.4) is also equivalent to its adjoint under the
same T (z) as the original problem. Moreover, for problem (4.4) it also follows
from the choice (4.3) and RW = 0 that the matrix W, corresponding to the
matrix W of problem (2.1) is of the form

W= || W 0”
| =

0 0

and has rank equal to rank W = p as ¢*JW = ¢*JV = 0 and the matrix
|+ J*o || is nonsingular.

5. Symmetrizable boundary problems

A problem (2.1) will be termed symmetrizable under T'(x) if it satisfies the
matrix assumption of Section 2 that the matrices (2.4) are reciprocals, is
equivalent to its adjoint (2.3) under T'(x), S(x) = T*(x)B(z) is hermitian
on ab, and the 2n X 2n constant matrix
T*(a)P; M; T*(a)P: N,
T*(b)Q: My T*(b)Q: Ny

belonging to the bilinear form Glu; v] = (si[v], t[T'w]) is hermitian.

Now, for a boundary problem (2.1) equivalent to its adjoint (2.3) under
T(z), it follows from (3.3) that the most general form of P(\) and Q(N) is
(52) P(\) = T*'(a)M*(X)C(\), Q) = T¥(B)N*(X)C(\),

where C()\) is nonsingular for all A\. From the reciprocal character of the
matrices in (2.4) we then have that

(5.1) ® =

(53) C'(\) = =M, T*(a)M*(R) + N: T* (D)N*(X);
that is, C"*(\) is linear in \. Writing C™"(\) = Do + AD;, we have
(5.4) Dy = —M, T* "' (a)M¥ + N, T*'(b)NT.

Lemma 5.1.  Suppose that the boundary conditions sly; \] = 0 are equivalent
to their adjoint conditions t[z; \] = 0 under 2 = T'(z)y and that the rank of (2.5)
ism + p, where p isthe rank of || My Ni|. Then the matriz (5.1) is hermitian
if and only if the matriz C(N\) defined by (5.2) is independent of N and the matriz
W given by (3.4) is hermitian. Moreover, under these conditions P(\) and Q(N)
can be chosen as in (4.3).

Under the one-to-one transformation between values 4(a), u(b) and con-
stant vectors £, 7
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(56.5) T(a)u(a) = Mst + Min,  —T(b)u(b) = Ng& + Nin,

we have from the reciprocal character of the matrices (2.4) that &3 [Tu] = —&*
and sy[u] = W*t — DY n, where D, is given by (5.4). Now,if £s, 74 (o = 1, 2)
are arbitrary constant vectors and u.(a), ua(db) (@ = 1, 2) corresponding
sets of values related by (5.5), then

Gluz ; w] — Glus; ] = & (W* — W)k + niDi k2 — & Dine.

Thus, G[u; v] is hermitian if and only if W = W* and D, = 0. Now, as the
matrices (2.4) are reciprocals from Theorem 2.1, the corresponding matrices
obtained on replacing P(\), Q(\), M, , and Ny by P(\)D,, Q(\)Dy, D5 M,
and Dy N, , respectively, are also reciprocals. Hence, without loss of general-
ity, we may choose P(A\) and Q(\) of the form (4.3).

CoroLLARY. Under the conditions of Lemma 5.1 the hermitian form Glu; v]
has the representation

(5.6) Glu; v] = — (Wt{To], t[Tu)).

From D, = 0 it follows that there exists an n X n constant matrix F such
that T* (a) MY = Py F, T*(b)NT = Q. F,and from —My P, + NoQ. = E
we have that F = —W. Consequently, sifv] = —Wt[Tv] as W is hermitian.

TaeoreM 5.1. If the boundary conditions s[y; N\] = 0 salisfy (3.3) with a
nonsingular T(x), then necessary and sufficient conditions that there exist
matrices P(\) = Py + AP, Q(\) = Qo + NQ: and constant matrices My, Ny,
P, , Q. such that the matrices (2.4) are reciprocals and the 2n X 2n matric (5.1)
18 hermitian are that the matrix W given in (3.4) be hermiltian and of rank p,
the rank of || M1 Ni|.

The necessity follows at once from Theorem 2.1, Lemma 5.1, and the Corol-
lary to Lemma 3.1. To establish the sufficiency, let ¢ be a » X n matrix such
that ¢W is of rank p. As eW* = oW, it follows that || ¢M; oN; || has rank
o, and if 7isa (n — p) X m matrix, of rank n — p, such that 7W = 0, there
exist (n — p) X n matrices u, » such that uT**(a)MT — »T*(b)NT = 0
while the (2n — p) X 2n matrix

TMo TNo
(57) O'Ml O'Nl
13 14

is of rank 2n — p. The rows of | eM, oN, || are linearly independent of the
rows of (5.7), for else a nonnull linear combination of its rows, | x ¥,
would be dependent on the rows of (5.7) and would, therefore, satisfy
xT*(a)M¥ — yT*'(b)NT = 0, implying that the rows of W are linearly
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M N -

M, N,
My N

dependent. Moreover, if we set M; = , then

O'N]_
14

M T*(a)MT — N3 T*(b)NT = 0, and “ is nonsingular as

I;

N, = V'N3, and H = —M; T* '(a)Ms + N3 T**(b)N¢ is nonsingular.
Consequently, if we define M, = H M3, N, = H'N3, the first matrix of
(2.7) is nonsingular, and there exists a matrix V = V'H such that M, = VM,
Ni = VN, while —M, T**(a)M*(X) + N, T**(b)N*(X) = E for all \.
Now, let P; and @ be determined by the relations

—My Py + NoQ: = E, —M; Py + N, Q; = 0.

As '—'M1 Pz + N1 Qz = V(—'Mz P2 + Nz Qz) = 0, it then follows that for
the further choices P(\) = T* '(a)M*(X), Q(\) = T*'(b)N*(X), the
matrices (2.4) are reciprocals. The final desired conclusion on the hermitian
character of (5.1) is then assured by Lemma, 5.1.

An immediate consequence of the above result and relation (3.3) is that if
the problem (2.1) is symmetrizable under T'(x), then (2.1) is also sym-
metrizable under T*(xz). Moreover, under the assumption that the matrices
(2.4) are reciprocals, the Corollary to Theorem 3.2 and Theorems 2.1 and 5.1
imply that (2.1) is symmetrizable under a skew-hermitian transformation
T(x) whenever (2.1) is equivalent to its adjoint (2.3) under such a T'(z), as
the matrix W is then hermitian.

Theorem 5.3 of Reid [6] can now be extended.

is nonsingular. Hence, there exists a matrix V* such that M; = V'M3,

THEOREM 5.2. For a problem (2.1) equivalent to its adjoint (2.3) under T'(z)
and satisfying the condition that the associated malrices (2.4) are reciprocals,
there exist constants ¢y, ca such that (2.1) is symmetrizable under Ti(z) =
¢ T(xz) + ¢ T*(x) and Ti(x) is a nonsingular skew-hermitian transformation
on ab. Moreover, if (2.1) is symmetrizable under T(x), then for each such
pair ¢, ¢z there is an associated nonzero real constant ki such that the matrix
Si(z) = Ti(z)B(z) and the form Gilu; v], corresponding to Glu; v], satisfy
Si(z) = ki S(x) on ab and Gilu; v] = ki Glu; v] for arbitrary vectors u(a), u(b),
v(a), v(b).

In view of the remarks immediately prior to the theorem above, Theorem
2.1, and the remarks following Theorem 3.2, the first result follows as in the
proof of the corresponding result of Theorem 5.3 of Reid [6]. Then, if (2.1) is
symmetrizable under T'(x), it also follows, as in the proof of Theorem 5.3 of
[6], on setting A; = E, that for any pair of constants ¢; , ¢, such that (2.1) is
symmetrizable under Ti(z) = ¢ T(x) + ¢ T*(xz) with T:i(z) nonsingular
and skew-hermitian on ab, that Si(z) = T7(x)B(z) = k S(z) on ab for
k1 = ¢1 — ¢; a nonzero real constant. Now, as in the proof of Theorem 5.1
above, Pi(\) = Ty “(a)M*(X), Q:(\) = T¥'(b)N*(X) may be chosen as the
matrices corresponding to P(\) = T*'(a)M*(X), Q(\) = T*(b)N*(X)
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and, hence, in view of relation (3.3) for both T and T, it follows that there
exists an n X » matrix C(\), nonsingular for all A, such that

P(\) = PI(MC(N), Q) = &(MC(N).

Thus,

M*(X)C(N) = Tt (a)T*(a)M*(X)
(5.8) = T(a)la T (a) + & T* " (a)IM*(X),

N*(X)C(\) = TT(b)T* ' (b)N*(X)

= T(D)[e T(b) + & T* ' (b)IN*(X).

On multiplying the first equation of (5.8) on the left by —WPj3, and the sec-
ond on the left by WQ3, and adding, it then follows from (3.3), the reciprocal
property of the matrices (2.4), the hermitian character of W, and the rela-

tions My = —WP3T(a), Ny = —WQ3T(b), established in the proof of the
Corollary to Lemma 5.1, that

WC()\) = (0-1 - éz)W = k1 W.
Moreover,
W = MOP1 - Nle = MOP()‘) - NOQ(>\)
= [My Py(N) — No@Q:(N)IC(N) = W1 C(X),

where W, designates for the transformation 7:(x) the matrix corresponding
to W. Consequently,

(5.9) W =TIk WC(\) = kW, .

Finally, if P3, Q3, tsu], and Gi[u; v] denote the matrices and forms for the
transformation T;(x) corresponding to P, Qs , f[u], and Glu; v], respectively,
then

—My = Wi Pi'Ty(a) = WPiT(a), —Ni= WiQi'Ta(b) = WQIT(b)
and, hence, Wi t3[Ty u] = Wt)[Tu] for arbitrary vectors u(a), w(b). It now
follows from the representation (5.6) and relation (5.9) that
Gilu; o] = — (Wi ta[T10), 6[T1ul) = — (WhlTo), 62Ty u])

= —ky(&[Tv], W1 t3[Ty u]) = —ky(8a[T0), Wto[T]) = ky Glu; v}

for arbitrary end values u(a), u(d), v(a), v(d).

It is to be noted that the reality and nonvanishing of k; = ¢; — ¢z allows
the representation ¢; = o + 7y, ¢z = B + %y, « and B real and distinct, while
the skew-hermitian character of T;(z) implies that (o + B)T(z) is skew-
hermitian on a¢b. In particular, if « 4+ 8 = ¢, + & 0 for a suitable pair
¢, ¢z above, then T'(z) is also skew-hermitian on ab, and

Ti(z) = (&1 — )T (x) = ky T(x)
on ab.



604 HYMAN J. ZIMMERBERG

Combining the results of Theorems 4.1 and 5.2 with the argument below
yields the following extension of Theorem 6.2 of Reid [6].

TaeoreEM 5.3. If (2.1) 7s an abnormal problem equivalent to its adjoint
under T(z), and if the associated matrices (2.4) are reciprocals, then for an
assoctated transformation Ti(x) of Theorem 5.2 there is an equivalent normal
problem that is symmetrizable under T1i(x); moreover, if the original problem
(2.1) 7s symmetrizable under T (x), then for each such T:(x) there is a nonzero
real constant k; such that the corresponding matriz Si(z) and the corresponding
form Gi[u; v] satisfy Si(x) = ki S(x) on ab and Gi[u; v] = ki Glu; v] for arbitrary
vectors u(a), u(db), v(a) and v(b).

To establish the final conclusion we shall show that the matrix (5.1) re-
mains invariant when we pass from an abnormal problem (2.1) to its equiva-
lent normal problem (4.4), with each problem equivalent to its adjoint under
a skew-hermitian, nonsingular transformation T'(xz). Let the superseript 1
following a matrix associated with problem (2.1) denote the corresponding
matrix for the problem (4.4). Then, from Lemma 5.1 and the comments
prior to Theorem 5.2 we may choose P'(A) = T*(a)M™(X), Q'(\) =
T*(b)N"™(X). Moreover, with R, J, o, and 7 as in the proof of Theorem
4.1, P(\) and @(\) as in (4.3), and the choices

Py _||P. Po i E e
Gl Tl @l R+ %o | [les*T] -
1 RTI Er e — 7R * Mo No
HM2 N2|| = 0 £ i___ o¥J — e_lo'*JR 8_10'*‘] ‘ \ M, N.|’

where ¢ is the X 7 nonsingular matrix ¢*JJ*e, it follows by direct calcula-
tion, in view of the relations V=W = W* 0 = JV = WJ* R = —R¥
0=VR =RV,oc*JT=0,0=JM, = JN,, and 0 = RM, = RN,, that
for the problem (4.4) the matrices corresponding to (2.4) are reciprocals.
Furthermore, as
M Nill =17 O My Nil = v Jroc*|¥| M2 N

we then have that
P;
Q>
and, consequently, @' = ©.

P,

Q- || My Ny|,

Y Nin=|

6. Definite boundary problems
For a boundary problem (2.1) let A denote the linear class of vectors y(z)
satisfying Lly] = Bg on ab and so[y] + si[g] = 0 with a continuous vector g(z).

LemMa 6.1. For a problem (2.1) symmetrizable under T(z), the bilinear
Sfunctional

Jlu; vl = — (sofv], &Tu)) + (L), Tw)
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s hermitian on A in the sense that g[u; v) = Jlv; u] for arbitrary vectors u and v
of A; in particular, glu] = Jlu; u] vs real-valued on the space A.

For suppose that u(z) and v(z) belong to A with g(x) and h(z), respec-
tively. Then, with the choice (4.3), w = T'(x)u belongs to the corresponding
space A* for the adjoint problem (2.3) with the vector T'(z)g; i.e., L*w] =
—B*Tg = — 8y, tolw] + &[Tg] = 0. From relation (2.10) and the hermitian
character of S it now follows that

(L[U], Tu) - <L[u]a Tv) = (L[i)], w> - <v1 Sg)
= (L[v], w) + (v, L*[w])
= (v(d), w(b)) — (v(a), w(a)).

Moreover, from relations (2.9) and the hermitian character of (5.1) we have
that

— (solv], t[Tu)) + (solud], t{Tv])

(:fo], tolw]) — (silgl, &[T]) + (v(a), w(a)) — (v(b), w(b))

— (8av], ulTg]) — (silo], L[Tg]) + (v(a), w(a)) — (v(b), w(b))
(v(a), w(a)) — (v(b), w(d)),

and, thus, glu; v] = J[v; u].
Now, with

I

®ly] = gly; y] + (Sy, v),

it follows that for a problem (2.1) symmetrizable under T'(z) the functional
(6.1) glys e, e T = e glyl + e Xly)

is real-valued for vectors y e¢ A and arbitrary real constants ¢, c;. The
boundary problem (2.1) will be termed definite [¢; , ¢; ; T] whenever (2.1) is
symmetrizable under T'(x) and there exist real constants ¢ , ¢; such that (6.1)
is positive for arbitrary vectors y(z) e A unless B(z)y(z) = 0 on ab and
sifyl = 0.

For symmetrizable problems (2.1) with real coefficients, the condition of
definiteness considered by Bobonis [3] is the positive semidefiniteness of &[y]
for arbitrary continuous vectors. From Lemma 5.3 of [3] such problems are
clearly definite [¢;, ¢z ; T] with ¢; = 0, ¢ = 1. On the other hand, for a
problem (2.1) definite [c; , ¢2 ; T with ¢; % 0, the associated problem obtained
on replacing A by N — ¢3/¢; is definite either [1, 0; T] or [1, 0; — T according
as¢ > 0ore < 0. A problem (2.1) that is normal and definite [0, 1; T
may be treated by methods corresponding to those of Bobinis [3], while a
problem that is normal and definite [1, 0; 7] may be handled by an extension
of the methods employed by Reid [4] for the class of problems in which A does
not appear in the boundary conditions.

For a normal and definite [¢; , ¢z ; T] problem (2.1), it follows, from the re-
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lation g[y] = AX[y] for a proper solution y(x) corresponding to a proper value
\, that &[y] # 0 for all proper solutions. By methods analogous to those
employed in the proof of Theorem 4.2 of [3] it then follows that for such a
problem (2.1) all proper values are real and at most denumerably infinite in
number as they are the zeros of an entire function

AN) = det [M(\)Y (a; N) + NV Y (b; M),

where Y (z; \) denotes a fundamental matrix solution of L[y] = AB(z)y with
elements entire functions of A for fixed # on ab. Furthermore, the index of
each proper value is equal to its multiplicity as a zero of A(\), as may be es-
tablished by a method analogous to that used in the proof of Theorem 5.2 of
[3].

Now, if A = Ao is not a proper value for a problem (2.1), it follows, by
methods entirely analogous to those of Bliss [1, Section 5] for real-valued
coefficients, that

Gz, ;) = 3V (2500) [li—‘-i—' E+ D"‘(xo)mo)]rl(t; M),

7 —
asz,t=bx #L,
with
D(No) = M(N)Y (a5 M) + N(N)Y (b5 No),
2(N) = M) Y (a; M) — NN Y (b; No),
is the unique Green’s matrix for the incompatible homogeneous system

Lyl = N B(z)y =0,  sly; \] = 0.

Furthermore, by an argument similar to the one employed by Bobonis [3,
Section 6] we have, for arbitrary vectors g(x) with components continuous on
ab and arbitrary constant vectors h, that the nonhomogeneous problem

Llyl — M B(x)y = g(z),  sly; Nl = h

has a unique solution given by
b
y(@) = — [6(z,a;)0) Ps+ Gz, b2) @I+ [ Glat20) g(0)

where
G(a, a; N) = limg,.+ G(z, a; M),
G(b, b; No) = lim,s- G(z, b; o).

Consequently, if Ao is not a proper value for a problem (2.1), it follows, on
rewriting (2.1) in the form

Llyl — M B(@)y = (A = M)B@)y,  sly; Ml = —(N — No)silyl,
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that problem (2.1) is equivalent to the integral system

y(x) = (N = M) {[G(, a; M) P2+ G(x,b;N0) Qo) suly]
(6.2) b
+ [ 6w 600 BO) y(0) a1,

The integral equation (6.2) is of the form of problems considered in [7, Sec-
tion 8], wherein H(z, t) = G(z, t; M) T* (1), S(z) = T*(z)B(z) and g = ©.
Moreover, such integral equations are equivalent to a system of 3n integral
equations of Fredholm type, as indicated in [7, p. 387]. If (2.1) is normal
and definite {1, 0; T}, then A\, may be chosen as 0, while for a normal and
definite [0, 1; T'] problem (2.1), there exists a real constant Ao not a proper
value of (2.1). For each of these normal and definite problems the results of
Reid [5] on symmetrizable completely continuous linear transformations in
Hilbert space provide, for the integral system equivalent to (6.2), results on
the existence and extremizing properties of proper values, integral expansions
of Hilbert type, and convergence results of associated Fourier series.
For a problem (2.1) that is definite [¢; , ¢; ; T'] and abnormal, let

Lyl = ABy,  s'y; N\ = sily] + rsily] = 0

be an equivalent normal problem that is symmetrizable under an associated
nonsingular skew-hermitian transformation Th(z), as guaranteed by Theorem
5.3. If A" denotes the class of vectors y(z) for which there exists a correspond-
ing vector g(x) with continuous components on ab such that L[y] = Bg on ab
and so[y] + silg] = 0, it follows from relation (4.1) and the discussion preced-
ing Theorem 4.1 that A’ C A, A denoting the corresponding class for the
original problem (2.1). Moreover, if 9; and G; denote the functionals for the
problem L[y] = A\By, s'[y; \] = 0 corresponding to g and G, respectively, for
problem (2.1) it then follows from Theorem 5.3 that for an element y ¢ A" we
have 9[y; 1, ¢z ; T] = 9ily; ci/kr , co/k1 ; Th), where k; is the nonzero real con-
stant such that 7% B = ky T*B on ab and Gly; y] = k1 Gly; y]. Furthermore,
if y € A, then there is an abnormal solution y, of (2.1) such that y' = y + yo
is an element of A' and

aily's ei/kr, eo/k 3 T = 9ly's e, 003 T = dlys 0, 05 T

Consequently, the normal problem L[y] = ABy, s'ly; A] = 0 is definite
[er/ks , co/k1 ; Th), and results on the existence and extremizing properties of
normal proper values, integral expansions of Hilbert type, and convergence
in mean of associated generalized Fourier series in terms of normal proper
solutions for the abnormal definite problem (2.1) follow from the application
of the above results to the associated normal definite problem.
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