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EXTENSIONS OF BANACH ALGEBRAS

RICHARD ARENS

1. Introduction. We are concerned with propositions of four types
(1.1-1.4) about a commutative Banach algebra A and its various commu-
tative Banach algebra extensions B.

1.1 TPr. If {B,:iel} is a family of extensions of A, then there

is an extension B of A and topological isomorphism {f,:%1 € I} where
fi(B) < B and f{a) =a for a € A.

Let us call [normally] solvable over A a system X of polynomials
over A (or more generally, multiple power series elements) such that
there is an extension B of A in which there is a system of elements
[whose norms do not exceed 1 and] whose substitution into I reduces
each member equal to 0.

1.2 Sol. Let {X;:1 € I} be a family of solvable systems such that
no indeterminate occurs in more than one system. Then X = 23, is
solvable.

A system g7 of ideals is removable if in some extension, each
ideal J of 7 generates the ideal (1).

1.3 RId. Let {J;:% € I} be a family of removable ideals. Then
it 18 a removable system.

An element ¢ € A is called [normally] subregular if it has an
inverse [of norm < 1] in some extension.

1.4 Inv. Let {c,:% e I} be a family of subregular elements. Then,
m some extension, each ¢, has an inverse.

Our findings on such propositions is that TPr is false, and that
Inv is true if I is finite, but false if a natural norm restriction is
brought in. By the finite form of 1.1-1.4 we mean that in which I is
finite. By the normal form we mean the statements obtained if in
(1.1) the f, are required to be isometries, if ‘solvable’ in (1.2) is replaced
by ‘normally solvable’, and ‘subregular’ in (1.4) by ‘normally subregular’.

This gives four forms of propostions of each type:

normal (no qualification)

(1.5) ) .
finite normal JSinite .

For each type (1.1-1.4), there are rather obvious implications in
(1.5), namely to the right, and downward. (To see this, one need only
observe that ¢ is subregular if and only if \¢ is normally subregular for
some A € C, ete.). For each form (1.5) there are implications among the
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2 RICHARD ARENS

types:
TPr = Sol
1.6) l/ 4
RId Inv .

(For example, the diagonal rests on this observation: if J is remov-
able then 1 — j 2, — +++ — 7,2, is solvable for some j,, ++-,7, € J; and
solving the latter removes the former.) We present our results on
these sixteen concetvable propositions in this diagrammatic way. In
each quadrant of (1.5) imagine a cluster of four symbols as in (1.6).
Affix a dagger if the proposition is false, a star if true, and a reference
to the crucial theorem. Unsettled cases have a question mark.

Pt f 7
? T ? ?
(1.7)
f t TG
? T (3.2) ? * 11, 3.8]

Besides this there is a small positive result (7.1) which is a special
case of RId.

Further results not included in the scheme (1.7) are as follows.

The cortex (class of non-removable maximal ideals) is sometimes
greater than the Shilov boundary. This is based an a class of algebras
of Shilov, whose theory we have felt obliged to sketch (sec. 4)

For completeness we have considered also the case where A has
the sup-norm (that is, [la|| = sup |&(a)|, & ranging over all complex
valued homomorphisms of A.) There Sol holds (6.1): There is one ex-
tension which normally solves all normally solvable systems. Necessary
and sufficient conditions for TPr are given (5.3)

For some subalgebras A of the [, -algebra B of a discrete abelian
group, B provides inverses of norm 1 for all normally subregular ele-
ments (3.5, 3.6).

Section 2 provides more careful definitions of extension, and shows
that when Sol can be proved, then the solving algebra can always be
taken as a quotient-algebra of a power-series algebra.

2. Analytic extension. In order to save space we shall list here
properties of a Banach algebra which we shall usually, if not always,
require.

(2.11) It is a Banach space.

(2.12) It is a linear algebra over the complex numbers C, with unit 1.
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(2.13)  lad|| < llall [|bll, [ =1.

(2.14) It is commutative.

Let A be such an algebra. Let I be a set (to be used as indices).
We want to define the commutative Banach algebra A(X) generated by
the family X = {x,:1 € I} and A. Because a norm has to be defined,
we need some details. First we define the free commutative semi-group
S(X) with unit generated by X. S(X) is the set of all functions from
Ito {0,1,2, ...} which vanish at all but finitely many places. The
operation is addition. We write it multiplicatively, and use the notation

(2.2) AR A
for the element which has the value k, at 4, (=1, .-+,n) and is 0
otherwise. The function which is 0 everywhere is written as 1. A
change in the order of the factors in (2.2) does not produce a different
element, of course. Now A(X) is the set of functions f from S(X) to
A such that

(2.3) W= S FC < oo
We may let

axt oo gfm
iy iy
stand for the element of A(X) which has the value ¢ € A at the element
2.2 of S(X), and the value 0 elsewhere. We write a for al (1 € S(X)).
Then each f has the form

(2.4) f = g a,€,
where each &, has the form (2.2), and
(2.5) [GIESAHE

Clearly the element of A(X) can be added and multiplied, being func-
tions with values in A. The algebra A(X) is easily seen to satisfy the
conditions 2.11-2.14. It clearly ‘‘contains’’ the algebra A[X] of poly-
nomials in the indeterminates with coefficients in A.

If I, is a subset of I, and X, is the corresponding system of inde-
terminates, then A(X,) can be canonically embedded in A(X). The al-
gebra A(X) is not very interesting in itself. For example, its space of
multiplicative linear functionals of the form

4(A) x D*
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where 4(A) is the corresponding space for A (compare [2, 4.1])

A Banach algebra extension of A is an isometric isomorphism of A
onto a subalgebra A, of a Banach algebra B where the unit of A, is
that of B. When possible we abbreviate this by saying that B is an
extension of A4, and pretend that A c B.

A system X = {y,:k € K} of elements of A(X) is called normally
solvable over A if there is a Banach algebra extension B satisfying
2.11-2.14 and if for each 7 € I there is an element b, € B with ||,]| < 1
such that if b, be substituted for z, in v,, then 0 results for each k.
(If X contains any x, not appearing in any 7, the corresponding b,
need not be expressly exhibited. It may be chosen as 0 € B.)

For an example, see (2.9) below.

A natural attempt to ‘“‘solve 3 normally’’ is to form the closed

ideal J generated by ¥ in A(X), and form
(2.6) As = A(X) mod J

The norm in Ay is the canonical one for residue-class algebras [5, p. 14].
The main theorem of this section (2.8) is that this construction is
always successful when X 4s normally solvable. (Obviously, if the
construction is successful, ¥ must be normally solvable.)

The only possible obstacle to this approach is that, whereas A(X)
is a Banach algebra extension of 4, A; might not be, because norms
of elements in A C A(X) might be diminished when A; is formed

(compare [1, pp. 537-8; 2, p. 204.])

2.7 PROPOSITION. As is a Banach algebra extension of A and 1is
normally solvable if, for each finite collection of polynomials p;, +++, D,
e A(X) and indices j, +--, ., and each element a € A, the inequality

(2.71) lall = lle = povs, — =0 — pavy I

holds.

The norm on the right is the one mentioned in (2.5). The proof
of (2.7) may be omitted. It suffices to deal only with polynomials p,
in (2.7) because there are dense in A(X).

It would be a waste of effort to have X contain any elements not
involved in X, in essaying to verify (2.71).

The converse (2.7) is valid and we thus arrive at the following.

2.8 THEOREM. 2 s mormally solvable if and only if (2.71)
holds for all a, pi, -+, p, as specified in (2.7).

To see the ‘‘only if’’, suppose B normally solves the system 2,
containing elements {bi}ie,o where I, are the indices of the elements
actually appearing in %, such that v,(b) =0 for all 5. Then we can
set up a homomorphism
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h:A(X)— B

wherein k(z,)) = b, © € I, (x,) =0, © ¢ I,, and h(a) = a for a € A (re-
garded as a subalgebra of A(X) as well as of B.) Clearly ||2()]] < |If]l.
The ideal J is contained in the kernel of 2, because &(y,) =0 for all
v, € 2. We thus arrive at a homomorphism %* of bound at most 1
[5, T7D] of As into B. Therefore the natural image a + J of an element
a from A has a norm (in A;) not less than the norm of its image in
B. The latter is a itself, so that |ja|| < |la + J||. This implies (2.71),
so that (2.8) is shown.

The necessary and sufficient condition given by (2.8) can in special
cases be replaced by a simpler one.

2.9 THEOREM. Let ¢, d € A, and let n be a positive integer.
Then
¢ =dx* lle]] = 1

can be solved in some extension algebra if and only if, for every
a € A,

lleal| = |idall .

The proof, which resembles [1, sec. 3], is simple and may be
omitted.

An illustration of the two-way utilization of (2.8) is the following.
2.91 THEOREM. Let c € A, and let 1> 0. Then
c=e llzll = ¢

can be solved in some extension algebra if and only if for each v > p,
and positive integer N, there is an exlension in which for some n

e=(14LY nz N, ol <,

Proof. It is evidently a matter of showing that ¢ — ¢** is normally
solvable precisely when ¢ — {1 + (¢xd/n)}" is normally solvable for
infinitely many =, whenever 8 > 1. The former can be solved in the
latter circumstances because the class of normally solvable elements of
A(x) is closed, by (2.8). Conversely, if the latter is normally solved with
x in some extension algebra B, and = > 8, then (letting \ = p/n) take
¥ = A"t log (1 + \x8), and obtain e* = ¢, with [jy|| £ —2* log (1 — A8).

3. The union of normally solvable systems. In (1.2) we included
the condition that the solvable families whose union is to be formed
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involve distinct collections of indeterminates. This is natural, because
while each of the one-member families

3.1) {1 -2}, {1 —2¢}

is normally solvable over any algebra, the union is never solvable. As
indicated in § 1, we do not know if this condition is enough to make
even Sol (finite) hold, but we shall now show that Sol (normal, finite).
is not generally true. Our example has the special merit of dealing
with systems whose solution consists in construecting inverses, so that
it destroys Inv (normal, finite) as well, as promised by (1.7).

3.2 THEOREM. There exists a Banach algebra A (2.11-2.14) with
elements p, q over which

(3.21) 1—gqx
and
(3.22) 1—py

are normally solvable, but

(3.23) {1 —q=, 1— py}
is not normally solvable.

Proof. The algebra A is isomorphic as a topological algebra, to
the algebra of absolutely convergent power series on the unit disc. In
order to reserve letters such as z for possible use as indeterminates, we
use p for the ‘‘complex variable’’. Select a real number «, a > 1.
For a ¢ A, say,

(3.24) =N+ MNP+ N>+ ¢+
we define
(3.25) llall = Prol 4+ @] + ol 4 <20

The operations are the usual addition and multiplication of series.

(2.11-2.14) are easily verified. (In fact, this algebra is a simple speci-

men of a ring of Shilov’s type K.,,> (§4) where {a,} = {1,a,a, ---}).
It is clear that

(3.26) llpall = llal| (@ €4).
Moreover, for 0 < 8 < 1 we also have

(3.27) llgal] = {lal|

where

(3.28) ¢g=>1-8"1—2épp.
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To see (3.27), consider that
I — dp)pall = ||lpall — 8|lp°all .
Now
llp’all = [lpall, so [[(1 — ép)pall = llpall (1 — &) = (1 — d)lall ,

by (3.26).

By [1, 3.5] each of the one-element systems
(3.29) {r} ={1l —qa},
(3.30) {r} = {1 — oy},

is normally solvable (and, the combined system is solvable [1, 3.8]).
We submit that the following is an identity in 2,y :

(3.31) 81 — &)1 — 8p)™ =2 — (1 — By + v.[8(1 — &)1 — 8p)~* + (1 — &)yl
+ 7.l— (1 — 8p)] .

This is readily verified by substituting (3.29), (8.80), and (3.28) into
(3.311);6:’5 us now suppose {v., 7.} is normally solvable. Let a = §(1 — 9)
(1 — 8p)~*. Then, from (3.31)

=[] =wll=2—-0—8y.
Comparing this with (2.71), we see that

lell = lle —(Q = dyll=1+1A -9,
where we have used (2.5) for the norm in A(x,y). Now a= 81 — §)
(14 8p+ &>+ ---) and the norm of this is given by (3.25):

llall =81 — &)1 + da + & + «+2) = 8§ —& + &« .

It thus appears that
(3.32) a<1+21—8)5*.

Thus the desired counterexample is possible. In fact, if a >1
then some & will make (8.32) false.

The next proposition shows how plentiful these counterexamples
really are.

3.4 THEOREM. Let A be any algebra satisfying (2.11-2.14), contain-
ing an element ¢ which is not regular but is no topological zero-divisor.
Then A contains p, q¢ and can be given an equivalent norm such that
{1 — gz}, {1 — py} are each normally solvable, but {1 — qx, 1 — py} is not.
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Proof. Select a complex-valued homomorphism & of A such that
&) =0. We may assume that [lac|| = |la|]] for all ¢ € A. Select any
& such that 0 < 8§ < 1. I now present the p and ¢: p =3¢, p = 3B¢
(1 — &c) where 8 = ||(1 — &¢)7'||; and the new norm

(3.41) la| = |&@)| + alla — &a)]] (a>1).

Here « is a parameter to be fixed later. It is not hard to see that
(3.41) satisfies (2.11-2.14). Furthermore,

(8.42) lla]] < la] < 3a || .

Since &(c) =0 we have |3cal = al|3cal| = 3allal| > |a]. It follows that
1 — 3¢y is normally solvable. It is similarly established that 1 — 38¢
(1 — 8¢)x is normally solvable.

Now suppose some extension B of A (A with the |--| norm, be it
understood) had elements , y of norm not exceeding 1 such that

3Bc(1 —8c)x =1, ey =1.
Bl —éc)x =1y, Bx — y = Bdex .

Then

Now 38cx = (1 — 8¢)™* so we have
S(1 — 8¢)=* = 88z — 3y

Whence
(3.43) L —e) =3B +1).
But

1 —38)=1+alll—c)" —1]
where the coefficient of a is not 0 because & 0. Hence « can be
chosen so that (3.43) is impossible.

The Banach algebra A used in (38.2) cannot yield a counterexample
if the parameter « is taken as 1. This follows from the following.

3.5 THEOREM. Let B satisfy (2.11-214) and let A be a subalgebra
with unit. Let A(B) be the space of complex-valued homomorphisms of
B, and 4(A), the corresponding set for A. Suppose that every & € A(B)
when restricted to A falls imto the Shilov boundary [4, 5] 0,4(A).
Suppose moreover that there is a collection U of elements in B such
that

(3.51) u e U and a € A implies ||ual] = ||a]|

and
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(3.52) {ua:u € U, a € A} is dense in B.

Then each element ¢ of A which has an inverse of norm not exceeding
1 in some extension of A, has such an tnverse in B.

Proof. If ¢e A has an inverse in some superalgebra, then it
cannot vanish on 9,4(4) as each of these homeomorphisms can be extended
to any superalgebra of A. Thus ¢ has an inverse b in B, and what
remains to be proved is that [|b|| < 1. This will result from the fact
that necessarily, |[ca|| = ||a]| for all @ € A [1, 3.5].

By (3.562), there exist {u,}, {a,} such that w.,a, — b. Therefore
llew,a,]l — licb]l = 1. However (by 3.51)

llewaall = llean]] = llaall = [luaaal] — |Ibl] .

This completes the proof of (3.5).

From this general proposition we now consider another which shows
that for the A of (8.2) with « = 1 there is a B to which A bears the
relation described in (3.5). In fact, B = LY(Z) where Z is the discrete
group of integers, and A can be identified with those elements of B
which are supported by the semi-group Z. of non-negative integers.
This pair is discussed in [5. 23C and 24E].

3.6 THEOREM. Let G be a discrete abelian group and S a subsemi-
group containing ¢ € G. Let B = LXG), and A be the subalgebra of B
consisting of those functions whose support lies in S. Let U be the
group G as naturally imbedded in B:x — 3, S(y) = 8y — x), where
3x) =0 or 1 according to whether x +e, or x =e¢. Then U, A, B
satisfy the conditions of (3.5).

The specific properties of U are obvious, and the relation of 4(B)
and 0,4(A) is easily established, either by analogy with [5, 24E], or by
[7, 4.6].

4. The cortex. Let A satisfy (2.11-2.14) as always. By 4(4) we mean

the space of complex linear homomorphisms of the algebra 4 onto the
complex numbers C, with the weak topology. By the cortex I'(4) of
A(A) (or, more briefly, the cortex of A) we mean the set of those
homomorphisms which can be extended to every extension B of A.

Now those £ € 4(A) which can be extended to B form a compact
set K, which is the continuous image (under the restriction map) of
4(B), and the cortex is evidently the intersection of these E;. More-
over, each E; contains the Shilov boundary 8,4(A) [4, 5] which is never
void. Thus we have the following.

4.1 THEOREM. The cortex I'(A) is compact, and contains the Shilov
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boundary.

When A has the sup norm, i.e, when |la|| = sup {|&(a)|: & € 4(A)},
then I'(A) = 0,4(A) since the extension B = & (0,(4(A4)) admits only
homomorphisms which are on the Shilov boundary. There are algebras
in which the norm is not equivalent to the sup-norm in which I'(A4)
and 8,(4(A)) coincide, for example the A of (3.6) above.

However, the work of Shilov [6] makes it possible to exhibit alge-
bras with one generator in which I'(4) # 8,(4(A)). Because of the
rarity of this paper in these parts it may be permissible to sketch proofs
of some of Shilov’s theorems.

Let {a,} = {a,, a, +++} be a sequence of real numbers where, for
m, n >0,

(4.21) G=1ZOCpen Ay Q.

Let K(a) be the space of these formal power series (which notation
makes the algebraic operations more evident)

(4.22) f@R=a,+az+ag+ «--
for which
(4.23) Al = 3 |afer; oo .

K(a) satisfies (2.11-2.14). It follows from (4.21) that » = lim (a,)"*
exists. Thus the spectrum of z (see 4.22) is the disc {|\] =< 7}, and
this is a homeomorphic image of 4(K(a)) under the map & — £&(z).

We now consider the possibility of enlarging the algebra by defin-
ing a, also for n > 0, and norming formal Laurent series as in (4.23).
It is easy to see that if such «, (n < 0) can be defined with (4.21)
holding, then for each » =1, 2, ..,

(4.24) By =sup a () i =1, 2, «¢s
must be finite. Moreover

4.25 PROPOSITION (Shilov). Letting a., =8, for n =1, 2, ««+ pro-
vides an extension of the K(a) when B, is finite.

The proof lies in verifying (4.21), and then observing that B3, < (B.).
Let us call this extension algebra K(a, 8). The spectral radius of 1/z
is evidently

(4.26) s = lim (B,)""
and 4(K(a, B)) is homeomorphic to the spectrum of z, which is
(4.27) st N =7},

When B, = «« we set s~ = 0.
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4.3 THEOREM (Shilov). The element N — z is a generalized zero-
divisor in K(@) if and only if st <]\ < 7.
Now A\ — 2z is not a generalized (or topological) zero-divisor if

(4.31) inf {/|[(x — 2)f ) : I/ (] = 1}
is positive. The evaluation of (4.31) is facilitated by

4.32 LEMMA. Let T be a convex compact subset of a topological
(real) linear space L, and let ¢y, -+, p be Ny + 1 real valued linear
Sunctionals on L. Let S(x) = |p(x) + «++ + |[py(x)], ¢ = min {S(x): x
€T}. Then there exist ¢, 1, ++-,1, and a point x, € T such that

(4.33) S(e,) =
and

(4.34) z, is an extreme point of T relative to Z(i, ~++,1,), where the
latter is the linear subspace defined by ¢; = @y, = +++ = @i, = 0.

Proof. Selection an x, such that S(z,) = ¢ and such that the num-
ber of ¢, that vanish at x, is a maximum. Let

(4.35) P(x) = 2 (sgn Py(a,)) o)

where ’ is to remind the reader that sgn 0 =0. Let {¢, ---,7,} Dbe
those indices for which ¢,(x,) = 0, and define 7 as in (4.34). By the
maximum-property of %, each sgn @, is constant on 7T N Z. There-
fore @(x) = S(x) on T N Z. Now ¢ is linear and so there is an extreme
point x, of the convex set T N Z such that ¢(x,) = p.

Having established the Lemma we apply it as follows to the space
L, of polynomials of degree < N. Let T, be the collection of those
members of L, whose K(a) norm is < 1. For f e Ly let o,(f) be a;
times the ith coefficient of (A — %) f(2). It is clear that the inf in
(4.81) has the value

lim inf Sy(f).

N-~ron fETN

The set Z(i,, -+, %) of those f € Ly such that @ (f)=-.- = P,
(f) = 0 is clearly the set of those f such that \a; =a,., for 7 =1,
Ty +++,1, (here a., and a, are interpreted as 0.) Let the indices
be arranged so that 7, < 4, < +++ < %,. This sequence decomposes into
maximal blocks without gaps. If {m +1,.-<,m + p} =¢ is such a
block then

(4.36) fg = z”"()\,l’ 4 NPT e eee 2P zp)

lies in Z(iy +++, 4. If 0 ={0,---} let f, =0. If 0+ ¢ then
le Z(t, +++,%). If 4, 14+ 1 do not occur (0 <4, ¢+ 1<N) then
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2t e Z(i,, +++,1,). Conversely, every function in Z(i,, « -+, 4,) is uniquely
expressible as a linear combination of these functions just associated
with {4, --+,4,}. Considering how the norm is taken, the extreme
points of Z(,, +++,%,) N Ty are obviously just functions of the type

(4.37) cz™(\? — 2P)(n — 2)7?

where ¢ is any number that makes the norm 1. (Here we allowp =1
and also m = 0 to take care of those monomials mentioned above which
are not due to gap-less blocks.)

4.4 LEMMA. The inf (4.31) can be evaluated by letting f run
through the system (4.37).

Shilov does not seem to examine the inf (4.81) to the extent we
do here, but the functions (4.87) occur in his considerations.

We now pass to a proof of (4.3). First of all, if |\ < s~* then 2z
and z — )\ have an inverse in K(a, 8), whence z — \ cannot be a topolo-
gical zero-divisor. If |A| > r then z — \ has an inverse in K(a).

Now suppose z — )\ is not a topological zero-divisor. We wish to
show that |\ <s* if [/ <r. We confine ourselves to A =0, and
assume A < 7. \ cannot be 7 or s' for these yield topological zero-
divisors by Shilov’s earlier theorem [6]. If A < then for N, some
we have \? < a, for p > N. From (4.31) we obtain an M < o such
that ||(x —2)f(®)|| M > ||f()|| for all f. Inspired by (4.4) we select
F(@) =N+ A2 + ««+ + 27 and obtain

AP ATy A+ eee 4 @, < MOV 4 ay,,) < 2Ma,,, .
For g > Nand p=Fk + q —1 we obtain
Ma, < 2MMat,, ,

whence (by 4.24) M8, <1, and (by 4.26) xs < 1.
Using the notation of (4.3), we deduce the following [see 6. Th. 7].

4.4 COROLLARY. For K(a) the Shilov boundary is {\:[\| =7},
and the cortex is {M:s' =< |\ = r}. For K(a, B) the Shilov boundary
18 {N:87' = [\| or [\ =1} while the cortex is the same as for K(a).
Thus if s™* < r, then in each case the cortex is greater than the Shilov
boundary.

Shilov remarks that if ¢ < p then examples can be constructed such
that s =1t¢, r = p. He gives no example, so we may just give one
producing the interesting case s =0, » =1. We have, of course, to
define {a,, a;, ---}. Let a,, = exp (\(m)) where \(m) is defined as follows.
Set



EXTENSIONS OF BANACH ALGEBRAS 13

Ag(m) = n=*m when m =< n
=0 when m=nt.

Let Mm) = N(m) + Ay(m) + ---. It is not hard to see that \(m) —
AMm +1) >n — %6, It follows that B, = + o (see 4.24) and because
Ba,., = B, that 8, = o whence s~* = 0 (see 4.26).

We close this section by comparing the extension K(a, 8) which
Shilov has provided for K(a) when 3, < o with that provided by [1, 3.1]

The least norm of 2z~ in any extension of K(a) is easily seen to be
B, for this least norm is by [1. 3.1} the reciprocal of the inf (4.31).
Thus it is reasonable to compare Shilov’s extension K(a, 8) with that
provided by § 2, for normally solving 1 — B2x.

4.5 THEOREM. Let B, < . In K(a, B) the norm of 27" is B,. -In
the ‘‘canonical’’ extension of K(&) normally solving 1 — Bizx, the norm

of z7" 1s (BY".

Proof. The statement about K(a, 8) is obvious.

Denote B, by 8. In the extension (2.6), the norm of 2® is inf
S[z" — (1 — xy)g(x, y)] extended over all polynomials g, S meaning sum of
all norms of coefficients of powers of z, wherelly”|| = ||8"z"|| = B8"a,. Let
P+ ¢ be a maximum for the term vx?y? in some particular polynomial
g(z, ¥); and suppose » + ¢>n — 1. Then z* —(1 — xy)g(x, ¥) has yx?* y*+*
as its highest degree term. If we modify g(x, y) by omitting the term
vx*y?, then the S-contribution from x?y*terms in z" — (1 — zy)g(x, ¥)
might become [|y] B%«a, larger, but the contribution |y| 82+ a,., Will disap-
pear. Hence this modification changes the S[---] by at most a negative in-
crement. Therefore, we may confine ourselves to g¢g’s whose terms
have p 4+ g <n — 1. Of these, g = 0 gives the minimum possible value
for S[.--], and it is B~

This theorem (4.5) shows that K(a, 8) gives the smallest possible
inverse not only to z, but to all its powers (whereas the ‘‘canonical”’
one may not do justice, so to speak, to the inverses of 2% 2% -.-). This
being so, one wonders if K(a, 8) might not provide the best (i.e., least-
in-norm) inverses to z — A for [A| < s~'. Our result (4.4), whose full
force has not really been employed above, shows that this is not gene-

rally true.

4.6 THEOREM. Consider K(a) with {a, ay, a,, -++} = {1,2,1,1, ---}.
Then s'=r =1. For |\| =X <1 the norm of (z — )™ in K(a, B) s
2(1 — \).  For each \, such that |\ =X <1 there is an extension of
K(a) in which the norm of (z — \)™' 18

461) C+NA+MTiFAS12 and L — N1 if A =1/2.

Proof. The details are tedious and should be accepted or verified
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by the reader. The system (4.24) comes out {8, 8,, +-+} = {2,2,2, .-}
whence [|[(z — \)7Y] = 2(1 — M) in K(a, B). Taking however a fixed )
(one might as well suppose » = A, = 0), the best that can be done by
the canonical (and thus by any) method is a norm for (z — \)~! equal
to the reciprocal of the inf (4.31). A page of calculation, based on (4.4),
yields the result stated. Curiously, the formula (4.61) gives a funec-
tion which is not monotonely increasing, but has a minimum at » = 1/2.

5. The tensor-product problem TPr. The proposition TPr (norm,
finite) is false in general because it would conflict with (3.2). However,
there is a simpler argument, which also destroys TPr (top, finite). It
rests upon the following.

5.1 THEOREM. Let B satisfy (2.11-2.14), and let {B,:1 € I} be a
family of closed subalgebras; and let A be a closed subalgebra with
the unit of B included in each of the B,. Let 4, be the space of com-
plex-valued homomorphisms of B;, and let ', be the cortex, 1 € I. Let
T.* be the restriction map

(5.11) T*:di—d;5 TG =¢la-
Then for each j € I we must have
(5.12) X)) cNTH4) .

Proof. Let ¢ belong to the right hand side of (5.12). Then ¢
extends to B, and thus ¢ is for each ¢ a restriction of some ¢; € 4,,
to A.

For a pair of real numbers r, 0 (0 < p < 7) let A(r, p) be the alge-
bra of functions continuous for © =< |\ £ r and holomorphic for
0 < I\ <#, with the sup-norm. The cortex is the set {|A|= g}
U {IA] = 7} (deleting the former when © =0). Let A = A4(0,1), B, =
A(1/3,1), B,= A(2/3,1). Then A c B, C B, and in some sense B, is
the desired tensor product of B, and B, (over the ring A) but not in
the sense TPr for the injection of B, — B, is not bi-continuous. In
fact, because T*(1/3) ¢ T*(4,), we have:

5.2 THEOREM. TPr does not hold for A{B, B,).
Returing briefly to (5.12), we show that it is sufficient for TPr
when all norms are sup-norms.

5.3 THEOREM. If {B,:7 € I} is a family of Banach algebra exten-
stons of A (all satisfying 2.11-2.14) and each B, has the sup-morm
then an algebra B as in TPr (1.1) exists such that the mappings f;
are isometries, provided condition (5.12) holds for each j.

We sketch a demonstration with close reference to [3, Appendice IJ.
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One forms B, = @, B;. Let ¢ be any element of X,.; 4, such that
¢4 is independent of ¢. Then @, ¢ = ¢* is a C-homomorphism of
B,. We define the norm of an element b € B, as [|b]| = sup |¢*(b)|, and
complete B, in that norm. Now let b, € B, have norm 1. Then [£ (b)) =1
1 for some &; € I',. By (5.12), this ¢, is part of a collection {¢;} of the
type used in forming the homomorphisms ¢*, and surely [£*(f,(b,)|= 1.
Thus [|£,(5,)l] = [[b,]l. On the other hand, if [¢*(f,(b;)| > 1 then |¢,(b,)|> 1
for some ¢, € 4, which cannot be if [[b]| = 1.
Thus (5.8) is proved.

6. The Sol problem for sup-normed algebras. The non-equivalence
of Sol and TPr is brought out by the fact that Sol (norm, arb) is true
when A has the sup-norm. For then, the algebra M(6,4(A)) of bounded
functions on the Shilov boundary solves normally all normally solvable
systems.

6.1 THEOREM. Let B, satisfying (2.11-2.14), normally solve a
system X over a subalgebra A having the sup-norm. Then M(9,4(A))
also normally solves X.

Proof. Well-order the class 4(B) of C-homomorphisms of B. For
each ¢ € 0,(4(4)), let ¢’ be the first element of 4(B) which is an ex-
tension of ¢. Define T(b)(¢) = £'(b). This mapping is isometric on A,
and of bound 1 on B. These two properties insure that the homomor-
phism 7T preserves ‘‘normal solution’’. Thus (6.1) is proved.

It is worth noting that M(6,4(A)) not only solves all systems solv-
able over 4 but also all systems solvable over itself.

7. A fragmentary result on joint removal of ideals. Let A satisfy
(2.11-2.14), and let 4 be its space of C-homomorphisms. Let JJ be an
ideal of A. The hull H of Jis {{:f € 4, £ =0 on J}. This is com-
pact.

7.1 THEOREM. Let {J,:1 € I} be a family of removable ideals
(see § 1) and let J be a removable ideals. Let each J,, and J be a princi-
pal ideal. Let the hulls H, converge to the hull H of J in this sense:
every mnetghborhood W of H contains all but finitely many of the H,.
Then the system {J} U {J,:1 € I} is removable.

Proof. If J=cA then ¢ is subregular (see § 1); and we can select
¢ so that [lcall = |lal| for all @« € A. Elements ¢; can be selected so
that each J, = ¢,A with |lc;al] = |la]| for all a € 4. Let W= {£:]¢(e)]
<1/2}. Let H;, .-, Hi“ include all those hulls which are not included
in W. Let d =¢ --- Ci - One can find an integer p such that
|(de”)] <1 for all H U U H;. In some extension algebra B, dc® has
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an inverse b, [|b]] < 1. If the ideals J, J; (2 € I) are not all removed
by B then B has a C-homomorphism ¢, which is an extension of some
¢ in HU UH,. Now ¢&(bde?) =1, [¢0) =1, but |(de?)] < 1. This is
a contradiction.

A question. Suppose ¢, --+, ¢, are elements of A which generate
a removable ideal. Then there are numbers fy, ---, ¢, such that
lla|] < |le,al] ty + o« + ||cat]|ttn. (Indeed, if 1 = ¢, + + -+ + ¢,%, in some
superalgebra, then one can take p, =||z;l|.) Is the converse true?
If so, we would have that every finite collection of removable ideals is
a removable family of ideals, that is, RId (finite). The method would
be, using the given systems

Ciiry ***y Cpyy (@GI),

to construct a new system

Cr = H Choyog
i€r

(ks <+, k, a permutation of 1, ---,n) and apply that converse.
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SPECTRAL THEORY FOR LINEAR SYSTEMS
OF DIFFERENTIAL EQUATIONS

FRED BRAUER

Introduction. The study of boundary value problems for systems of
first order differential equations was begun by Bliss in 1926 [1]. Such
problems are of interest not only because they include boundary value
problems for single equations of arbitrary order, but also because they
arise in the calculus of variations and relativistic quantum mechanics.
Until now, attention has been concentrated on boundary value problems
on a finite interval [1, 2, 8], but an application to a particular boundary
value problem on an infinite interval has also been considered [6]. It
seems reasonable to expect that the theory of boundary value problems
and eigenfunction expansions on an infinite interval for a single differ-
ential equation of arbitrary order can be extended to first order systems.
In this paper, the extension will be carried out along lines similar to
those used by the author in [3]. It will be shown that all the results
obtained in {3] can be formulated so as to be valid for systems. Vector
and matrix notation will be used extensively, and as a result, formulae
will take a simpler and more natural form than in [3].

The elements of a matrix A will be denoted by A;,, and the com-
ponents of a row or column vector f will be denoted by f; in the usual
manner. The adjoint of a matrix A, written A*, will be the matrix
with A,, in the ith row, jth column, the bar indicating the complex con-
jugate. The adjoint f* of a row or column vector f will be the column
or row vector respectively with components f,. It is easily seen that
(AB)* = B*A*, whether A and B are vectors or matrices such that AB
is defined. If A is a matrix and « is a scalar, then (ad)* = @A*.
Also, if A is a Hermitian matrix (4 = A*), and f and ¢ are column
vectors, then it is easy to see that (f*Ag)* = g*Af = (f*4g). The
matrix dA/dt, or A’, will be the matrix with elements A!;, and the
vector df/dt, or f', will be the vector with components fi. Any an-
alytic properties, such as continuity or differentiability, postulated for a
vector or matrix will be understood to be assumed for each element
separately.

1. The expansion theorem. Let A, A, B be n x n continuous com-
plex-valued matrix functions of ¢ defined on an interval I = (a,b), not
necessarily a bounded interval, with not all elements of B vanishing
identically on I and with A, non-singular at every point of I. We are

Received April 20, 1959,

17



18 FRED BRAUER

interested in boundary value problems for the linear system of differ-
ential equations

(1) Ax' + Ax = \Bzx ,

where x is an n-dimensional column vector. The adjoint system is de-
fined to be

(2) — (ASy) + A%y = \B*y .

The system (1) is called symmetric if there exists a transformation y =
C(t)x, with C a non-singular continuously differentiable matrix on I,
which transforms (1) into (2) for all values of N. It can easily be shown
(cf. [8]) that (1) is symmetric if and only if

(3) (AFCY — AFCA7*A — A*C =0, B*C + AJCA;'B= 0.
If (8) is satisfied, it may easily be verified that
(4) — (AFCx) 4+ A*Cx — A\B*Cx = — AJCA7 (A’ + Ax — MBx) .

It may be shown by integration by parts that if f and g are two dif-
ferentiable vector functions vanishing at the ends of the interval I,
then

SI(Cg)*(AO £+ Af — ABf)dt = SI[— (A7Cg)y + A*Cg — \B*Cgl*fdt .
If the system (1) is symmetric, (4) yields
(5) | (cortur + a5 — 1Bt
- Sl(Aog’ + Ag — NBg)*AF-'C*A,fdt .

Let Ci(I) denote the set of continuously differentiable vector fune-
tions which vanish identically outside some compact subinterval of I.
A symmetric linear system (1) is called definite if

(i) the matrix S = C*B is Hermitian, so that C*B = B*C,

(i) S F*Sfdt = 0 for any f e CX1), and

(iii) A’ + Au = 0, Bu = 0 on any subinterval J of I implies that
4 vanishes identically on J.
In view of these conditions,

(6) Lfy 9] = Slg*Sf dt

may be regarded as an inner product on CY(I). Let H be the Hilbert
space completion of C{(I) in the inner product (6). Then H is the set
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of equivalence classes of vector functions f such that 5 F*Sfdt < oo.
1

The norm in H will be denoted by |/ f][.
Let D denote the set of functions f in CY(I) such that

(7) Af'+ Af = Bp

for some p» in H. Although p may not be uniquely determined as a
function by (7), the function Bp is uniquely determined. If p, and p,
are elements of H with Bp, = Bp,, then

oy — os* = Sj(pl — p)*C*B(p, — p)dt =0,
and p, and p, define the same element of H. Thus the equation (7)
determines a unique element p of H. We define an operator L in H

with domain D, by defining Lf = p for f e D, with p determined by (7).

LEMMA 1. If the system (1) is symmelric and definite, then the
operator L is symmetric on D.

Proof. Let f,g € D, with p as in (7) and

(8) Ay + Ag = Bq .
Then,

[Lf, 9] = &g*Spdt = S[g*B*det = — glg*Ag"CAo“Bp dt
= —| grarcar s + apat
= —lo*AsCrL+ | (" AsCY fat — g arCAT fat
—[*A5Cr1k + | gAsCrat + | glArCy — ArCAPAlfdt
using (3), (7), and integration by parts. Also,
L, Lg) = | a*Srdt = [ a*BrCrat = | (ag' + agyCrat
- Sl(g*'Ag‘Cf + g*A*Cf)dt

using (8). Thus

(LS, 9) = L, Lg) = ~[g*A3CT;
+ | grazey — azcapa - arcisar.
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The integral vanishes because of (3), and the first term on the right
side vanishes because f and ¢ vanish outside a compact subinterval of
I. Therefore [Lf, g] = [f, Lg], and L is symmetric on D.

Throughout this paper, we shall agsume that (1) is symmetric and
definite, and that the symmetric operator L has a self-adjoint extension
T, considered as an operator in H. If A, A, and B have real coeffici-
ents, then L is a real operator and always has at least one self-adjoint
extension ([9], p. 329).

LEMMA 2. There exists a matrixz k(t, s, \) with the following
properties:

(i) k is continuous on I x I for fixed N except on t =s, and an-
alyte in ) for fixed t, s,

(ii) k(s + 0,s,\) — k(s — 0, s, \) is the identity matrix E for sel
and any X\,

(iii) the columns of k satisfy (1) as functions of t for t + s,

@(iv) if J is any compact subinterval of I and f 1is any function
in CyJ), then

(9) f(t) = S:k(t’ 8, MAy(3).f"(s) + A(s)f (s) — MB(s)f (s)lds ,

Jor t ed.

Proof. Let @(t,\) be a fundamental matrix solution of (1), that
is, a matrix whose columns are linearly independent solutions of (1).
This matrix is non-singular for all ¢ € I, and can be chosen so that all
its elements are analytic in A for each fixed ¢{. For ¢ < s, define
k(t, s, \) = 0, and for ¢t = s, define k(¢, s, \) = @(t, \)?*(s, ). The proper-
ties (i)-(iii) are immediate consequences of this definition, and the proper-
ty (iv) follows from the variation of constants formula ([5], p. 74).

The function k(t, s, 0) will be denoted by k(f,s). In this section,
we will use only k(t, s), but the more general k(t, s, ») will be required
later. An expression such as k(¢, ) will stand for k(t, s), considered as
a function of s for any fixed ¢. Let J be any compact subinterval of
I and let 0, be a real continuously differentiable scalar functions which
is 1 on J and which vanishes identically outside some compact subinterval
of I. Let z(t, s) = C-Y(s)k*(t, s)0,(s), an n X » matrix. It is clear that
the columns z,(t, ) of z(t, ) are continuously differentiable vectors which
vanish outside a compact subinterval of I, and that each z,(f, ) is an
element of H. If f belongs to D and vanishes identically outside J,
then we can write

£® = | 0.0kt 5)Bs)p(s)s = | 2%t 9C*©BED(E)ds
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= |t 95@pe)s ,

using (7), (9), and S = C*B. This means that each component f, of f
(t=1,---,n) can be written

10 £(®) = | 2t )SEpEs = [, 2, ) = [LF, 2t )] -

We will make use of the theory of direct integrals and the spectral
theorem as given in [7]. The notation will be similar, but not identical,
to that used in [3]. The elements of the direct integral L*(c, v) are
y(\)-dimensional vectors F'(\), and the inner product

7, 6) = | S F.ovG.00do)

of two elements F,G of L*o,v) will be denoted by SRG*(x)F \)da(\),

in analogy to our other notation. R will always mean the real line.
We can now state the result of this section.

THEOREM 1. Let T be a self-adjoint extension with domain Dp of
the operator L defined for a symmetric definite system (1). The spectral
theorem furnishes a direct integral L(o,v) and o unitary transfor-
mation U from H to LXa,v) which diagonalizes T. This transfor-
mation 1s given by

(1) Wne = | B, nsorwat
and its tnverse by
(12) (U-F)®) = | B, VF0do0 ,

with the integrals converging to the functions in the nmorms of the
Hilbert spaces Lo, v) and H respectively. Here, E(t,\) is a matrix
function with n rows and v(\) columns, whose elements have locally
square-integrable derivatives with respect to t. The columns of E(t, \)
are improper eigenfunctions (not necessarily belonging to H) of the
differential equation (1) for almost all . If N\, is an eigenvalue of
T, then the columns of E(t,\,) are proper eigenfunctions.

Proof. Let L*o,v) be a suitable direct integral and let U be the
unitary mapping of H to L*o,v) which diagonalizes the self-adjoint
extension 7 of L. The fact that U is unitary is expressed by the
Parseval formula

(13) L, 91 = (Uf, Ug) = SR(UQ)*(%)(UJ” JNda(n)
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Let f belong to D, the domain of T, and let ¢ be any function in H
such that Sg vanishes identically outside some compact subinterval J
of I. Let FF=Uf,G= Uy, Z, = Uz, E*t, \) = \Z}({, \), where z, is as
in (10). Then
fi®) = [Tf, 28, )] = (UTS, Z,(¢, )) = \US, Zi(¢, ))
= (F, E*(t, )) = | B't, VF0do(v),
R
using (10), (138), and the spectral theorem. In addition,
17,0 = | g*srat = | S1o*S1isdt
= | Srrmsen| B¢ wFodo)at

— SR{SJ izl [g*®)SOLE L, X)dt}F(h)dO(X) ,

the interchange in the order of integration being justified by the absolute
convergence of the integral. We define the » x v(\) matrix K(¢, \)
with rows E%t,\). Then we can write

17,01 = | {| s os@E e vattrodon .
On the other hand,
1,91 = | G*0F()da0n)
and thus
G+ = [ S OSOEE Vit
or,
GO = SJE*(t, NS (B)g(t)dt

for almost all \.
For g € D, g vanishing identically outside J, we have seen that

(Ug)n) = g E*(t, )St)g(t)dt. If Ag + Ag = Bp, then Bp = BTg = 0
J

outside J, STg = 0 outside J, and we can apply the above relation to
Tg, obtaining

(UT)M) = | E*(t, NSO Tot)dt

Since
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(UT)0) = MU = | B¢, VS@g(tydt ,
we obtain
(14) | Br, ms@iTa — rwnae = o,

when N\ does not belong to a set N, of measure zero, with N, depend-
ent on g. The same is true for a sequence g, of functions when ) does
not belong to the null set N= U, N, R We choose the sequence g,
dense in DN Cy(J), and then (14) holds for all g e DN CYJ) if A ¢ N.
We let E(t,\) =0 for A e N, and then (14) holds for all A. Since S =
C*B, (14) yields

| B¢ NCr@B@OTo) — BOg@dt =0,
or
| B¢ ve0rame® + Avee) - xBog@t = 0.

Thus the columns of C(£)E(t, \) are weak solutions of (1) on J. It fol-
lows from a well-known theorem on weak solutions of partial differential
equations that the columns of C(t)E (¢, ») have locally square-integrable
derivatives with respect to ¢ which are continuous after correction on a
null set for each )\, and that each column is a solution of (1). This
theorem is easily proved using the properties of k({,s,\). Since C(t)
is non-singular, the columns of E'(¢, \) are improper eigenfunctions of (1).

The matrix K depends on the compact subinterval J. Let E’ be
another matrix with the same properties, corresponding to an interval
J'2J. Then

[ 1B %) — B, MiS@eat = 0

for almost all ), independent of g € Ci(J). It follows that S(E)E (¢, \) —
S()E'(t, \) = 0 for ) outside some null set. For ) in this null set we
redefine E(t,\) = E'(t,\) = 0. The columns of E(t, \) — E'(t, \) satisfy
Bu = 0. At the same time, since K and FE’ are eigenfunctions of (1),
they satisfy Au’ + Auw = ABu = 0. By hypothesis (iii) in the definiteness
of (1), E(t,\) = E'(t,\) on J for all . By taking a sequence of com-
pact subintervals J tending to I, we can extend £ uniguely to a matrix
function defined for ¢ € I and all .

If \, is an eigenvalue of T, then ¢ has a jump, which we may
assume to be a jump of 1, at A,. We choose F = 0 except at X, and
Fy(x) = 8;, for any fixed index k& < v(\,). Then F'e L*o, v) and



24 FRED BRAUER

(UF)(t) = SRE (&, MEMNdo(N) = Elt, M) ,

the kth column of E(t, ),), an element of H. Thus the columns of
E(t,\,) are proper eigenfunctions of T if X, is an eigenvalue of 7.

The inversion formulae (11), (12), obtained for functions f in D,
which vanish identically outside a compact subinterval J, can be ex-
tended to all functions in D, by a standard density argument. They
are valid with the integrals converging to the functions in the norms
of the appropriate Hilbert spaces. These formulae give the expansion
of an arbitrary function f € D, in eigenfunctions of the system of dif-
ferential equations (1). The proof of Theorem 1 is now complete.

To prepare for the next section, we write the expansion formulae
in a different form. Let &(f,\) be a fundamental matrix solution of
(1), with each element analytic in A for fixed ¢. The matrix E (¢, \)
can be expressed in terms of @(¢, \) by

(15) E(t,\) = O, )RO) ,

where E(\) is a matrix with n rows and »(\) columns whose elements
are functions of v only. With the use of (15), the Parseval equality
(18) takes the form

171 = | FroaFeaden)

fl

L[Slf *OSEEE, Mdt :”:SIE*(S, MS () f(s)ds]do-()b)
J L] < osmee. nrd | | R 0g0rs VS @5 60s [dot)
}

1l

Il

(VY MRAR*(MN(V YN da(n)
where

(16) VA = | 0 SOt
The formula
(17) do(\) = ROVR*V)da(\)

defines a Hermitian positive semi-definite » x n matrix, called a spectral
matrix. Let H* be the Hilbert space of all complex-valued n-dimen-
sional vector functions F'(A) such that

|, SFMEMo0) = | FHO)0F0) < o,

with inner product
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(&, 6) = | @*ae0F) .

Then (16) defines a unitary mapping of H onto H* which diagonalizes
T. A straightforward computation gives

(18) (V-1F)t) = j 0, NAPOIF () .

2. Green’s function and the spectral matrix. Let T be a self-adjoint
extension of L as in §1, and let R, = (T — )\)"Y, for Im: # 0, be the
regolvent of 7, a bounded operator in H.

THEOREM 2. There exists an n x n matriec G(t,s,\) defined for
t,s eI, Imx + 0, such that

19 SRS = | 6,5, VS5 )ds

where J is a compact subinterval of I,teJ, and fe CiJ). This
matrix G, called the Green’s matrix of the operator 7, has the follow-
ing properties:

(i) G is analytic in ) for fixed £, s and Im\ = 0, is continuous in
(t,s) on I x I for fixed A except on the diagonal ¢t = s

(ii) G(s+0,5,\) —G(s—0,8,\) = E for se I, Imn +0

(ili) G(t, s, M)S(s) = SE)G*(s, t, \)

(iv) considered as functions of ¢, the columns of G satisfy (1) if
t+s

(v) G is uniquely determined by T

(vi) if fe CyI), then S(t)f(t) = Sg(t, 8, MS(s)(T — N)f(s)ds.
Proof. (cf. [7], p. 14). If fe CYJ), g € C¥I), then
@) [f,9 = |groServa = R, (T - )
={ (@ = veorsors @,

by (6) and the definition of the resolvent. We make use of a matrix
k(t,s,\) as in Lemma 2. Let s, be any point of J, V' a neighbourhood
of s, whose closure is contained in J, and é#, a real scalar function in
C¥J) which is equal to 1 on V. For t € I,s € V, define

(21) o(t, s) = (T, — N[k, s, M1 — 6, ()],

the subscript ¢ indicating that the operator is applied to k(¢, s, \)(1—6,(¢))
considered as a function of ¢ for fixed s. The result of application of
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an operator to a matrix will be understood as the matrix whose columns
are obtained by applying the operator to the columns of the original

matrix. For fixed s e V, p( , s) vanishes except on a ‘‘ring’’ contained
in J — V, and the matrix function p(¢, s) is continuous on I x V. Con-

sider v(f) = SJp*(s, )S(s)R.f(s)ds. 1f g € CYV), then
(22 [ gareae = | o] | 26, S @ Rus )dsdt
= | [[g*®p s, it s R s s1as

However, if u(s, g) = S k(s, t, M)g(t)dt, then
J

| ple. Darat = | (7. — Vs, t, Mooyt

— | (7= Vits, 8, 0 (s)ae)at
= g(S) - (Ts - X)GV(S)U/(S) g) ’

using the properties of & and (21). Substituting in (22),
[ " ®utrdt = [g* @S @R.Fds — |[(T. V0, us, DI SGR.F (s
= | @SR s — | 0,576 DSE s
using (20) and the definition of u(s, g). Since this holds for all g € C¥V),

we obtain S()R,f(t) = v(t) + S 0,(8)k*(s, t, M)S(s)f(s)ds for almost all
teV. If ks, t,\) = R}p(s, t), then

= | ;@SR — | | 0,007 Ok, £ VS f (s,

o®) = | 7%, DS @RS ($)s = [Ruf, p( , D] = £, REB(, O]
= £, k(8] = | B, &, NSE76)ds,

using the definition of the adjoint operator R¥. It is clear that ks, ¢, \)
is continuous on V x I for fixed ), Imx += 0, since R} is the inverse of
a differential operator. Now

SORFE) = | [, %) + 0,(k*(5, 8, VISE)S(0)ds .
and the definition
(23) G(t, s, \) = Ek(s, t, \) + 0,(s)k™*(s, t, \)
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yields (19). As this can be done for any s, € J, (19) holds for all ¢,seJ.
The analogue of this result in [3] is proved incorrectly, as has been
pointed out to the author by Professor M. H. Stone. A correct proof
can be given essentially following the argument used here. The matrix
G depends on the interval J, but is uniquely determined by J. If J' is
another compact subinterval of I which contains J, and G' is the cor-
responding matrix, it is easy to see that G(f, s, \) = G'(¢, s, ) for ¢,
sedJ, Imx # 0. Thus, by taking a sequence of compact subintervals J
tending to I, we can extend G uniquely to a matrix function defined
for t,s e I.

The remainder of the proof consists of the verification of the proper-
ties of the Green’s matrix. The property (vi) follows immediately from
the definition of the resolvent and (19). Since R} = Rj3, [R.f, 9] =
[f, Rxg] for any f,g € Ci(I). Then

[ OsOR. st =| [R@1SEs 60 = | S©R0@IFE)ds |
and, using (19), this yields
| iee s, 086) — S@6 6tV Esit = 0.
Since this holds for all f, g € Ci(I), we obtain

(24) G(t, 3, V)S(s) = S(t)G*(s, t, 1) ,

which ig property (iii), for almost all s,t e I. As ks, ¢, \) is continuous,
(23) shows that G(t, s, ») has the same analytic behaviour as k*(s, ¢, \),
in particular the same discontinuity at s = ¢, and the properties (i) and
(ii) follow from Lemma 2 of §1. In view of the continuity of the
matrices involved, (24) must actually be true for all s,¢t e I. To prove
(iv), we begin with (vi), written as

SO = | 6,5, VOO A6 + A6) - BG) |f(s)ds
= | [C@)G*(t, 5, V17| Ao~ + Als) — XB(®) |F(s)ds
1 S
using the definition S = C*B. Application of (5) yields
@) SOrO = - [[ (AL + 4@ —\BE©)
% G¥(t, s, X)]* #1($)C *(s) Aul8) £ (5)ds .

Since (25) is true for all f € Ci(I), the columns of G*(t, s, \), considered as
functions of s, satisfy (1) for t#s. This, together with (24), proves (iv).
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If there were two Green’s matrices for Imx # 0, their difference would
be continuous everywhere and would be an eigenfunction of the operator
T. As the spectrum of the self-adjoint operator 7T is real, this is im-
possible, and the Green’s matrix is therefore unique. This completes
the proof of Theorem 2.

Now we express the Green’s matrix in terms of the fundamental
matrix solution @(¢, ») of (1) introduced at the end of §1. From the
properties of the Green’s matrix, it is easy to deduce that G may be
written

(26) G(t, s, \) = S@E)2(t, N)P*(\)D*(s, 1) (s=1)
G(t, s, \) = S@E)D(E, N)P-(\)D*(s, \) (s<t).

The matrices P* and P~ are analytic in A except possibly on the real
axis, and P~* = P*. We define the matrix P = }(P* + P-), and then
P is analytic for Im) # 0 and Hermitian.

THEOREM 3 (Titchmarsh-Kodaira formula). The Green’s matrixz G of
T is related to the spectral matrixz 0 associated with the fundamental
matrix solution @ of (1) by the formula

@) Py = | doovin— ),

where P is as defined above, and (27) is to be taken in the sense that

P(p) — SN do(\)/(v — 1) 1s analytic across the real axis on the interval
-N

(— N, N).

Proof. Let fe D, F= Vf. Then, by (18),
£® = [ 2¢, Va0 .
Let
ut) = | 0 NAEWFMI — 1.

Then

A’ + Au — pBu = SRXB(t)(Z?(t, NAEO)FOOn — 12)

— | #B®OC, NAIFOIO — 1) = BO)S@),

or u = R,f. Thus

(Vw0 = /JSI(I)*(t, NS ()t = Sl@*(t, NC* (6B (E)u(t)dt
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= qu)*(t’ MA@’ (E) + A(yu(t) — pB(E)f(E)]de

= LC”*(t, MA@ () + A@yu(®)ldt — (V)N
= V(Tuw)(\) — (VAN = MVu)(\) — (VAN ,

using (16), u = R,f, and the fact that V diagonalizes 7. Thus
= )(Vu)(\) = (VF)Y(\). Applying the Parseval equality to « and f,

[, 71 = { (V) 0oV = | F)d00FO)0 - ), which s
F*(y)Uszdp(x)/(x — ;z)]F(pt) plus a matrix which is analytic unless ¢
isreal and [¢| = N. On the other hand, S()u(t) = S G(t, s, )S(s)f(s)ds,

and [u, f] = Slgl SER)G(E, s, 1)S(s)f(s)dsdt, which, using (26), is equal to

F*(e)P(¢)F (1) plus an analytic function. Letting f run through a dense
subset of H, which means, that F runs through a dense subset of H*,

we conclude that P(u) — Yv do(\)/(v — p) is analytic unless p is real
-N

and |¢| = N.
Another form of the Titchmarsh-Kodaira formula is
+38
o0 = lim Tim 2| " [P(x + ie) — P(u — ie)ldp,
50+ 50+ 277 Jb

with 0 normalized to be continuous from the right and 0©(0) =0, and
with the formula interpreted in the same way as (27). The proof is
exactly the same as the corresponding proof in [3], a straightforward
inversion.

3. Boundary conditions. Let D, be the set of functions f in H
such that A,f’ + Af exists almost everywhere on I and such that (7)
is satisfied for some p in H. Let T, be the operator in H with domain
D, defined by T,f = p for f e D, p as in (7). We assume that 7, has
at least one self-adjoint restriction. Let R, be the resolvent of some
self-adjoint restriction of T, so that

SORS®) = | Gt 5, MS@F(s)ds

for f e H, Im\» + 0. Then R, is a bounded operator for Imx = 0, mapp-
ing H into D,, whose adjoint is R;. Let &(\) be the eigenspace of T,
corresponding to the value )\, the set of all solutions in D, of the dif-
ferential system (1).

LEMMA 3. T, is a closed operator whose domain consists of all
f e H of the form f= R + w, where h € H, w € e(\), for any » with
Imh # 0.
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Proof. Since R, maps H into D, and &(\) is containined in D, it
is clear that every f of this form belongs to D,. Conversely, suppose
feD,is given. Let h = T,f — \f, w = f — Rh. Then

Tow: Tof_ TOR)\h: Tof—‘xR,\h/—h: Tof’_h'“)\,(h—’bU):Xw,

and thus w € ¢(\), while f= Rk + w. If f is written in this way,
Tof —Nf=h. If f,is a sequence in D, such that f = lim f, and f* =
lim 7,f; exist, we can write f, = R(T,f: — M\fu) + Wy, and deduce that
w = lim w, exists and belongs to ¢(\). Letting k — «, we obtain f =
R\(f* — \f) + w, which implies f € D, and T,f = f*. This proves that
T, is closed.

Since T, is closed and its domain D, is dense in H, T, has a closed
adjoint Ty whose domain DJ is dense in H. Also, T, = T}* = (TH)*.
For any subspace M of H, we let H — M denote the orthogonal com-
plement of M in H.

LEMMA 4. DF consists of all g e D, of the form g = R,z, where
ze H—e(\). The operator T is a restriction of T, and is closed and
symmetric.

Proof. g* = TFg means
(28) [Tof, 91 = [f, 9]
for every fe D, _By Lemma 3, any f € D, may be written f = Eh + w,
with & € H, w € ¢(\), and then T,f = Af + h. Substitution in (28) gives
[Rsh + w, g*] = [Nf + h, 9] = NRsh + \w + h, g1,
or
[h, \R3g + g — Rig*] + [w, g — g*] =0

for all he H,wee(l). Then g* —\g =z is orthogonal to e(\), or
ze H—¢(\), and g = Rik(g* —2g) = R,z. Since R, maps H into D, g
belongs to D,., Thus Df < D,. As it is assumed that there exists a
self-adjoint restriction T of T, with domain D,, D, 2 D, 2 D, and since
T is symmetric, its restriction T is also symmetric.

As we have seen in Lemma 1,

[Tof, 91 — If, Tugl = g*(@)AF(@)C (@) f (@) — g*(B)AT(B)C (b).f (b)

for f, g € D,. Here, g*(t)AF#)C(t)f(t) is a bilinear form in f, g which
is non-degenerate for all ¢ € I and skew-Hermitian. We define

o = g4 @) A (@)C (@) f (@) — g*(B)AT(B)C (B)f () -
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A homogeneous boundary condition is a condition on f e D, of the form
{fa> =0, where « is a fixed function in D, The conditions

(29) <fa]> =0, (.7 =1,---, p)

are said to be linearly independent if the only set of complex numbers
Y +++, ¥y for which >3,y <{fa;> =0 identically in fe D, is v, = «--
=v,=0. Since [T0f,g] — [f, Tigl = {fg> for feD,geDy, it is
easily seen that these boundary conditions are linearly independent if
and only if the functions «;, ---, @, are linearly independent (mod D).
A set of p linearly independent boundary conditions (29) is said to be
self-adjoint if <{a,a;,> =0 for j,k=1,---,p. Two sets of boundary
conditions are said to be equivalent if the sets of functions satisfying
the two sets of conditions are identical.

The assumption that T has a self-adjoint extension is equivalent
to the assumption that the linear spaces (i) and &(— ) have the same
dimension 7, the defect index of TF. By exactly the same proof as
that used in [3], originally used in [4], we can obtain the following re-
lation between self-adjoint extensions of 7'F and boundary conditions.

THEOREM 4. If T s a self-adjoint extension of TF (or, equival-
ently, restriction of T,) with domain D,, then there exists a self-adjoint
set of T linearly independent boundary conditions such that D, is the
set of all f e D, satisfying these conditions. Conversely, corresponding
to a self-adjoint set of © linearly independent boundary conditions,
there exists a self-adjoint extemsion T of Ty whose domain D, is the
set of all fe D, satisfying these boundary conditions.

4. Examples. The results of this paper include as a special case
the corresponding results for a single differential equation of arbitrary
order as obtained in [3]. For simplicity, we congider only equations of
even order with real coefficients. Let L and M be formally self-adjoint
linear differential operators of orders 2r and 2s respectively (r > s).
Then L and M can be written

Lu = % [p-u @1V, Mu = 3 [g,-u®]",
=0 1=0

where p,_;, ¢,-, are real functions having continuous derivatives up to
order ¢ on I. We assume p, + 0 on I. It is not difficult to verify, as
suggested in ({5], p. 206, problem 19), that the differential equation Lu =
AMMu is equivalent to a system (1). If we let « be the vector with
components (x;, «--, 2,.), with

&y =ug =1, oo, 7], 205 = (= 1) [0 uP + (D s w7
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+ e 4 (pou(r))(r—-j)] + (_1)}+1[qs~ju(1) + (qs_j_luUH))’
+ e + (qou(S))(s—”]r [.7 = 1’ Tty /,-] y

understanding zero for any expression q_,, k > 0, we obtain the system
= %re1 + D% = N,
— Lyag — Dpiy — Tppy = — A1 %,

— Llas — (“l)sfprﬂ—sxs + Xprsor = (—1)SMI0905

(30) - x;r - (_l)rplxr + Lop-1 = O
2 — 2, =0
x,— ;=0

xr’-l - xr = 0
*y — (_1)rx2r/p0 =0,

which is of the form (1), where

0, —E, P Q
A:(ET or>’ 4=(ge p)

2 -0

— P, 1...0
P= , Q@ = )
- 10
(—1)"p, 0---1

0-+-0 g

R=1++eo. , B = — Qs

0 -+ (—1)/py
(_1)8(10

0

E,. denoting the r-dimensional unit matrix, 0, the r-dimensional zero
matrix, and all elements not shown being zero. It is an immediate
consequence of (31) that the system (80) is its own adjoint. The set of
functions D may be regarded as the set of scalar functions with 27
continuous derivatives on I which vanish identically outside some com-
pact subinterval of I, the condition (7) being no restriction. The norm
is given by
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i

1 = % | (~Da-dtirora,

and to make the problem definite in the sense of §1, we must assume
(—1q,s(t) = 0(t =0,1, «+-,8). With this restriction, we obtain the
eigenfunction expansion theorem, the existence of the Green’s function,
the Titchmarsh-Kodaira formula, and the nature of the boundary con-
ditions as in {3] from the results of this paper.

A problem which has arisen in relativistic quantum mechanics (cf.
[6]) involves the pair of differential equations

(32) x; = q,(0)®; + My, %, = — g(t)x, — M, ,

where ¢, and ¢, are real and continuous on 0 < ¢ < . This is of the

form (1) with 4, = (1 0) A= (0 “‘11) B= ( 0 1) The adjoint sys-
T T\ 07T 10/ ! Y

tem is

(33) Y= G + My Y= — GO — MY,

and (32) may be transformed into (33) by y = Czx with C = (_g (1)>,

so that S=(§ §) Then If1F = | (Al + 1A, where = (£, £).

It can be determined that o(\) = (héﬂ 8) If (u(z, \), v(z, \)) is a solu-

tion of (32), the expansion formulae are
£ = =] Fovu, van, 70 = 1| Fmogee, va,
TJER T JR
Foy =LA@, + £wie, vt

with F, not appearing because ¢ has rank 1. Possibly this approach
can be used to prove the existence of eigenfunction expansions in more
general applications, but its usefulness will be limited by the difficulty
in computing the spectral matrix.
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