PERTURBATION OF DIFFERENTIAL OPERATORS

HENRY P. KRAMER

Introduction. N. Dunford, in a series of papers [3, 4, 5], has
initiated the study of operators on Banach spaces that allow a represen-
tation analogous to the Jordan canonical form for operators on a finite
dimensional vector space. Such operators he has called spectral opera-
tors. They include, of course, self-adjoint operators which have found
such wide application to problems of analysis. J. Schwartz [9] has ex-
hibited an interesting class of spectral operators which contains many
classical ordinary differential operators. His chief tool was a pertur-
bation theorem that guarantees that if 7 is a regular spectral operator
with a discrete spectrum that converges to infinity sufficiently rapidly
and B is a bounded operator, then T+ B is again a regular spectral
operator. This result provides a tool for showing that second order dif-
ferential operators with suitable boundary conditions are regular spectral
but does not suffice for proving this property for differential operators
of higher order. This paper refines the method of J. Schwartz to allow
application also to differential operators of higher order by showing
that under certain conditions a regular spectral operator T' may be per-
turbed by an unbounded operator S with the result that 7'+ S is still
regular spectral.

The paper is divided into three parts. The first part presents
preliminary notions and lemmas to be used in part II where the prineci-
pal theoretical tool is fashioned in Theorem 1. Its object is to set
forth conditions under which an operators is spectral (see Definition 1).
This problem is attacked in the following form. Suppose that 7" is known
to be a spectral operator. Under what hypotheses on 7' and a per-
turbing operator S may it be said that the operator 7+S 1is spectral?
An answer to this question is given in Theorem 1. This theorem is
then applied in the third part to differential operators of even order
with ‘‘ separated > boundary conditions on a finite interval. TFirst, the
simple operator defined by means of the formal differential operator

da*
da
Then, with the aid of Theorem 1, the perturbed operator

and ‘‘ separated ’’ boundary conditions is shown to be spectral.
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where @; may be any bounded operator on .% (0, 1) is seen to be
spectral as well.

1. DPreliminaries. N. Dunford [3, p. 560] has laid down the
following.

DEFINITION 1. Let X be Banach space and 7 a transformation on
X to X. If E(e) is an operator valued function of Borel sets in the
complex plane and

(a) E(e)E(9)=E(e N g), E(¢)=I—E(e), TE(e)=E(e)T,

(b) E(e)x is completely additive in e for each xwe X,

(¢) the spectrum of 7, with domain and range restricted to E(e)X,
is contained in the closure of ¢, and

(d) there exists a constant M such that for every Borel set e ||E(e)|]
<_ M, then FE(e) is called a resolution of the identity for T and T is
called a spectral operator.

The preceding definition covers a wide class of operators. In what
is to follow, attention is focussed on a very restricted subset consisting
of the regular spectral operators. The meaning of the adjective regular
is clarified as follows.

DEFINITION 2. An operator 7 is regular if the resolvent set p(T")
=+ ¢ and if for some 1€ o(T), (I'—7)"' is completely continuous. (To be
abbreviated c.c.)

Note that the spectrum of the c.c. operator R,(7)=(T—)"' consists
of a sequence of isolated points converging to 0.

It follows by the spectral mapping theorem [12, p. 324 et seq.]
that the spectrum of T consists of a sequence of points 1, converging
to .

In the sequel, the condition

[= 3, E(i,)

shall sometimes be made in regard to the spectral measure of a regular
spectral operator 7. The above condition asserts that the spectral
measure corresponding to the point at infinity is the null operator or
#=0 is not an eigenvalue of T-'. The existence of 7' as a c.c. opera-
tor may be assumed without loss of generality in view of the following.

LemMA L. If 2,e (T) and R\ (T) is c.c., then R(T) is c.c. for all
2e p(T).

Proof. The first resolvent identity [6, p. 99] states that for 2,€ p(T)
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and 1€ p(T)
(1) BA(T)=R,(T)+ (2— ,)R(T)R,(T) .

The product of a bounded operator and a c.c. operator is c.c. and
the sum of two c.c. operators is again c.c. Thus it is apparent from
(1) that Ry (T) is c.c. for all 1€ p(T).

LemMMmA 2. If S 4s a closed operator and B is a bounded operator
and 2 (S) D . (B), then SB is bounded.

Preoof. SB is closed. For suppose that z, — x and SBx, — y. Since
B is continuous, Bz, — Bx. But since S is closed S(Bx,)— S(Bx)=(SB)x
=y. Thus SB is a closed operator defined on all of X and therefore
by virtue of the closed graph theorem [1, p. 41] it is bounded.

LEMMA 3. Let J be a finite set of integers and suppose that B, 1s
a set of bounded operators and E, a set of mutually orthogonal projec-
tions®, both sets being indexed by J. Then

2 BB, << S 1IB.II".
neJ neJ

Proof. Let fe H and ||fl|=1. It is an easy consequence of the
Hermitian nature of E, and Schwarz’ Lemma that

|5 EB.SIF= 5 5 (EB.f, BB.S)

neJ keJ
< By BB S S B I IEB.S |
< B¢

In the sequel, reference shall be made several times to the following.

ConNDITION A. All but a finite number of the idempotents* E(2,)
associated with the points of the spectrum of T project onto a one-
dimensional range and

8

I=3 E().

For a regular spectral operator, the last statement is equivalent to the
assertion that the range of

1If T is an operator then 7 (T) denotes its domain and .Z(T) its range.
2 An idempotent is an operator F such that KF=F2 Idempotents F; and F, will be
called orthogonal if K \F,=0. f E=F* then F is a projection.
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E.=I-3 E,)
1
consists only of the null vector.

CoNDITION B. Let d, denote the distance between 1, and the rest
of the spectrum of 7. Then there exists a number r > 0 such that

éd;’<w.

For use in the theorem to follow, it is necessary to define explicit-
ly the concept of a fractional power for the special class of operators
with which the theorem is concerned.

In this definition an application shall be made of a theorem of
Lorch [8] and Mackey which asserts that if E(e) is a uniformly bound-
ed spectral measure, then there exists a nonsingular transformation of
Hilbert space into itself such that WE(e)W-' is a Hermitian spectral
measure.

Let T be a regular spectral operator on Hilbert space H which
satisfies Condition A. Let .27 be the finite set of characteristic values
2 for which the idempotents E(2) project onto ranges of multiple dimen-
sion. Let W be the automorphism of H into itself which carries the
spectral measure E(e) of T' into the Hermitian spectral measure F£’'(e)
=WE(@W-" of T'"=WTW-".

Since E'(Z°)] I—E'(7), the two projections effect a unique decom-
position of H into a direct sum

H=H ®H,
where
H=E(2)H
and
H~={I-E(7)}H.
Now
T=T+T,
where
T=T'E(7)
and

T, =T {I—E'(7)} .
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Upon restricting the domain of 7% to H, and that of 7, to H, one is
confronted by a finite dimensional operator T{ and a normal operator

A

T;.
If —1< v <1, the function f(2)=2" of the complex variable 2 is
regular on the spectrum of 7' provided 0¢ o(T) (which is no essential

limitation of generality) and f(1) is restricted to its principal value.
Then, following Dunford [4], one defines

5 P ”1"(j1’_ )" 2
Ey=3 3 5 1) pmmt DR ()

where p, is the order of the pole 1, or the resolvent and E’(xi) is the
restriction of F'(1,) to E'(<7°)H. Since T, is normal one has the spec-
tral decomposition

y - z LE(2)

and by the operational calculus for normal operators (cf. [10, pp. 48-
51] for example)

(o= 33 2B (3)
Now define (77)” and (T%) by the rules
fie H = (T fi=T)f (T fi=0
foe H, = (T7)f.=0 (T fo= Ty, .
Then
(1) = (T} +(T.y
and finally,
T=W-'T)yWw.

The proof of the perturbation theorem below strongly depends on
the operational calculus for spectral operators developed by N. Dunford
and explicitly adapted to the case at hand by J. Schwartz [9]. For
the sake of ready reference the pertinent results are presented here.

If 7 is a regular operator with a finite set of characteristic
numbers

{Zly Zzy ccy '{n}

which are multiple poles of the resolvent and
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S, E(1)=I

and f(2) is a complex-valued function which is uniformly bounded on
the spectrum of 7" and possesses the required derivatives, then

oo

) =3 5 T @ ayEa)+ S F0)EG)

i=1 j=0 =n+1

FFor such an f(7T) Dunford [5] has shown that the series defining it
converges in the strong operator topology and that there exists a con-
stant K(7') such that

LT < K- max 17(2)]

On the basis of this result J. Schwartz [9] enunciates the
following.

LEmMmA. If S s a regular spectral operator all but a finite set of
whose eigenvalues 2, are simple poles of the resolvent, and +f S also
satisfies

Z E (XL)—:I ’
i-1
then there exists am absolute constant K such that

1(2=S)-"| < K/dist (2, o(S))

for all 2 not within a fixed radius e of any multiple pole of the resolvent.
In the theorem below let it be understood that

G(T+8)—= F(T)\ Z(S).

2. The perturbation theorem. The principal result of the present
paper is the following.

THEOREM 1. Let T be a regular spectral operator on Hilbert space
H and suppose that it satisfies conditions A and B. Let S be such o
closed operator that for some v, 0<_v <1, 2(S)>D Z(T") and 7 (S*)D
D(T*). Moreover, suppose that for all but a finite set P of positive
ntegers, for all

zec,n;{z‘u_xﬂ]:})dw}ﬁ max I — M

3 wean [2—p| T di

Under the above hypotheses, T'+ S is again a regular spectral operator.
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Proof. Since, for 2e p(T),
ZED))y=2 (T vP)s Z(6S),

SR\(T) is well defined and is, in fact, by Lemma 2, a bounded operator.
By the same token ST'-* is bounded. In order to show that 7'+S is
regular, it need merely be ascertained that R,(T+S) is c.c. at one point
A€ p(T) and for this purpose we examine the formula

(1) BT+ 8)=R\(T){I-SR\(T)}~

which is valid for 2e€ p(T) provided only that {I—SR\(T)}' exists. If,
{{—SR,(1)} ' not only exists but is also bounded, then R,(7'+S) as the
product of a c¢.c. and a bounded operator is itself c.c.

But the hypotheses of the theorem allow one to state that
{{—SR,(T)} ' <2 for 1€ C, and all »n sufficiently large. This is proved
as follows

SR\(T)=ST>T"{—T}"'=ST{(AL-T)1"} .

By Dunford’s operational calculus and the hypotheses of the theorem it
is true that

HL=T)T- | < M, max 1 < 1

weott Q—p| T dil
Let [|[ST*||=M,. Then
. i gy o M M. M
(2) numuw>w5=@;

and since in view of Condition B, limd;"*=0, one has for all » suf-
ficiently large ||[SE\(T)|| < 1/2 while 1e C,. From this estimate follows
the possibility of expanding

{I=SRAT)} =1+ SE(T) + (SEA(T))*+ « - -

in an absolutely convergent series so that

. ([—SR —1|| — 1 ¢
(3) [ = SE\(T)} H\‘l—l/2 2.

It is immediate from the above that if 2 lies outside the assemblage
of circles C,, then for each p. € 4(1) we have

el el
IX—,ukl< [ — il

where 1’ is the intersection of the line connecting 2 with g, and the
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circle C,. From this, the above estimates follow a fortiori. Consequent-
ly, except for a finite set, all points of o(7+S) lie inside the circles C,.

In order to show that the spectral measure {E'(4;)} of T'+S is
uniformly bounded it is convenient to assume that the spectral measure
{E(%)} of T consists of Hermitian idempotents, that is, that E(4,)=E(2,)*.
That this assumption may be made without sacrificing generality is due
to the theorem of Lorch-Mackey. It must be verified that if 7 and S
satisfy the conditions of the theorem so do T"=WTW-! and S'=WSW-.

(a) o(T")=o(T). For suppose 1€ p(T). Then R\(T) is a bounded
operator. But

WL~T) W=~ WT W)= —T")

is also bounded. Hence p(T)=p(1") and the result follows on taking
complements with respect to the extended complex plane.

(b) dim WE(2,) W-'=dim WE(2,) < dim E(4;) .

However, since W is continuous, with a continuous inverse, it maps no
nonzero vector into zero and thus, since dim E(1,)=1 for almost all £k,
the same is true with regard to WE(1,)W-'. Also

0=W(I— S E(/I,c))W-l:I— SWE, W~
k=1 k=1

() fe D(WT'W-)= W-'fe U (T)=>W-'fe I (S)=>fe (S

and similarly for the adjoints.

In the remainder of the proof it shall, therefore, be supposed that
the spectral family E(2;) consists of Hermitian idempotents. For con-
venience, the primes introduced above shall be suppressed.

The proof of uniform boundedness rests on the formula

(4)  B(T+S)—R(T)
=E\(T)SE\(T)+R(T)SEA(T)SE(T){I—-SR\(T)}

which is easily obtained from (1) and the operator analogue of 1/(1-x)
=1+4+2z+2*/(1—x), and on the basic relation

_ 1
(5) Ba)= 3@%&(1")(12 .

Let J be a finite set of positive integers all of which are sufficient-
ly large that is, NeJ — N> N,. The nature of N(T, S) will be
specified somewhat more precisely in the sequel. Then, on integrating
both members of (4) one finds that
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(6) ISE-BuI=] S, J RS
neJ n€l 27y, oJ ¢,

+

s j; RA(T)SRA(T)SRA(T){I SR\(T)}~'dA u

neJ 271'

where E, represents the spectral measure corresponding to that portion
of the spectrum of 7'+ S which lies inside the circle C,. In order to
place bounds on the right member of (6) one employs a well established
inequality for operator valued functions A(2) analytic on a contour C
of length L [12, p. 324].

|

Applying this result to the second term of the right member of (6) one
finds

3 j> RA(T)SRA(T)SRA(T){I SR,(T)}-'d) N

ne.l 272'

Al 1

= 2o WEDIHISET)IFIN--SE(T)} l|l

Now using inequalities (2) and (3) to estimate ||[{I—SRE,(T)}"'|| and
ISR\(T)|| and Lemma 3 of J. Schwartz reproduced above, one obtains
for this term the bound

1 - M M &
< €
27Z'ne.l d,’; o 272' nzlid" <

The term
5 1

nes 271'

| B(DSE(D) H

requires closer investigation. By employing the representation

E(*f}) L RO+ A(A—2)

n

R(T)=

where A,(A1—1,) is a power series in 1—J, without constant term and,
applying the residue theorem, one finds that

21 B j; R(T)SR\(T)d2=R"(2,)SE(2,)+ E(2,)SR(2,) .
mi o ¢,

It remains to find bounds for
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[ >3 E(2)SE ()|
neJ

and
H > RY(4,)SE) -
neJS

On observing that

| 7%R0(17L)SE(2n)]1: “,,EQ‘JE('%)S*R"(Q)*‘H

and identifying SR'(4,) is one case and S*R'*(4,) in the other with B,
of Lemma 3, one sees that the terms in question are bounded by

ISR

It is not difficult to estimate ||SR4,)]]. Again turning to the
device

ISE QN = IST=(| [[T"E (2l

and noting that

1(2,)— lim Ry(T) — E0)
Ahy =2,
one has
—~ FE(2,)
Ry(2,)= 3 K
0( ) kfn )m_zk

(In this formula, in order to avoid notational complications, the effect
of the finite set of multiple poles of the resolvent has been neglected.)
One sees that R'(1,)=F(T), where F(2) is defined in the neighborhoods
of the spectral points 2, as follows:

{~ A near J, k% n

0 2 near 7, .

Consequently, 1"P'(2,)=G(1) with
S

0 A near 1,

A near 2, k% n

Now applying the bound arising from the operational calculus one
obtains
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ISR ) ST G < MM, max |G(2)] .

Let peC,.
zn{i .'<‘ 2, #llﬁllz—mf IA l
o |7~ ﬂl 1\
< 7 <3 2
- 2 |2—p

$4

Using the hypothesis made with regard to this function one finally has

3 11
“SR(()‘n)H\—, 9 jl/IlMid;“ M d;/‘ .

Now one is prepared to state that

5 } (DS “ — o> i 3 <

II,EJZH’L
Thus
L3, (= EQ )N < K

If it were known that #, is the spectral measure corresponding to one
point of the spectrum of 7'+.S, the proof of uniform boundedness would
be complete. The next few lines shall be devoted to showing that,
indeed, except for a finite number of indices, in every circle of radius
id, about 4,€ o(T) there lies exactly one point 1,eo(T'+S) and the
spectral measure E’(2,) corresponding to this point has a one dimensional
range.

In (6) let the index set J have n for its only member. Then one
sees on examining the estimates of the bound of the right member of

©),
K/ .

( 7 ) HEn b‘(}n)ll S~ dn/

For » sufficiently large

K 1
dz* g

which by Lemma 4 of [9] (also c¢f. [10, p. 320]) implies that E; and
E(2,) have the same. dimension, which by hypothesis is 1. Therefore,
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(T'+ S)E;, considered as an operator on the range of E, is a scalar 1, and
precisely one point 2, € o(T'+S) lies in the circle C,.

Thus T+S is a regular operator with uniformly bounded spectral
measure and is therefore a spectral operator. (cf. [9, Lemma 2].

From the foregoing proof flow two consequences deserving of ex-
plicit mention.

COROLLARY 1. The operator T+ S satisfies Condition B and for all
n sufficiently large |2,—2,|<3id, .

Proof. In virtue of the remark following inequality (3) of the
proof, all but a finite number of the points of o(7T+S) lie inside the
circles C, with center at 4,€ o(T) and radius id,. Moreover, the dis-
cussion following (3) shows that except for a finite number of indices
exactly one point 4, of o(T+S) lies in the circle C, about 2,. Now
suppose 4; € o(T +8S) and its nearest neighbor is 4;-;€ o(T+S). Then

dllc= Hllc‘ ll-déllz@— )‘lcl + lllc_ xlc—1\ + ka—l-x;rﬂ‘
<1/8d,+dy+1/3d,-, <5/3d,,

and

oo

>y d,;—'f,:<_.(§ VS <

m

It is of importance to know whether the perturbed operator 7+S
still enjoys the ‘‘ completeness’’ property

Ms

E(3)=I

k=1

I

with which the unperturbed operator 7' is endowed by hypothesis.
The answer is given in the following.

THEOREM 2. If T and S satisfy the conditions of Theorem 1, then
S E()=1.
k=1

Proof. The proof rests on Lemma 16 of [9] which states:

The space S.(T)== {f| for each positive integer k, F(2,)f=0} s the
set of all fe H for which f()=R,(T)f is an entire function of A.

Suppose C is a contour in the complex plane whose minimum dis-
tance from the spectrum o(7) is d(C). Consider the function
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e ¥
S W=,

for e C and peo(T). Now let 2 € C be such that dist (2, o(T"))=d(C),
and let g, be the point in o(7") such that dist (2, p,)=d(C). Then

o i< I e,
M/ - /‘lnl

By choosing C properly one can achieve that ||[SR(T)|| <1/2 for 1eC,
and, therefore, a fortiori, for 1e C. Hence, by (3) [[{I-SR.(T)} Y| 2
and by the above cited lemma, for fe S.(T), one then has for 1e C

BT+ S) | =|IBA(T) {I—SE\(T)} -l

k'
_S_fd@jllfll .

Now, given ¢ >0, choose C in such a way that %'/d(C)<le. Then

BT +S)f 1| <ellF1l

The arbitrary nature of ¢, the fact that f()=RJ(T+S)f is an entire
function of 2, and the permissible application of the maximum modulus
principle allow one to assert that for all 2 in the interior of C,

R(T+8)f=0.

In particular at points 1€ p(T), R\(T +S) has an inverse. There are such
points in the interior of C. Thus f=0 and the theorem is proved.

3. Application to differential operators of even order. N=2pg.
In appliying Theorems 1 and 2 to differential operators, the unperturbed
operator 7' is identified with the operator r==d"/dz” with domain
restricted by the two considerations:

(@) fe Z(T) only if feC¥X0, 1) and (jz‘xl is absolutely continu-
ous, and

(b) fe Z(T)only if f satisfles N=24 linearly independent boundary
conditions of which g bear on the point x=0 and # on the point z=1.
These boundary conditions can always, by linear combinations, be brought
to the form

k-1

A(S)=rF20)+ >, a,; f(0) t1=1,2, .-, p
j=0

k1>kz> M >ku-
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;=1

(8) B(H)=/"P)+ 3 /(1) i=1,2, -,
Ll > e >,

To show that 7' is a regular operator it is most convenient to refer
to Lemma 10 of [9, p. 434] which states:

Let T be a differential operator and suppose that for some complex
2 both T—2 and T*—2 have an inverse. Then T and T* are regular
operators, T and T* have spectra related by o(T)y=o(T*), and determine
spectral measures E, and E, related by E(1)=E} ().

Consider the differential equation (r—2)f=0. By manipulating a
tentative power series solution it can be shown in an elementary fashion
that there exists a set of linearly independent solutions which are entire
in the parameter 2. Let this set be {w,, u,, ---, uy}. The general solu-
tion of the above equation can then be expressed in the form:

N

f(w)=§_,‘10iui(w, ).
On imposing the N linearly independent boundary conditions, one obtains
a system of N homogeneous equations in the N unknowns C,;. This
system has a nonvanishing solution vector if and only if the determinant
of the matrix of the coefficients vanishes. This determinant, however,
being a linear combination of entire functions in 1 is itself entire.
Hence its zeroes are isolated. Thus, for all but a countable set of
points 2,, one finds that f(x)=0, and thus (7'—1)-' exists. But, since
the adjoint operator also has exactly N linearly independent boundary
conditions associated with it, it follows by the same argument that there
exists only a countable number of points p, where (7™ —p,)™" fails to
exist. Consequently, one can find a point 2 such that both (7'—21)~!

and (T*—2)""' exist and, therefore, by the cited lemma, 7' is regular.

It shall now be verified that T satisfies the spectral Condition B.
This will be accomplished by showing that the above boundary conditions
are what Birkhoff [2] has called regular. To clarify the meaning of
this term the technique for obtaining an asymptotic development for
the characteristic numbers and functions established in the general case
by G.D. Birkhoff [2] and amplified and developed rigorously by J. Ta-
markin shall here be briefly recapitulated.

Since there are N linearly independent solutions of the equation

a*f_)
da e

a solution of the boundary value problem must have the form
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fa) =3 Caufa)

The requirement that A,(f)=B,(f)=0 leads to a set of N linear equa-
tions in N unknowns {C,}. A necessary and sufficient condition that
a nontrivial solution {C,} of this system exist is the vanishing of the
determinant of the coefficients:

Ai(u) -+ Ai(uy)

Af:-(7’L1) ot AM(.ZLN)
4(2)—
B(u,) --- B(uy)

B() +++ B,(1y)

It should be noted that the solution is unique provided not all of
the first minors of 4(2) vanish, that is, in this case, the characteristic
value is simple.

A fundamental set of solutions of the differential equation

df
Vo=
a~ Y

consists of
w,(x; )= e

where

Z”N:[): l)\l]INei(llJV) arg A

and o, are the N distinet Nth roots of unity. The transformation
pV=2 transports the entire i-plane into a sector of angular width 2=/N
of the p-plane. There is, then, a biunique correspondence between the
zeroes of 4(2) in the 2-plane and the zeroes of 6(p) = 4(p”) in a sector
of angular width 27/N in the p-plane.

The elements of the determinant &(p) can, by (8) be written as
follows:

k-1 ¢

Al(”u):f)k[jl(')?""' S G }=pk‘{")’;"'+Ai,j}

k.—t

t=0 /)’i

l‘;—l "
Blw)=pheifoli+ 5 Lo o+ By

$=0 {)‘:

where lim A;;= lim B,;,=0. After removing the factors p*;, p’ from -

[pl->en 1pl >0
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the rows with index ¢ and 442 one has

wf 4+ f4n w4+ f4~12 ot wJ’\Gfl +.A1N
wfu+ 1:4,“ Wk +:A,J,,z ceewfn +. A,

I
S(p)=T1 p* ,
U e+ Be(oh+By) -+ en(wls+ Buy)

e (win+ Bm)e""’z(wép. +B,)- - -ePv(wyn+ B,y)

The sector S shall now be chosen in a convenient fashion. To this
end, it is proper to distinguish between two cases:
(1) p is even

(2) pis odd

Let w=¢"'*. Then in the first case, for arg p=0
R(par)=R(pa=+?)=0.
In the second case
R(pw®=17) =R(pw~ ¢+ =0

for arg p=n/2¢. Suppose the indexing is arranged so that in the first
case
o =0 o= " g = 0, =t

—gtf2+1 321
y Wy gy = R y Wy =W

and in the second,

Sy (212 =212 T 232 N 170 B VA S 3232
W =w , Wy=w y , W, = y Wy =0 , y Woy =@ .

Upon bringing ¢« out of the determinant wherever N(pw,) > 0, one
has

M M1
a(p)=1I1 p**": [1 e™10'(p)
i=1 i=2

where #'(p) has the appearance
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k
ot + Ay [ “);Ll+1 + A1u+1
: >x} : gy

i 'i' A;Ll 1 w:ﬁl .+ AMLH
¥ ()=

e"‘”l(a)fx +B,) epm“"(ww ut B1p.+ B
: {S ‘r} : {%11}

e”1(win+ BM)

o
(@t + Bper)

Here, 2" and B are matrices consisting of g#—1 columns and g rows
all of whose terms have for a factor an exponential term with negative
real part. Asymptotically, these matrices are therefore negligible.

3 k
wiLlf‘Z + Am+z s (Uzplu + Alz#
=l
ko &
"’Miz‘l‘AwH' crop + Ay
¢l + By,) - - -e™w(wi+ By,)
3={ : }
e+ By)- - e (ol +B,,)
Thus
k i
W, wh k1 wl
(f;/(‘“):epml . NI o BT e N D)L B + 0(1/{3) .
o . . .
w5 W' @k iy

Only the case in which s is even shall be considered explicitly since
the treatment for ;2 odd is completely analagous. First note that

a)lze—nilzz _?/
and

Wy =e"=q

Thus w,=—w,,;. Now let #,=o" and y,=o"%. The conditions that
fey>k, >+« >k, and [, >1,>---[, and the fact that w=é"* is a

primitive root of unity imply that z, £~ x,, y, %=y, for 4% 4. Recall that
by the arrangement of the indices, w,=w(#D*5~1=gu=+2¢*-!  Therefore,

(U’;i zw(—#/z)kiw(s— Dk, =x{“’2x§3")
and

wgt —_ w(—u/2)l_[(s—1)11=yi—ulzygs—x) .

Using now the explicit representation of 7 and B’ given previously,
but taking only zero order terms into account, one has
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2 /2 1 ]2 a2 ~1 - - - -
aftPat,  artPalrt, e @t P Ly oy Py, e e yr PPy

— 2 —pf2 LIRS | SRR I —f2) 1
()= Xy Wy, st e, wp (e T T

e s o o e e

a2 — 2 = f2 +1 2= ]2 020~ 1 —-if2 -2 — ]2, u—1
a Ml wptl, aptatt e et R T THRE R Tl

—-w/2 — 2 +1 — L2 a2 — —-iLl2, - - -
R N A | I T TR Yl VSl Tl Vi

M2 -2 +1 —uf2 5421 —1 —[2 -2, -1 -2,
B I A et I el Y5 Yy, c e YT YRy eyl

- 2 —'/2 1 —.:2—1 — ]2, —-';A - hE
a gt e Y Yy oo, YT Py
+0(1/p) .

By bringing common factors outside the determinant, one can simplify
the expression for §'(p).

1 Ty, e x?’““ 1 Y, e y’l"—l
RS | F T R I N I R
i1 o . .. .
i a;.M e Q;t‘l i y. e y.';“
1 bt o g 1 g, -ee it g
B ]"L[ mi—u/:zy]»;:./:z ! .”I‘,.ff“ e a.:";"'-‘ 1 U‘: cee b yh! 4 0(1/‘1)) .
is1 . . .. . .
FRPTET | I

The first determinantal factor of the second term above can be treated
by noting that l1=a? and switching columns gz—1 times and then bring-
ing the factor at outside. These manipulations yield

Lo eerat ] 1 gy et
N (p)=e’" ﬁ e 1 o -o0 o 1 oy, ooyt
: : Do :

1 97',L '-.a;ﬁ“ 1 y.u ...y'n-l

T ~eeat™ || 1y -eeyt™!

o (T apigetr| Lo et Ly e g 0(1p)

o : : :

1o, -eeatt | ] 1 %W-l

Now note that the determinants involved in the above expression are
Vandermonde determinants. But such determinants do not vanish
provided only the entries (a, ., -+, x,) or (v, % --+, ¥.) are distinct.
That this is the case was demonstrated above. Therefore, the given
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boundary conditions are regular in the sense of Birkhoff since in the
equation

0'(p)=0o+ 0,61+ O~

not both 6, and 6, vanish. Tamarkin [11] who examined *‘separated ”’
boundary conditions failed to reach tbis general conclusion. By includ-
ing common factors in the term O(1/p), the equation ¢'(0)=0 can now
be written in the form

e™1—e "1 :i[’_:[l yr+0(1/p)=0.
But
Y=, = e k=t =(—1)% .
Hence, on multiplying by e~"“1, one obtains
e (= 1)1t O(1]p)
or
e®'=(—1)*-1%+0(1/p) .
On taking square roots of both members, one finds that
e’ = +i(1+0(1/p))
or
e”=+(14+0(1/p)) .
Taking logarithms of both members and noting that
log (1+0(1/p))=0(1/p)
results in the expressions

pro=7)2+ 27K+ O(1/p)

(9)

Crne=m/2+ 27k + O(1/p)
or

pu =27k +O(1/7)
(10)

Ormv=n+2rk+0(/p) .

By neglecting the terms of order 1/p first estimates may be obtained
which may then be inserted in (9) or (10) with the following results:
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o= @1+ | +EI(’Zc }

Ak
)
o1 Ly Enl)
o= {1~ -+ 20}
or
_(2ﬂk){1+E1(k)}
(12)

Pru—(an){l +- k+ n(k)}

where the E,(k) and E,(k) represent bounded functions of %.

It should be noted that (11) and (12) are valid not only in the
case in which g is even, but also when g is odd.

Reverting to the A-plane one finds that

= (@ky{1+ B0 ]

2k k>
(13)
A= (271']‘3)2,1{1 - 2/;5 + El]él(lg)}
or
i 0
(14)

Rf,k—(27rk)2’*{1+ £+ Eg(k)}

Since the zeroes of 4(2) furnish the poles of the Green’s function,
one sees that all except a finite set of characteristic values of 7 are
simple poles of the resolvent. This does not, however, assert anything
about the number of linearly independent characteristic functions as-
sociated with each characteristic value. This matter will be dealt with
below.

From (13) and (14) one obtains expressions for the distance separating
the points of the spectrum o(T).



PERTURBATION OF DIFFERENTIAL OPERATORS 1425

= Aoz = (2] £+ ()

—(2nye e+ T O
Ilncﬂ—lzkl=(2n)“k2“‘1{2#+E_iE@)}

so that in any case, for  >1/2x—1
ST < oo
k=1

This verifies that Condition B is satisfied.

In view of a prior remark it is merely necessary to exhibit a non-
vanishing first minor of 4(2) in order to permit the conclusion that all
but a finite number of characteristic values are simple. Moreover, since
A(2)=F(p)o'(p) where F(p)40 it is sufficient to find a nonvanishing
first minor of 6'(p).

Reverting to the expression for ¢’(¢) and singling out the minor of
the element in the first column and 2pth row results in the exhibit:

k
1

Wy + AI,I.L+1

W : ot

"
. w,lby + A;L,;L+1
M,y —(— 1y l
1

epw"”(wnn + B1,;L+1)

.

B

L.
ePorr(wfi; + B, uv)

Here %" and B’ are obtained from B’ and B by deleting the last

row in each of these matrices. On expanding M,,, in terms of the

¢ x p minors occupying the first ¢ rows and their complements and not-

ing that all the terms of A’ and B/’ are negligible in view of the fact
that each has an exponential factor with negative real part, one has

k k
wp.l-H wp.1+2 b w?plu
Mzu,1=69"’#+1 : L -

o .
w w .o m . opnet
Duyr Oyyg et @y | | @ trt Wy |

? l ,
1
W, cee wﬂlﬂ

.

+ 0(1/p) .

In the previously employed notation, x,=o":, y,=«', one can write M,, ,
in the form:

"
.o il IR |
M?u.1=epwl“1 iIll ai . :17.2 azz ; 1?#/2 } y’z :
o : i=

1 2z -« at? 1 gy eeeyt?
1 ’

—1 -1
...xﬁ 1 yu_l...y;’;_l

—
B..
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Again, the Vandermonde determinants appearing above do not vanish
because the x; and the y, are distinet. Upon using the previously deriv-

ed expressions for p,, one sees that Ie"k“wllﬁ»l. Hence, it follows that
M,, .5~ 0 except, possibly, for a finite number of indices %k, and thus
all except possibly a finite number of characteristic values are simple.

In order to show that 7' is spectral, it is necessary at this point
merely to establish a uniform bound on the spectral resolution E(e) of
T. But because T is regular this is tantamount to giving a uniform
bound for sums

S EG)

whenever J is a finite set of indices. In establishing such a bound,
the finite set of {2,} which are multiple poles of the resolvent or multi-
ple characteristic values cause no difficulty. Therefore, it shall be sup-
posed that FE(,) projects onto a one-dimensional range. One can
construct E(2,) explicitly by drawing on Lemma 12 of J. Schwartz which
states :

“Let E be a projection of B-space X onto a finite dimensional range,
and let E*: X* — X* be its adjoint. Then if ¢, ---, ¢, is a Dbasis of
EX, we can find a unique basis of ¢, .., ¢F of E*X™* such that
¢*(¢,)=0,;, and then

Ef= 3, ¢dH(f)
for any fe X.

Now let ¢,(x) be the mth characteristic function of 7', and ¢, (x) the
corresponding mth characteristic funetion of 7*. Then

[, ex@ 07wy
EQu)f=o
pu@)n()da
Now suppose that
(15) (@) =0, )+ L Ky(m, )
m
(16) Gn(@) =0,.(2) + L Ki(m, @)
m

where Ki(m, ) and K.(m, z) are uniformly bounded in #. Then

2 @) )= 0, (@0, g) + I D). il 2)0aly) ) B, 2) ol 1)

m”



PERTURBATION OF DIFFERENTIAL OPERATORS 1427

and

[ on@W (@)=, 9 )=10u1F + L 0, KD+ 0, 0,0+ (K, K.

Upon inserting these expansions in the expression for E(1,)f above, we
get

0@ g ) § e @l 100N

E(4,
(al= 110.0F m 16,01

S o, DD ¢ | Ko, Kol 010Ny

110,01 m* 10,1
=Emf+ ’LEAmAmf-*— 1 m=m Km:f
m m m

where Em is a Hermitian projection since its norm is unity and it is an
integral operator with symmetric kernel and A,, B,, K, are multipli-
cation operators that are uniformly bounded in m.

Now if J is a finite set of integers,

IS BoI <] ZE I+ \ PIRS W

+| sk,

n€J n?

neJ
The first term is bounded by 1 because of the Hermitian character of

the idempotents. Applying Lemma 3 to the second and third terms
yields the bounds

sup |4,/ 5, L
n n=19

and

sup (1B, | 3}

§ \pa

For the fourth term one has the bound
=1
sup ||1K,ll > = .
n n=1 9

So that, granting the above representation for the characteristic func-
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tions of the operator 7' and the adjoint 7, one may draw the conclusion
that T' is spectral.

In order to exhibit ¢,(x) and ¢,(x) in the forms (15) and (16) it is
necessary once more to resort to an asymptotic development. (cf. p. )

Spm(x) = i Czuz(x) uz(ﬂ?) = @Pm®i*
=1

24
(17 0=33 Cid, ()
Ozéjl CiB () J=1,2,-+, .

From the compatibility of equations (17) it follows that C; is proportional
to the minor M,,,, of the element in the #+1 st column and the sth
row of the matrix. This gives then the representation

b+ A, wii+ A, ce wfi+ A,y
win+ A, ofut+A, oo ofet+Auy
gom(x) ~ ePm®1® oPm®" oo el N®

ep’”wl(wiz + Bzx) eﬂ""wz(wé“’ + Bzz) cee 6IJ"‘I\I(CUJ\L’Z“‘ BzN)

ePni(win+ B,;) ¢n®(wlp+B,y) + - en“Mwyu+B,y)| .

Here and in similar expressions to follow, proportionality factors are
freely discarded. Since the above determinant closely resembles &'(p),
essentially the same techniques that were successful before shall be
applied again. For k=2, 3, ..-, # we have R(p,;) >0. Bring e=®
outside the determinant.

P
w’fl‘l‘Au w[J.I-I-I—I—A],M-I'l
. %I} . 9111}
(UTI"}'AM wuﬁ1+Au,u+l

¢m(x) ~e epmwlz epmwk(x— D epmwp. +1% epmw/cx

epmml((oi? + BZl) gp’”mf“'""l(w:{yl + BZ M+1)

. . .
epmwl(wi" +B,u.1) ep"”m“"'l(w,u.’:l + B[-L ‘u.+1) y

The entries of the matrices A’ and B are all negligible for large k.
Expanding the above expression one obtains
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epmwz(:v—l) coe @2 0P Oy 1

ot .
2
. PIEss wéz e cu,fz e"m“’uanH
. . . .
Wb . . .
1 . . . L
wéu .o a)'fu e‘)m“’;u.+1a)M‘“;_1
5 ePm®L® e’ L. epmw”’(z—l)
1
w
w1
o9 || el wh cee @2 + 0,(1/p)
: " - L).
& . . .
w . . .
w
w+1 . . .
o o 1 1 . 1
e'm 1w Wote .. w,»

Recall that the two determinants involving 2’ are proportional to lowest

order in 1/p and that the factor of proportionality is =+1.

Hence, on

incorporating this factor in O(1/p; «) and bringing e°»“s+1 and e’»“1 out-
side the determinants one has:

@,(x) ~ e Pm1

epmwz(:c—l) LIS ep,'?LwM(z—I) epmw“._'_l(x—l)

11

4 l 2

wy2 eoe w2 Wy
. . .
:L : ! :’2

Wyt o (O W1

epmml(a:—-l) epmwz(m—-r) e epmwp'(z-l)
2 L, .o Ly
+ €Pu w2 @yt @u + O,(1/p) .

11 l l

W Wy e [CMZ

It should be noted that except at x=1, the terms (-7 k=41 are
negligible asymptotically since R(p,wy(x—1)) < 0. Now using the pre-
viously obtained asymptotic expressions for p,, one finds that for z~1

wéz oo w’fz
90,,,1(%) ~ g-mi(m+lDze . .
Wy e Wk

— g1z

. + O(1/m; x)

‘ipmll(x) ~ e—zﬂ(m-lﬂ)x .

a)z'z o o wMz
. + O(1/m; x)

U);M st Wy

_ eszi(m—-lM):xz
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or else
a)éz w,fu
i) ~ e |
ol wle
l
Wy2 w,2
— grmime . -+ O(l/m, il?)
CU;P' a),fM
7
Wy2 w2
9071111(113) ~ gmImmELDT |
wlk wn
a)éz e a)'ﬁz
_ez-,zi(m+l/2)x . . -+ O(l/m, (l?) .
(Déf* oo e a)yz'p‘

On incorporating common factors that are uniformly bounded with
respect to m into the terms O(1/m; x) one has

pua(w)=sin 27r(m+ jll)ﬂlf_m_x)

m
(18)
‘Pmu($) =gin 27T(m — }_>x + Mwl
4 m
or
@ (x)=sin 2rma + Iﬁ“.("_n_’_@
m

(19)

507»111($)=Sin 27T<m—l— 1 )xq—KMﬂ .
2 m

Thus the characteristic functions of 7 have been brought into the
desired form. Note, however, that since r=d"/dz” is formally self-
adjoint, T and T* differ only in the boundary conditions. But it is a
simple matter to see that the boundary conditions of 7™ will again be
of the ‘“separated ”’ type (cf. [7, p. 186]) and that therefore all the
developments leading to an asymptotic expression for ¢,,, and ¢,,,; will
be the same as those that served to find (18) and (19). Now note that
the first terms in (18) and (19) in no way reflect the quantities occur-
ring in the boundary conditions. Therefore it may be concluded that
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& (@) =sin 27r(m + 71,. )x + Ka(m, @)

m
(20)
S‘bmll(x) =sin 27T(m — é]f)x + IL%’_@
or
(@) =sin 2nma + K. (m, x)
m
(21)

orr(x)=sin 27r<m+ —1f>x+K?” (m, @) .
2 m

By what has preceded, then, it may be concluded that T is spectral.
To complete the verification of Condition A for T is still necessary
to show that

S E()=1.
k=1
To this end note that

lim

m—> oo

=0

(=52 00)-(1-25)

so that in virtue of the fact that E, is Hermitian and the above cited
lemma of J. Schwartz and F. Wolf, the range of

I— kjj E(%)

for sufficiently large m is finite dimensional. But in his Lemma 15
J. Schwartz asserts that

S ={fIE)f=0, 0k < o}

is either infinite dimensional or else the null space. But since

S.. < range (I—- i E'(h)) )

k=m

the above implies that S. is finite dimensional and hence consists of
the null vector alone.

It remains to verify the special hypothesis placed on the spectrum
of T in Theorem 1 and embodied in the requirement that for all suf-
ficiently large N, for all
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_ 1 1
te Co =11 U=lol=duf ,

max Nl <—C

2, E0(T) =z ~di

where
dy=dist [2y, o(T) ~ {Ix}].
First observe that if N=kFk,

lzel” Al
|2 —2| dy
and if N=#%k
w1 ] Ay | gV
|2y — 2| | Dyl DNL e !S:IDNLP v{ Dy - }
— 15| {Iaxl+1}7
= i v{ +11> <R dN

Dy, == (2,—y)e ™.

In any case, therefore, there exists a C such that

|2 |2yl
max kL < CMEL
7€ [2—24 < dy

Now recall that according to the previously obtained asymptotic formulas,
Ay ~ N* and dy ~ N*'. Hence

Ij‘zjl/ ~ sz.(v—l)+1 .
dy

Convergence of

=1
& a

=9

is assured for r >1/21x—1. It is thus required that 2¢(—1)+1<—1/2
This requirement is satisfied by taking » < (z—3/4)/ and, a fortiori, by
the choice v=(21—2)/2p.

Finally. it is necessary to determine the class of operators S for
which &' (S) D < (T*). To this end it shall be shown first that if
flx)ye & (T”), then f(x) is »=2¢—2 times differentiable. Suppose
fe Z(T”). Then
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fla)= 3 EQS .
If this series is differentiated termwise 2¢#—1 times one has formally,
S (= 1@y + 12
{ [ sin 206+ 11000 sin 2000+ ity pay + 55 & DL

But this expansion converges for fe 2 (71") almost everywhere to

Se=2(x). Now let S be any closed operator whose domain consists of

21—2 times differentiable functions on the closed interval (0, 1) such

that the (21 —2)nd, derivative is square-integrable. Theorem 1 applies.
Thus in conclusion one has the following.

THEOREM 3. Let T be the opemtor d*|de™ with boundary conditions

—l

A(f)= f“”¥0)+ auf“KO) t=1,2, -0, pr
k1>k2>"'>k1&

B(f)=r"1)+ lZlaz S (1) 1=1,2, -, p
L>bL> e >,

then, if S is any closed operator whose domain consists of 2p—2 times
differentiable functions [ with fe2(x)e. 0, 1), T+ S is a spectral
operator and, if E(1,) is its spectral measure, then

I=

uM8

E(h)
In particular, one may make the following choice for S:
-3
Qz(x) s 2‘|’(]3( ) T + @2(%)

where the coefficients ¢,(x) € .%5(0, 1)>. More generally, S may be chosen
in the form:

dzm-2 d2m-3
e Q?} e +Q2/J.

Q2 da*3

2 Note that the theorem actually holds for the wider class of boundary value problems
in which the 2x—1th derivative can be eliminated by a standard change of dependent
variable [7, p. 72],
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where ), is any bounded operator in .%5(0, 1).
Application of Theorem 2 shows that if fe .~/(0,1) and E(4,) are
the idempotents corresponding to 7'+.S, then the series expansion

f= S EQ)S

converges in .%(0, 1) norm.
An additional consequence of Theorem 8 and Corollary 2 of [9, p.
448] is the following.

COROLLARY 1. If fe C*', £Cr-D(g) is absolutely continuous, f @ (x)
e 20, 1), and f(x) satisfies the boundary conditions above, then [ can
be expanded in the series

where convergence s in the sense that, letting

Su@)= S EQS,
we have

lim {X;Lf(x)(zu)_ SE(gr)|? dx}m

N—>ro0

+max max |f@(x)—SP(x)|=0.

I=sz=1 0sis2u-1
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