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Abstract

Let (Ap,A;) be a Banach couple and Y = (Yo,Y1) a couple of closed subspa-
ces. Given an interpolation functor F', what is the relation between F(Ay, A;)
and F(Yp,Y1)? This question is investigated for the real interpolation method, in
many general cases, for instance when Yy = Ay and Y; has finite codimension or
more generally is the kernel of bounded operators on A;. Applications are given to
L,—spaces and Sobolev spaces.
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Introduction

Consider a couple A= (Ag, A1) and let Y = (Yo, Y1) be a pair of closed subspaces,
(i.e. Y}, 5 = 0,11is a closed subspace of A;). As norm on Y; we use the norm
inherited from A;. Then Y is a new Banach couple. The theme of this paper
is to investigate the relation between the interpolation spaces relative to Y and
the interpolation spaces relative to A. Assuming that F' denotes any interpolation
functor, we have

— -, —

FY)—= F(A)NX((Y) (1)

In order to say more we clearly need additional information on F' and the couple Y.
In this paper we shall assume that F is defined by the real K—method. (See section
1.1).

The first natural question is the following one. When do we have equality in (1),
i.e. when is

FY) = FA)Nx(Y) (2)

(We use the symbol 2 to indicate that the spaces involved have equivalent norms!)
There are many interesting situations when this holds but in general it is false. We
give a brief discussion in the section 1.2. See Jansson [7].

What plausible conjectures can be made if (2) fails? In order to answer this
question we shall first discuss different ways of describing a subspace. Thus let A be
any Banach space. We can identify three natural methods of describing a subspace
Y of A, using one or several operators. The first method is to define Y as the kernel
of a bounded operator (or as the intersection of the kernels of several operators).
Secondly we can define Y as the image of an operator (or intersection of several
images). Finally, if A is the domain of an unbounded operator S, then we can define
the subspace Y as the domain of a restriction 7" of S.

There are of course other methods of defining subspaces. For instance new
subspaces can be constructed from a set of given subspaces, using intersections,
direct sums and other abstract constructions. Such constructions will, however, not
be systematically studied in this paper.

Let us now return to interpolation of subspaces. First let us assume that the
subspaces are defined as kernels of given continuous linear operators 7}, so that
Y; = Aj Nker(7}). Then it is natural to hope for a formula like

F(A() N ker (T()), A1 N ker (Tl)) = F(A(), Al) N ker (TF)

where Tr is some continuous operator on F'(Ag, A;). To simplify the situation we
shall assume that 7, = 0. Then the formula above becomes

F(A(), A1 N ker(Tl)) = F(A(), Al) N ker(TF) (3)
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We shall see that (3) is not always true. In fact we shall see that in general the
interpolation space on the left hand side need not even be a closed subspace of
F(Ap, A1). However there are many important situations when (3) holds. We shall
also characterize the interpolation space on the left hand side of (3) even in cases
when it is not true.

Next consider subspaces defined as images of operator T; : B; — A;. Then a
natural formula to hope for is

F(m(Ty), im(T})) = im(Ty)

Again Tr must be constructed in some way from Ty and 7; and there must be
some connection between these two operators. We shall only consider the case when
Ty = Ty, = T. Then it is resonable to put Tx = T|F(A). The formula above then
reduces to the hypothetical formula

F(T(Bo), T(By)) = T(F(By, B1)) (4)

Finally, consider the case when the subspaces are defined as domains of unboun-
ded operators. For simplicity assume that Yy = Ay and that A; = dom(S) is the
domain in Ay of an unbounded closed and densely defined operator S. Assume that
T is a closed, densely defined restriction of S, i.e. 7" C S. Then a natural formula
to investigate is

F(Ap,dom(T)) = dom(Tr) (5)

Here Tr would be a closed operator such that " C T C S.

The plan of the paper is the following. Chapter 1 contains standard background
material on real interpolation. In chapter 1 we have also included an important
extension theorem for general operators and some other new features.

The main part of the paper is devoted to interpolation of subspaces defined as
kernels. In chapter 2 we study the subspaces of finite codimension. This section
generalizes previous special cases considered by the author (see [10], [11], [12]).
Applications are given to L,—spaces and Sobolev spaces. In chapter 3 we study
subspaces defined as kernels of more general operators.

Chapter 4 contains results on the interpolation of domains and ranges. We start
with a general result on domains of operators in Hilbert spaces (section 4.1). In
section 4.2 and 4.3 we give applications of our results to interpolation of boundary
value problems. The proofs concerning boundary value problems are simplified
compared to Lofstom [9]. Finally, formula (4) is investigated in section 4.4.

The present paper contains and extends some results which are published earlier.
Many results, however, are new. As a whole this paper presents what is hopefully a
coherent theory.

This paper was supported by the Swedish National Board for Natural Sciences.



1 Real interpolation spaces

In this chapter we present basic facts on interpolation theory. For proofs and further
details we refer the reader to the book by Brudnuf and Krugljak [3]. See also Bergh-
Lofstrom [1] and Triebel [16]. We have also included here an important extension
theorem for general operators and some related material.

1.1 Basic definitions

Two Banach spaces Ay and A; form a Banach couple (or couple for short) if there
exists a Hausdorff topological vector space A such that Ay and A; are continuously
embedded in A. We then write A for the ordered pair (Ay, A;).

Given a Banach couple A we can form two Banach spaces, the intersection
A(A) = ApN Ay and the sum X(A) = Ay + Ay, with norms

lallaca) = max ([la| 4, [|all4,)

||a’”2(/f) = inf {|[ao|| 4o + |la1[[4, : @ = ao + a1}

A Banach space A is an intermediate space for the couple Aif

-, —,

A(A) = A — 3(A)

Here — denotes a continuous linear embedding.

A bounded linear operator from the Banach couple A into the Banach couple B
is a bounded linear operator T': ©(A) — £(B) such that the restriction T|A; of T
to A; is a continuous mapping from A; into B, for j =0, 1.

Let A and B are intermediate spaces for the couples Aand B , respectively. Then
A and B are called interpolation spaces relative the couples A and E, if ' maps A
into B, continuously, for every bounded linear operator T from A into B.

The aim of interpolation theory is to construct and study interpolation spaces.
There are several constructive methods. Any functor F' from the category of all
Banach couples to the category of Banach couples is called an interpolation functor if
for any couples A and B the spaces F(A) and F(B) are interpolation spaces relative
to the couples A and B. In this paper we are studying so called K —functors. They
are based on a scale of norms on X(A), namely

-

K(t,a) = K(t,a; A) = inf {||ao|| 4, + t||a1]|a, : @ = ap + a1}

To define intermediate spaces and interpolation spaces one imposes conditions on
the behaviour of this scale of norms. The conditions are described by means of
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certain Banach function lattices ® on the measure space (R;,dt/t) i.e. a Banach
space of measurable functions with the additional property that

fI<lgl, g€® = fed, [flle <llglle
Any such Banach function lattice will be called a parameter for the K —method if
min (1,t) € ® (1)

The most widely used example of a parameter is denoted by ®y ,. It is defined by

the norm - y
o= ([ (1r0) )"

To quarante that (1) holds we must choose 0 < <land1<p<oocor0<f<1
and p = oc.

-,

Definition 1.1 Given a couple A and a parameter ® we let Kg(A) be the space of
all a € X(A) such that

lall gy 2y = (- a5 A) |0

is finite. If & = @y, we write Kg,p(/f) for the space Kg(A)

Theorem 1.1 Let A and B be two Banach couples and ® a parameter for the
K—method. Then A = Ko(A) and B = Ko(B) are interpolation spaces for the
couples A and B. If T maps A, into B; with norm M; (57 =0,1), then T maps A
into B with norm

M S max (M(), Ml)

If ® = ®y , we have the sharper estimate

M < M;=oMm?

The proof is based on the following lemma, which we shall use on several occassions
later on.

Lemma 1.1 The function t — K(t,a; f_f) 1S non-negative, increasing and concave,
1.e.

K(t,a; A) < max (1,t/s)K (s, a; A)

or equivalentely

-, -,

min (1, s/t)K(t,a; A) < K(s,a; A)



Consider now the couple Ly, = (Loo, LL,), where L, is the space of essentially
bounded functions on the measure space (R, dt/t) and L., is the space of all f such
that ¢ ' f(t) € Ly. For any parameter ®, the space

é = Ko(Lo) (2)

is a Banach function lattice and also a parameter. This is easily seen. In fact,
assume that |f| < |g| where g € ®. Put T¢ = hé where h = f/g (interpreted as
zero where g vanishes). Then T maps L, into Lo, and L. into L. , both with norm
1. Thus T maps ® into ® with norm at most 1 (by theorem 1.1). This implies that
f=Tgedand |fls < llglls-

It is an important fact that one needs only to consider parameters of the form

® (i.e. exact interpolation spaces for the couple Eoo) In fact, for any parameter ®
we have the following result. (See [3], corollary 3.3.6.)

Theorem 1.2 Let A be an arbitrary couple and ® a parameter for the K—method.
Define ® by formula (2). Then

Ko(4) = K (A)
1.2 K —subcouples
We shall start by considering the relation

F(Y) = F(A) Nx(Y)

where Y is a subcouple of fY, (i.e. Yj is a closed subspace of A; and the norm of Y;
is inherited from A;).

Definition 1.2 The subcouple Y is called a K —subcouple offf if
K(t,y;Y) < CK(t,y; A)  for all ye S(Y)
See Jansson [7] , Cf Peetre [13]|. Clearly this relation implies that
Ka(V) & Ky(4) N S(F) 1)

for all parameters ®.

Let us give a two simple examples. Further examples can be found in Jansson [7].
We say that Yisa complemented subcouple of A if there is a bounded projection
P:A— Y which maps A; onto Y. Clearly YisaK —subcouple.

As a second example we mention the Hardy space H? on the unit disc, considered
as a closed subspace of L? on the circle. Then (H?, HY) is a K —subcouple of (L?, L9).
See Pisier [15].



We shall now indicate a possible generalisation of the concept of K'—subcouple.
Let us consider estimates of the form

o
K(t,y;Y)<C Y mK(t28,y; A) (2)

k=—o00

where (7,) is a given non-negative sequaence. From this estimate we easily get
o
K(t,y;Y) < Cmax (1,2™) Y yeymK (12, y; A)
k=—o00

We may therefore assume that 79 > 0 in (2).

Definition 1.3 Let v = () be a non-negative sequence with vy > 0 and let M be
a subspace of X(A). A subcouple Y of A will be called a (v, M)—subcouple of A if
the right hand side of (2) is finite and the estimate (2) holds, for all t > 0 and for
ally € M.

Clearly Y is a K—subcouple if and only if it is a (-, M)—subcouple with v = 8 (the
Dirac sequence) and M = S(Y).

Definition 1.4 The multiplicative order of a parameter ® is the function s — wg(s)
defined by

we(s) = sup {[[f(-s)llo : [flle <1 f e @}

Note that the multiplicative order of @ , is wg ,(s) = s’. Note also that if f is
non-negative, increasing and concave then

f(s) < Cwe(s)[I fll

The following theorem is an immediate consequence of these definitions. The
simple idea behind this result will however be used on many occassions in the sequel.

Theorem 1.3 Let Y be a (v, M)—subcouple of A. Then
Ko(Y) = Ko(A) N M

for all parameters ® such that

and

Here we is the multiplicative order of ®.



1.3 Reiteration, density and duality

Let &y and ®; be two parameters for the K —method. Then we can construct a new
Banach couple from the couple A, namely

-, -,

(K<I>o (A): K<I>1 (A))

What will happen if we apply the Kg— method on this couple. The answer is given
in the following theorem, often called the reiteration theorem. For a proof of this
result see [3| , theorem 3.3.11.

Theorem 1.4 Put &; = Ky, (L) and ¥ = Ko (®o, d1). Then

-, -, —,

Ko(Koy(A), Ko, (A)) = Ku(A)

In particular
Kﬂ,P(Ké’o,Po (A)a K91,P1 (A)) = KTI,P(A)

where 0 < 0; < 1, Oy # 6, and 0 = (1 — n)fy + nb; where 0 < n < 1, (po, p1 and p
arbitrary).

We next consider a result on density. An intermediate space A for the couple Ais
said to be regular if A(A) is dense in A. The couple A is regular if A(A) is dense in
Ap and in A;. The following result gives a characterization of which parameters we
get a regular interpolation space.

Theorem 1.5 Assume that ® = Keo(Loo). Then Ko(A) is regular for all couples
A if and only if A(L) is dense in @ (i.e. ® is reqular) and ® is non-degenerate
ie. ®\ (Loo ULL) # 0. (For the Ky,—method this means that 0 < 0 < 1 and
1<p<o.)

Finally we turn to questions on duality, which have to be treated with some
care since we are dealing with couples of spaces, not just one space. Given a single
Banach space A we let A* denote its dual. However, if A is an intermediate space
for the cquple ff, we can also consider the space A’ of all bounded linear functiong‘ls

v on A(A) which are bounded in the norm on A. Thus A’ consists of all 7y € A(A)*
for which the norm

[7ll.ar = sup {[7(a)] : llal[la <1}
is finite. Note that the space A’ depends not only on A, but also on the couple A.
If A is regular each v € A’ can be extended by continuity to a functional v € A*.

If A is not regular we can still extend v by the Hahn-Banach theorem, but not in a
unique way. We let A’ denote the couple (Ajf, A)).
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Theorem 1.6 We have the following relations (with equal norms)

A(A) = 5(A)
More precisely we have
K1ty Ay = sup — 2L (1)
aen(d) J(t,a; A)
I/t Ay = sup — 1D 2

aeA(A) K(ta a; )
Here

J(s, a3 A) = max (|[al a5, sl|all 4,)

J(s,7; A") = max (||l ay; sl a,)

This result is proved in [3|, proposition 2.4.6. Several important duality results can
be derived. We mention only the following special result, (see [3], corollary 3.7.5).

Theorem 1.7 Put ﬁ =1- % and assume that 0 < 0 < 1. Then

\/

Ko p(A) 2 Ky (A7)

1.4 Good approximation and quasi-linearization

In order to describe the space ch(ff) in a concrete situation, one has to know the
K —functional. However it is not necessary to compute K (t,a) exactely. To begin
with we can replace K (¢,a) by the equivalent functional

K,(t, a; /T) = inf {([|aol%}, + tp||a1||€h)1/p ca=ay+a}
Similarly we replace J(t, a) by
Tyt a3 A) = (llally, +llall%,) "
(with 1/¢ =1 —1/p). We also introduce the following defintion.
Definition 1.5 We call a,(t) a good K(A)—approzimation of a € S(A) if
K (t,a; A) & [lag(t)] 4 + tllar ()14,

where ag(t) = a — a1(t) and 0 <t < 0o and if ag(t) and ai(t) depend continuously
of t in Ag and Ay, respectively.
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The definition of good K (ﬁ)—approximation is unsymmetric. It puts the focus
on the space A, whoose elements are viewed as approximations of the elements in

-,

Y (A). Sometimes we shall need to switch the orders between Ay and A; and then
the following observation is useful.

Lemma 1.2 Let a1(t) be a good K(Ag, A1)—approzimation of a. Then ag(1/t) is a
good K (A1, Ay)—approzimation of a.

Proof The result follows at once from the formula
K(t’ a; AO; Al) = tK(l/t7 a; Al, AO)

O
We finally turn to the concept of quasi-linearization. A strongly continuous family

-, -,

A(t) , (0 < t < 00) of bounded linear operators from 3(A) into A(A), is called a
quasi-linearization of the couple A, if A(t)a is a good K(A)—approximation for
every a € X(A).

Lemma 1.3 The family A(t) is a quasi-linearization of A if and only if

) ol if a € A,
max ([|a A(t)aHAo,tllMt)a“Al)SC{t||a||A1 JacA W

Proof Clearly K(t,a) < ||a|l4, if @ € Ay and K(t,a) < t||a||la, if @ € A;. This
implies that (1) holds. Conversely, assume (1) and let a = ag + a; be an arbitrary
decomposition of a. Then

K(t,a) < |la = A(t)alla, + tA(D)alla, <

< [lag = A)aollao + llar — A(t)ar[| 4o + tl|A(B)aclla, + tA(D)ar |4, <
< C(llaollao +tllar][a;)

This implies that A(t) is a quasi-linearization.
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1.5 An extension theorem

We shall here consider the problem of extending a given operator. We start with
the following general definition.

-

Definition 1.6 Let T be a bounded linear operator from A(A) into a Banach space
B. We then put

-, -, -,

q(r,T) = q(7,T; A) = sup{||Tul|p : J(1/7,u; A) <1, ue A(A)}
Note that if T"=1I", a bounded linear functional on Ay, the theorem 1.6 implies
q(r,T; A) = K(r,T; A1)
In general we have the following result.

Lemma 1.4 The function 7 +— q(7,T) is positive, increasing and concave, i.e.
q(0,T) <max(1,0/7)q(1,T).

Proof This follows at once from the inequality

J(1/o,u) <max(1,7/0)J(1/7,u)

The following extension theorem will be used throughout the paper.

Theorem 1.8 Assume that T} is a bounded linear operator from A; into a Banach
space B and put T =Ti|A(A). Assume that
> g2, T; A) K(27F, a; A) < Cllallg, 4 (1)
k=0
for every a € Ko(A).
Ks(A) U A;.

Then there exists a bounded extension T of T to the space

Proof Consider the auxiliary Banach space X, defined by the norm

lla||x = inf {||a1]| 4, + Zq(?k,T)J(Q_k,vk) ta=a;+ ka in ©(A)}
k=1 k=1

-

Then (1) implies that Kg(A) is continuously embedded in X. In fact, let a,(t) be a

- -

good K (A)—approximation of a € Kg(A). Let us write

U = a0(2*k+1) — a0(2*k) = a1(2*k) — a1(2*k+1)

12



Then we have a = a1 + )75, uk, where a1 = ai(1). Since [[a1|ls, < K(1,a) and
J(27% u) < CK(27% a) we conclude that the X —norm of a is bounded by a con-

stant times the left hand side of (1). Hence K(A) <> X. Note also that the series
> v in the definition of the space X, converges in Ay, since

okl 4y < J(27%,0p) < Cq(2F,T)J(27% vy) if k> 1.

Thus X — S(A).
Next we observe that A(A) is dense in X N Ay. In fact if @ € Ay we have
a; € A(A) and

K
la—ar = wllx <Y q@,T)J2 % u) <C Y @), T)E(2*,a) >0
k=1 k>K

k>K

-,

as K — o0o. Moreover T is bounded on A(A) in the X —norm, because if a =
a1+ D sy Uk We have

ITalls < |Tarlls + 3 [Toells < O(llarlla, + - a2 1) (27 00)).

k>1 k>1

Hence T' can be extendgd by continuity to X M Ao. If this extension is deno‘ged by
S we define T on Kg(A) U Ay by writing Ta = Sag + Tia; where a € Kg(A) and

-

a = ap+a; as usual. (Note that ag belongs to Kg(A).) This definition is unambigous
and clearly defines a bounded operator on Kg(A) since

[Tha1]|s < Cllar][a, < CK(1,a) < Cllal|x.
This completes the proof.

Corollary 1.1 With the assumptions and notations of theorem 1.8, let a,(t) be a
good K (A)—approzimation of a € Kg(A). Then (with convergence in B)

o0

T(a—ai(t) =) T(ux(t))

k=1

where
ug(t) = ag(t275) — ag(227%) = a1 (127F) — a1 (2275

13



1.6 The order of an operator

Definition 1.7 Let q be a positive, increasing and concave function on the positive
real line. Then the (multiplicative) order of q is the function

R q(7s)
S) = 8Su
q( ) TZII) CI(T)
We also put
e log §(s) e logd(s)
0:(q) = lim sup ogs 0 _(g) = lim inf log 5

The numbers 0, (q) and 0_(q) will be called the upper and lower break-points for the
function q.

If T is a given bounded linear operator on A(/f) and q(t) = q(t,T; /T) we call
G the (multiplicative) order of T and the numbers 0,(q) and 0_(q) are called the

upper and lower break-points of T.

Lemma 1.5 Assume that q is positive, increasing and concave. Then function § is
positive, increasing and concave. Moreover

min(1, s) < ¢(s) < max(1,s)

0<6_(q)<b(q)<1

We also have the following alternative characterisation of the lower and upper break-
points

6_(q) = sup{f € [0, 1] : Srlill)/o s_e%% < oo}

0, (q) = inf{f € [0,1] : sTlill) /100 S_qu(g'i)% < oo}

Proof A function ¢ is positive, increasing and concave if and only if

a(s) < max (1, 5/0)q(0) (1)
Therefore we have the estimate

q(7s)
q(7)

which implies that (1) holds for . We also get the first inequality of the lemma
since (1) implies

< max(1l,7s/70)

min(1, s)g(7) < ¢q(rs) < max(1, s)q(7)

14



Next we prove 6_(q) < 6,(q). Note that for s > 1

q(1)

; =inf —— <'in q(7)
G1s) ~ g(r/s) < B ar/s)

< 4(s)

Therefore

0 (¢) = liminf M < lim inf logg(s) <0.(q)
5—»00 log (s) s—oo  logs

To prove the characterisation of 6_, assume first that

1

d

A = Sup/ 3*9@_8 < 00
>1Jo q(t) s

Choose 7 > 1 so that 2¢(72~

dg(r27") > G(27™)q(s) if 27" < s

G(27™)q(7) . Then it is easy to verify that
< 27" . From this estimate we get

b 2

2

7 d

4A > 770 / 1 3*9?‘9 G2 = Cp2™G(27") , n >0
T2—Nn—

It follows that G(27") < C27™ for n > 0. As a consequence we have §(s) < Cs? if
0 < s < 1 which implies 6_ > 6.
Conversely, if # < §_ we have §(s) < Cs? where s <1 and § < § < f_. Then

1
AgC’/ 80’0'@<oo
0 s

The remaining part of the lemma is proved in a similar way.
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2 Interpolation of subspaces of finite codimension

In this chapter we shall study interpolation of subspaces defined by finitely many
constraints of the form I'j(a) = 0, where I'; is a bounded linear functional on the
space A;. The first section, however, is dealing with the general situation where the
subspace is defined as kernel of a general operator.

2.1 General discussion

Let A = (A, A1) be a Banach couple. Throughout this section we shall assume that
T a bounded linear operator from A; onto a Banach space B. We shall also assume
that

T =T |A(A)

maps A(A) onto B. As usual ® is a parameter for the K —method.
Consider the hypothetical formula

Ko(Ao, Ay Nker (T})) 2 Ko(A) Nker(Ts). (1)

Here T would be a bounded linear operator from K¢ (A) into B. Assuming that (1)
holds, what can be said about the operator 7% ? To answer this question we note
that every a € ker(T") belongs to the space on the left hand side of (1). Therefore
(1) implies that every such a belongs to ker(Ts), i.e. ker(T) C ker(Ts|A(A)). It
follows that .

Ts|A(A) = QsT (2)
for some linear operator Q¢ on B. (We simply define Qg by setting Qab = Toa if
b= Ta.) Clearly Qo7 must be bounded in K¢(A)—norm i.e.

1QeTalls < Cllall g,z » @€ A(A) (3)

In order to see what is needed to guarantee (3), assume that Q¢ is bounded and
take a € A(A). Then

|QeTa|lp = sup |B(QeTa)l= sup |Q%3(Ta)l (4)
181l g~ =1 18] g =1

Therefore we introduce the following definition.

Definition 2.1 Let T' be a bounded linear operator of A(ff) onto B and let ® be a
given parameter. Then B(®) = By (®) denotes the subspace of all B € B*, such that

18ll57() = sup{l8(Ta)| : a € A(A) , llall g,z =1} (5)

1S finite.
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By (4) we have

sup{[|QaTalls : a € A(A) , [lall g,z =1} = S Q%852
B*:

Therefore we get the following result.

Proposition 2.1 Assume that there is a bounded linear operator Te on Kq,(/Y),
such that (1) holds and that Tea = QoTa for all a € A(A) where Qg is a bounded
linear operator on B. Then Q% maps B* into Br(®) and Q% is bounded in the
B (®)—norm, i.e.

sup ||Qa/5r(2) < 00 (6)
18]l px=1
In particular, if Te = 0 i.e.
Ko(Ag, Ay Nker(T1)) = Ko(A) (7)

-, -,

then T is unbounded on A(A) in the Ko(A)—norm.

Proof The first part follows at once. To prove the second part we note that (7)
implies that B(®) = {0}. For every non-zero § € B* there must therefore exist
a sequence a, € A(A) such that ||a,|x, = 1 but |3(Ta,)| — co. It follows that
|ITa,| s is unbounded. Thus T is unbounded. O

Here is a partial converse.

Proposition 2.2 Assume that Qg ts a bounded linear operator on B, such that Q%
maps B* into Br(®) and Q% is bounded in the Br(®)—norm. Then QsT is bounded

-, -,

on A(A) in the Ke(A)—norm. i.e. (8) holds. Moreover if ® is a reqular parameter,
then

-

Kg(Ag, Ay Nker(T)) C Kg(A) Nker(T)
where Tg is the extension by continuity of Qa1 to Kg (/T)

Proof We need only to prove the last statement. Take a € Kg(Ag, A1 Nker(77)).
If ® is regular, then there exist a sequence a, such that a, € A(A) N ker(T}) and
a, — a in Kg(A). Then Tpa, = 0 for all n, implying that a € ker(Ts).
Proposition 2.3 Assume that B is finite dimensional and that

K@2( ) — Kq’l( )

then
BT((I)Q) 2 BT((bl) and ker(Qq,2) g keI‘(Qq)l)
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Proof Assume that
||a||Kq,1(A‘) < C”“”K%(J)

Then

18]l 5(@2) = sup BTl o g BT

= C||8]l5@1)
a€A(A) ||a||Kq,2(Z) aeA(A) ||a||K¢1(A) '

which implies that B(®;) C B(®3). The second inclusion follows from the formula

ker(Qo) = “im(Q3) = “B(%)

2.2 Subspaces of codimension one

In this section we shall consider the case Tia = I'(a) where T' is a bounded linear
functional on A; which does not vanish identically on A(A). Then the space B is
the space of all complex numbers. Therefore there are only two possibilities for the
space B(®). Either B(®) = C or B(®) = {0}. The mapping Qs is either the identity
or the zero-mapping.

Proposition 2.4 Suppose that Ko(Ag, A1 Nker(T1)) is a closed subspace of Ko(A)
and that ® is a reqular parameter. Then there exists a bounded linear functional I'g
on Ke(A) , such that

Ko(Ag, Ay Nker(T)) = Kqo(A) Nker(T'y) (1)

-, -,

More precisely, if T is bounded on A(A) in the Kg(A)—norm then

- —

K@(A(), A1 N ker(F)) = ch( ) N ker(F)

- =,

where T is the extension of ' to Ke(A) by continuity. If T' is not bounded on A(A)

-

in the Kg(A)—norm then

-,

K@(Ao,Al N ker(F)) = Kq;( )

-, -,

Proof If I is bounded on A(A) in the K¢(A)—norm we let T = T'y be the
extension of I by continuity. Otherwise we put T = I'e¢ = 0. Assume that

-

a € Kq)( ) N keI‘(Tq>)

We shall prove that a € Kg(Ap, A1 Nker(71)). In view of proposition 2.2 this will
prove the result.

Since @ is regular we can choose a sequence a, € A(A’) such that a, — a in
Ko(A). If T is bounded in K¢—norm then I'(a,) — 0. Choose w € A(A) so that

18



I'(w) =1 and put @, = a, — I'(an)w. Then @, € AgNker(T}) and @, — a in Ko(A).
By assumption we then conclude that a € K¢(Ag, A; Nker(77)).

-,

If I" is not bounded in K¢—norm, we can find w,, € A(A) such that ['(w,,) =1
but ||wp|lk, — 0. With apm = a, — I'(an)w,, we then have a, ., € Ay N ker(77).

-,

Since @nm — o (in Kg(A)) as m — oo we conclude that a, and hence a is in
K@(Ao, Al N ker(Tl)).

Theorem 2.1 Let a(t) be a good K(A)—approzimation of a. Then

a € K@(Ao, Al N ker(F))

-,

if and only if a € Kg(A) and

| e
K(1/t,T; A7) lle

-,

Proof Choose w(t) € A(A) so that I'(w(t)) =1 and
J(t,w(t)) < 2inf{J(t,w; A) : ['(w) = 1}

Using a regularisation, we can assume that w(¢) depends continuously on ¢ in A(A).
Note that the infimum on the right hand side is equal to the inverted value of

K1/t &) = sup{[T(w)] = J(t,0: ) < 1}
Let a € Ko(A) be given. Put Gy = ag+I(a;)w , d; = a;—T'(a;)w. Then d; € ker(T)

and an immediate computation shows that

K(t,a; Ao, A, Nker(T)) < C(K(t, a: A) + %)

Thus (2) implies that a € Kg(Ag, A; Nker(T)).
To prove the converse implication, we shall show that

IC(as (1)) :
R < CK (t, a; Ay, Ay Nker(I))

Assume that a = do(t)+a, (t) where I'(d, (¢)) = 0 and @, is a good approximation of a
relative the couple (A, A;Nker(I")). Then we put u(t) = ao(t) —ao(t) = a1 (t) —ai(1).
Then I'(u(t)) = ['(a1(t)) and

C(a: ()]

m S J(t,U(t)) S C(”CLO(t)”AO + t||a1(t)||A1 + K(t, a; A(),Al N ker(F)))

This implies the result since K (t,a; A) < K (t,a; Ay, A, Nker(T)).
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Corollary 2.1 Assume that A(t) is a quasi-linearization of A. Let w(t) be a strongly

-,

continuous family of elements in A(A) such that I'(w(t)) =1 and
J(t,w(t): &) < C/K(1/t,T; A1)

Then
Ar(t) = A(t)a — w(t) - T(A(t)a)

defines a quasi-linearization of (A, Ay Nker(')). As a consequence Kg(Ap, A1 N
ker(I')) consists of all a € Kg(A) such that

H I'(A(t)a)
K(1/t,T; A1)
Proof Note that if ¢ € Ay then

3}

IC(A@®)a)| < CK(1/t,1)J (¢, A(t)a) < CK(1/¢,T)l|alla
Morover if a € A; and T'(a) = 0 then
IP(A(H)a)| = T(a = A(t)a)| < CK(1/1,T) t|al| 4,
In view of theorem 2.1 this gives the result.

Theorem 2.2 Assume that Tia = I'(a), where I is a bounded linear functional on

-,

Ay which does not vanish identically on A(A). Let ¢ be the multiplicative order of
[, ie.

- K (rs,T; A1)
1(s,T) = 4(s,T; A) = sup ———5—=
a(s, 1) =4l ) 7211) K(r,T; A"

Then the following conclusions hold:

If
D a2k T we(27%) < 00 (3)

-,

then there is a bounded extension I' of I' to the space Ko(A) such that

Ko(Ag, Ay Nker(I)) = Ky(A) N ker(D)
If on the other hand

Gd(27%, T we(2%) < 0 (4)

hE

ES
Il
)

-

then ' is not bounded in the K¢(A)—norm and

—,

Kg(Ap, Ay Nker(I')) = Kg(A)
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Proof First note that ¢(s,I') = K(s,I; A’) and that ¢(s,I') < Cg(s,T'). Moreo-
ver K(27%,a) < wa(2*)lallx,5)- The existence of an extension will therefore be
delivered by theorem 1.8 in section 1.5.

We start by considering the second part of the theorem. Assuming (4) we shall
prove that Ke(Ag, A1 Nker()) O Ko(A). Thus take a € Kg(A) and a good
K (A)—approximation ai(t) of a. Since 2% < K(27%,T) for k > 1, we have

tllar (12)]|a, < 277K (82, a; A) < g(27%, T) K (12", a; 4)

From (4) we see that the right hand side tends to zero in ®—norm as k£ — oco. It
follows that a;(t2¥) — 0 as k — oo in A;. Consequently we have

vp(t) with vg(t) = ay (12871) — ay (12F)

hE

ai(t) = —

B
Il

0

(convergence in A;). This gives the estimate

M2
=

P(a: ()] < ()] < Y K(1/(t2°),0)J (125, (1))

B
Il

0

Since J(2F, v (t)) < CK(t2*,a) we conclude that if ¢ < 1 then

For ¢ > 1 it is enough to make the following estimate

T(a1(2))] lla1(®)]la,
kD) = Yk, S CEGa) (6)

This follows from K (1,T") < ¢tK(1/t,T"). Using theorem 2.1 and the assumption (4),
we get the result in this case.

Now consider the first case. Take an arbitrary a € Ko(A) N ker (I). Using
corollary 1.1 we see that

o0

[(ag(t)) = Zf(uk( )) where u(t) = a1 (£27%) — a; (1277,
implying that
P(a1(t)) = —T(a — a1(t)) = —T(ao(t)) = = > T(ux(t))



For t <1 we therefore conclude that

P(aa(?))] K@ /D) o ok —k
— < _— 2 < 2 2
k=1
Now theorem 2.1, (3) and (6) imply that a € Kg (Ao, A1 Nker(T)).
To prove the converse inclusion, take a € K¢(Ag, A1 Nker(I')) and assume that
a = ag + a1 where I'(a;) = 0. Replacing a; by a@; and correspondingly uy by @ we
get

Thus a € ker(T"). The theorem now follows.

2.3 Applications to the Ky ,—method

We shall now apply the theory of the preceeding sections to the parameter ®g .

Theorem 2.3 Let I' be a bounded linear functional on Ay and let 0, and 6_ be the
upper and lower Iireak—pointsﬁof . Then if 6 > 0., we can extend I" to a bounded
linear functional I' on Ky ,(A) and

- —

Ky (Ao, A1 Nker(')) = Ky ,(A) Nker(T')
In case 0 < 6_ we have
Ky, (Ao, A Nker(D)) = Ky ,(A)

If0_ <6 <0, then Ky ,(Ag, Ay Nker(T')) is not a closed subspace of Kg’p(z‘_f).
If A(t) is a quasi-linearization of the couple A then Ky ,(Aq, A; Nker(T')) consists of
all a € Kg’p(j) such that

® g ID(A(t)a)| \rdt\1/e
() R 5 <

Proof First recall that ® = ®;, then we(s) = s?. Put ¢(t) = K(t,T;A"). If
9 <0 <0_=06_(q) we have §(s) < s’ for small values of s. Similarly g(s) < s?" if
0" > 6, =0,.(q), s large. We can now use theorem 2.2 to get the first part of the
theorem. The last part follows from corollary 2.1.

Before we proceed with the remaining part of the theorem, we note that propo-
sition 2.4 gives us two alternatives if Ky ,(Ag, A; Nker(I')) is a closed subspace of
Ky (Ao, A1) and p < oco. Either the first space coincides with the second one or is
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the intersection of the second one with the kernel of I'. We shall prove that 6 < 6_
in the first case and 6 > 6, in the second case.

Let us also review the last part of the proof of theorem 2.1, where we showed
that

Pla@)]
K1) =

for any decomposition a = ao(t) + a4 (¢).

Consider the case p = 1 and assume that Kj;(Ag, A; N ker(T)) = Ky (A).
Choose v, € A(A) so that J(2¥, v;) = 1 and 2T(v;) > K(27%,T; A’). Define a by
means of the formula

C(llao@llaq + thas ()4, + K (¢ a; Ao, A Nker())) (1)

a= z A,V Where Z M2 < 00 , A >0

k=—o0 k=—o0

= Z )\kvk y ao(t) = Z )\kvk

2k >t 2k <t

If we put

we have that

|llao(®)Lag + tlaa 1, | <€ Z A2 2)

—0o0

7

-,

Therefore a € Kj1(A) and thus (1) implies that

[t Bl <€ 22 v @

k=—o00

On the other hand,
I'(a:(t)) N K27k T)
> C 9~ A2 >
HK (1/t,T) Ha,1 = m;oo ;;n "K(@2-™,T) =

K2 ™27k T
>C;<mz<0Am k2 m—|—k02k0 I({(2 - P) ))

From (3) we then get that

K(2 ™27k T
Sup 2/69 ( ? )

<C fork>0
m<0 K(Q*m,l“) - -

which implies that §(27%) < C27% i.e. §(s) < Cs® for s < 1. Thus # < 6_.
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Next assume that Ky (Ao, A1 Nker(I")) = K, 1( 1) Nker(T). Then I' is bounded

on A(A) in the Kp;—norm. Thus I'(v;) < K(27%,T) < C27%0. Define a by the
formula

a= Z ApUp — yw where 7y = Z AL (vg)

k=—o00 k=—00

Here w € A(A) and T'(w) = 1. From what we have already proved we know
that a € Ky1(Ao, A1). It follows that a € Kj;(Ag, A1) Nker (I') and hence a €
Ky1(Ao, A1 Nker (T')). Define ay and a; by

t) = Z AeUk — YWX(0,)(t) , ao(t) = Z AkUk — YWX(1,00) (1)
2k >t 2k <t
Then
Ja@ao + tlan(®llay < 3 Aermin (1,62°4) 4 ymrin (1,71, )
k=—00
This implies (2) and hence (3) holds in this case, too. Now
2k <t
Therefore

BRI <CHK t))algc_i“_w

m<0 n<m ’ k=—00

In the same way as obove we conclude that

K(2—m2~k
sup 2k0 ( )

<C fork<0
m<0 K(@2™™) ~

which implies that §(s) < Cs? for s > 1. Thus 6 > 6,. This proves the remaining
part of the theorem in the case p = 1.

Suppose now that Ky (Ao, A1 Nker(I")) is a closed subspace of Kg,p(f_f) for some
p>1and §_ < 0 < 0,. Using reiteration, we would then find another #" in the
same interval , such that Ky 1(Ag, Ay Nker(I')) is a closed subspace of Ky 1(A). This
would then be a contradiction. This argument completes the proof of the theorem.
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2.4 Subspaces of finite codimension

In this section we shall generalize the results of section 2.2 to the case of several
functionals I'y, ..., 'y. We shall of course assume that these functionals are linearly
independent. However we shall need more. Let us write

Ko(7, Tp; A7) = sup{|Tp(w)| : J(1/7,u; A) < 1, Tp(u) = 0 for m # n}

Definition 2.2 Let G be a given set of bounded linear functionals on Ai. Then G
1s said to be strongly independent if there exists a basis I'y,-- -,y for the span of G
such that

Ky(r, Fn;f_l") = K(r, FR;A")

for all n. The basis I'y,---, 'y is called a strongly independent basis for G.

-

Definition 2.3 A sequence wy(t),- - -, wy(t) in A(A) is called a supporting sequence
for the set I'y,---,T'n if
Ui (wn(t)) = 0mn

-,

Tt wa(0); 3) < CJK(1/1, T B)
for allt > 0 and if wi(t), -, wy(t) depend continuously on t.

Lemma 2.1 The functionals T'1,---,U'x form a strongly independent basis if and
only if there ezists a supporting sequence w(t),-- -, wy(t).

Proof Choose u,(t) so that
Lo (un(t)) > 27 Ko(1/t,1), J(t,un(t)) <1 and [p(ua(t)) =0, if m#n

and put wy,(t) = u,(min(1,¢))/T, (un(mln(l t)t)). Observing that K(1/t,T,) <
(1/)[ITxl|4, if £ > 1, we see that wi(t),---,wn(t) is a supporting sequence. The
converse is clear since

1= Fn(wn) S KO(l/ta Fn)J(ta wn) S CKO(l/ta Fn)/K(l/ta Fn)

|

The next result is a direct generalization of theorem 2.2 to the case of several
linear functionals.
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Theorem 2.4 Assume that I'y,---, 'y are strongly independent, bounded linear
functionals on Ay. Put T = (I'y,--+,Ty). For a given parameter ® let Iy be the
set of all indices n € {1,-++,N} such that T, is bounded in Ko(A)—norm. Put
To = (T10, -+, I'ne), where o =Ty if n € I and I'y o = 0 otherwise. Then Te
can be extendend to a bounded linear operator on K¢(g) so that

-,

Kg(Ap, A1 Nker(T)) = Kg(A) Nker(Ty)

provided that

242’“ <00 if nelp (1)
Z Jwa(2¥) < 00 if n & Iy (2)
k=0

Proof In this case the space B is of course the space CV. We start by calculating
the space B(®) = Br(®). First assume that 3 € B(®) C B* = CV. Then the
mapping a — [(Ta) is bounded in Kg(A)—norm i.e.

f(Ta)| = IZﬁn a)| < Cllal| 4

If n & Is we must have 3, = 0, since otherwise we could choose 3, = ,,n. But
then the estimate above would contradict the definition of Is. Thus we have proved
that if 8 € B(®) then f, = 0 for all n & I. The converse also holds. To see that,
assume that 3, = 0 for all n € Is. Then

B(Ta)| <> |BTn(a)] < C D IBalllallx, )

nels nelsp

Thus 5 € B(®). We have proved that
B(®)={peB :6,=0 forall n¢ Is} (3)

Let Q% be the projection of CV onto B(®), and let Qs be the corresponding
operator on B. Then Tga = Q¢Ta if a € A,. Therefore condition (1) and theorem
1.8 will guarantee the existence of the extension of Tg.

Now let a,(t) be a good K (A)— approximation of a € Kg(A) Nker(Tp). Choose
a supporting sequence wy, - - -, wy for the functionals I'y, - -+, 'y and define a;(¢) by
means of the following formula

a1(t) = ar(t) = Y wa(t) - Tulas(t)) (4)



Then a; € A; Nker(T). If Q5 = I — Q¢ we can rewrite the definition of a; as
&1 (t) = Qa1 (t) — W()(t)Qq>TCL1 (t) — W1 (t)QfI,Tal (t)
where (with b= (by,---,by) € CV)

Wo(t)b =Y wa(t) by, Wilt)b= > wu(t)-by

n€lg néle
Then , for t <1,
K(1/(ts),Ty; Al .
T(t, Wo(t)QaTu; A) < Y J(t, wa(t); A)Tpu| < C (1/(ts) )J(ts,u;A)
= o K(1/t,Ty,; A7)

In view of the definition of ¢ this implies
J(t, Wo(t)QuTu; A) < Cao(1/5)J(ts,u; &) where o(1/s) = 3 (1/5,T,)
n€lg
In the same way we get
J(t WA ()Q5Tu; A) < Cau(1/5)J(ts,u; &) where i(1/5) = 3 4(1/5,T,)
TLQLP
It is also easy to see that

J(t, W;(t)b; A) < Ct||bl|ev if ¢ >1

because J (¢, w,(t); A) < C/K(1/t,T,) < Ct.
To complete the proof we note that

K(t,a; Ag, Ay Nker(T)) <
< C(K(t, a; A) + J(t, Wo(t)QsTar (£); A) + J(t, Wi(1) Q5 Tar (1) A’))

But if a € ker (Tp) we have Q¢Ta;1(t) = —Tgag(t). Defining ux(t) as in corollary
1.1, we get for t <1

J(t, Wo(t) Twao(t) Z J(t27% u (1) < C ) qo(28) K (127, a)
k=1 k=1
J(t, Wi (6)Q5 Tas () Z J(t2F u_y(t)) < C Y@ (27F)K (125, )

= k=0
For ¢t > 1 we note that

J(t, W1 (t)Q5Ta1(t)) < Ctllar ()[4, < CK(t, a)

and similarly for J(t, Wy(t)QeTa1(t)). It follows that a € Kg(Ag, A1 Nker(T)).
The converse is easily proved in the same way as in the proof of theorem 2.2.
We leave the details to the reader.
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Corollary 2.2 Assume that A(t) is a quasi-linearization of the couple A and let
['1,...,I'n be strongly independent, bounded linear functionals on A;. Put T =
(Fl, ey PN) Then

N
Ar(t)a=A(t)a— > wy(t) - Tu(A(t)a)
n=1
defines a quasi-linearization of (Ao, A1 Nker(T')) provided that wy, -+, wx s a sup-
porting sequence for the functionals I'1,-- -, T'y.

Corollary 2.3 Let 6,_ and 0,,, be the lower and upper break-points associated with
[',, and make the same assumptions as in the previous corollary. Then

Kg’p(A(), Al N ker(T))
consists of all a € Ky ,(Ao, A1) for which
Lu(@) =0 if Oy <0

([ Ry D < o nsosn,

no additional condition f 6 <6,

Proof Use theorem 2.4, corollary 2.2 and induction over N. Note that
N-1
Ty (A(t)a -y wn(t)Fn(A(t))) — Tn(A(t)a)
n=1

2.5 Strongly independent functionals

We shall here discuss the notion of strongly independent functionals (see definition
2.2). First we give a sufficient condition for strong independence.

Lemma 2.2 Consider a Banach couple A and let I'y,---,Tn be bounded linear fun-
ctionals on Ay. Assume that there exist ui(t),---,un(t) € A(X) and positive con-
stants C and D such that for all small values of t > 0

La(un(t) =1, J(t,un(t); X) < C/K(1/t,Lp; X')
| det[[ (um(t))]| > D

Then T'y,---, 'y are strongly independent. The same conclusion holds if
K(1/t,T,; X'
t—0

K(1/,T; X')
where det[ay, ,]| # 0.
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Proof Suppose that the assumptions hold for 0 < ¢ < ¢,. For each m we put
Wi (1) = Spy cma(t)ur(t), where 0 < ¢ < t; and ¢, are the solutions of the
system

N
Fn(wm) = Z Cm,lcrn(uk) = 5n,m
k=1

The coefficients ¢, ;, can be calculated by means of Cramers rule and then estimated.
It turns out that

[mi ()| < CK(1/t,Tx; A1) /K (1/t,T,p; A7)
For details see Lofstrom [12]. This gives the desired estimate for w,,, namely
J(t, win(t); A) < C/K(1/t, Ty A1) (1)

For t > t, we simply put wy,(t) = wn(to). Then Iy (wp(t)) = dnm for all ¢ > 0.
Moreover if ¢ > t; we have

T(t, wm(t); A) < C(t/t0)J (to, wm(to); A) < C/K(1/t,Tp; A7)

since K(1/t,I'y,) < (1/t)||Tm|lay. Therefore the estimate above implies that (1)
holds for all ¢ > 0.

Definition 2.4 Let I' and vy be two bounded linear functionals on A;. Then we say
that I' dominates vy if
K(1 A
lim—( [t A) =0

=0 K (1/t,T; A1)
If this is the case we write v < T

Lemma 2.3 Let I'y,---, 'y be strongly independent functionals and assume that
Yo < Ty form =1,--- N. Putl', =T, +v,. Then I'y,--- Ty are strongly

-

independent and K (1/t,Ty; A) = K(1/t,Ty; A) for small t.

Proof There is a supporting sequence ws, - -+, wy for the functionals I'1,- -, I'n.
Put u, = a,w, where a, = 1/(1 + v,(wy)). Then I';(u,) =1 and a,, - 1 as t — 0,
because

Ya(wn)| < K(1/t, ) I (t, wn) < CK(1/t,7)/K(1/t,T0) = 0

It follows that J(t,u,) < C/K(1/t,T'y) and K(1/t,T,) < K(1/t, T,). But we also
have K(1/t,T',) < K(1/t,I'y) + K(1/t,v) < CK(1/t,T';). Thus K(1/t,I,) =
K(1/t,T',). Moreover

K(1/t, Fm)]

det[['y, (um)] = a1 - - - ay det |0y m + Yo (W) K(/t.T,)
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because

K(/tTw) _ K1/t 7)

|7n(wm)| K(l/t, Pn) K(l/t, Pn)

The result now follows from lemma 2.2

Proposition 2.5 Let G be a strongly independent set and suppose that I',--+, 'y
and I'y,- -+, 'y are two strongly independent bases . Let 0, (I',) and 0_(I'y) denote
the upper and lower break-points assoctated with Iy, and similarly for I',,. Then

{0+(T0), -+, 0. (Cn)} = {0+(T0), -+, 6+ (Tw)}

{0-(T0), -+, 0-(Tw)} = {0-(Tn), -, 0-(Tw)}

Proof We shall prove the first equality. Suppose that
0,(Ty) >max {0 (I,):n=1,...,N}

Choose 0 so that 0,.(Ty) > 6 > 6,.(T,) for all n. Assume (for simplicity) that
Iy =Tn+>,cnAnl'n and put

AN = A1 N ker(Fl) n---N ker(FN_l)

Note that by assumptions we have K (t,T'y; Ay, Ay) = K(t,T'n; Ag, A1). Thus the
upper break-points for I'y relative to the couple (Ag, Ay) is the same as the upper
break-point 6, (I'y) relative to the couple (Ao, A;) and similarly for T'y.

Now Ky ,(Ag, Ay Nker(Ty)) = Ky ,(Ag, Ay Nker(Ty)). Since 6 > 0, (Ty) we
know that this space is a closed subspace of Ky ,(Ag, Ay), and since 8 > 6,(T,,),
all ', must be bounded in Ky ,—norm. This implies that [y is also bounded in
Ky ,—norm, contradicting the assumption 8 < 6, (I'y).

We conclude that 6, (T'y) < max 6., (I',,). More generally max 6., (I',,) < max8.,(T,).
Switching the roles between the two sets of functionals we conclude that

max 6 (') = max 6, (T,)

Excluding one functional with largest possible upper break-point from each set and
repeating the argument will now give the first equality. O

Remark It is an open problem to construct a finite linearly independent set G of
bounded linear functionals having no strongly independent basis.
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Using the duality map

We conclude this section a general discussion on the construction of good approx-
imations and supporting sequences. Such constructions can sometimes be inspired
by using the duality map. (Cf Peetre [14].) If X is a Banach space, the duality map
Dxz is a set-valued function on X, taking as values subsets of the dual X*. The
defining property is

2
X*

n€Dxz & n(2) = [zlk = |In]

The set Dxx is always non-empty and convex. If the norm on X is differentiable
then Dy is single-valued and n = Dxx is defined by

d1
n(y) = 5 lle +syllx|
This can be used in the following informal way to find a good K (X' )—approximation.
Assume that

. 1/2
K (t,; X) = (lla — il + Pl %, )
Then we must have (assuming differentiable norms)

d 1 2 2 2 |2

%§<||a —ay — sz||%, +t°|a + 5:E||X1> =0

for all z € A(X). In terms of the duality maps Dy, and Dy, this means that
—Dx,(a —a1)(z) + t*Dx,a1(x) = 0 for all z € A(X), i.e.

(DXo + tZDXI)al = DXOG (2)

It is resonable to try this as a definition of a good K (X)—approximation of a.
Note that Dy, ¢y = Dx, + t?Dyx, (the left hand side of (2)) is the duality map

of At()?) = Xp N tXy, if this space is normed by J(¢, ,)?) Observe also that

— — —

A(X) C AYX)* =X 4(X).

) . . . ,
The duality map DAt(X) is defined by saying that DAt

v(t) € A(X) such that

(X’)F consists of all v =
T(v) = J3(t,v; X) = K3(1/t,T; X')

If we put .

u=u(t) = o(t)/K3(1/4,T; X
we have T'(u(t)) = 1 and Jo(t,u(t); X) = 1/K,(1/t,T; X'). This idea can sometimes
be used to construct functions u,, in lemma 2.2.
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2.6 Example: The couple (L., L)

Given any measure space (£, 1) we consider L; and L, as subspaces of the space
of measurable functions. Thus (L, L) and (Ls, L1) are Banach couples. It is
well-known that a good K(L;, Ly )—approximation of a is

e ) = { S Ejle) > 0

a(x) otherwise

where a* is the decreasing rearrangement of A. In fact we even have

t
K(t,a;Ll,Loo):/ a*(s)ds
0

[a¥)

As a consequence we have Ky ,(L,, L) = Ly, (Lorenz space) if § = 1/p.
We shall however consider the couple (L L 1)- Then

1/t
K(t,a; Lo, L1) = tK(1/t,a; L1, Le) =t / a*(s)ds
0

and a good K (L, L1)—approximation of a is a1 (t) = a — a;(1/t) (see lemma 1.2),
l.e.

o (t.o) = | @@ —a'1/sien(a(e) i lala)| > a(1/1)
1’ 0 otherwise

A bounded linear functional I" on L; is associated with a function g € L., by the
formula

[(a) = / gady
Then .
K(t,T; L, L)) = K(t,g; L1, L) = q(2) =/ g*(s)ds
0

From theorem 2.1 we therefore get that a € Kg(Loo, L1 N ker(l')) if and only if
a € K@(Loo, Ll) and

< o0
)

Hf”t ()0 () —a"(1/1))ds
g*(s)ds

Explicite examples

Consider the case 2 = (0, 00) with the Lebesgue measure. We put

B [ (14t if 0<a<l1
U(t) = Wa(t) _{ log(e+1t) if a=0
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and
1

9(t) = ga(t) = .00

Then it is easy to see that g(ts)/g(t) is decreasing if s > 1 and increasing if s < 1,
and that the same statements are true for ¢(¢s)/q(t). Since the limit of the last
quotient is of the order s'~® when ¢ — oo and ¢ — 1 we conclude that

4(s) = s17®  and thus 0 (q)=0,(¢)=1—«
Therefore we have
Ko p(Looy, Ly Nker(T)) & Ky ,(Loo, Ly), if 0 <1—a

Ky p(Loo, L1 Nker(T)) = Ky ,(Loo, L1) Nker(T), if 8 >1—«

As a second example we make the following construction (inspired by of Wallstén
[17]). Define the sequence (t,) by t,41 = ¥~1(¢,) where %, is a large number, and
put

1
t) = it >t
Then g is decreasing and
(1) > tagltn) = 5
T —1, T
o(r) < alt) + G5 <alta) + 1

if t, < 7 < tpy1. It follows that 0_(¢) = 0. To see that put 7, = t2/¥(t,) and
Sp = tn/Tn- Then s, — 0 and

o) =y D) at) ! — 2
q(sn) = o0 4(t/50) - q(13) =7 + V() /1 2

Thus #_(¢) =0 forall 0 < o < 1. On the other hand I" is bounded on (L, L1)g 1
if and only if g € (Leo, L1)g; = (L1, Loo)1-6,00 5 1-€- g € Ly oo Where (1 —60)p = 1.
This means that 6, (¢) = 1 — «. In conclusion we have

0-(q9)=0, 0:(¢)=1-a
As a concequence the space (Lo, LiNker(I'))g , is not a closed subspace of (Lo, L1)g,p

if 0 < 0 < 1—«a With the extreme choice &« = 0 we get an example where
(Loo, L1 Nker(I'))y,, is never closed.
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2.7 Example: Weighted L,—spaces

We consider a general measure space (2, du) and a positive weight function w. Then
let L,(w) denote the space defined by the norm a — ||wal|z, where we shall assume
1 < p < co. Then the duality maps on L, and L,(w) are

Dy,a = |aP~'sign(a)/||all7,?

Dr,wa = la’~'sign(a)w?/||wall7*

In the case p = 2 we get
(DL2 + t2DL2(w)) = (1 + t2w2)a

Therefore it is resonable to believe that

. 1
1 +t2w2a

A(t)a

defines a quasi-linearization of the couple (Lo, Lo(w)). This is in fact easy to
prove. Moreover the same family of operators is a quasi-linearization of the couple
(Lp, Ly(w)). This follows easily from the fact that

2w? \p tw  \P . . p
(1+t2w2> +(1+t2w2> = min (1, fw)

Thus

1/p

K (1.0 Ly Ly(w) 2 ( [ Gmin (1, tw) ] ) 1)

This relation implies that there is a simpler alternative quasi-linearization, namely

the family

< a if tw<l1
A(t)“:{o it tw<1 @)

As a consequence of formula (1) we have that
Ko p(Lp, Ly(w)) = Lp(wa)

It is also easy to see that

oLy Lyfw)) = ([ wilaydi) Q

where w; = max (1, tw).
A bounded linear functional I' on L,(w) is defined by the formula

(o) = [ ga du
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where ¢ is a function in L,(1/w), 1/¢ =1—1/p. By (3) and theorem 1.6, we have

that y
KO/ T I ) = ([ () a0)"

Using the general construction discussed in the previous section, we put u(t) =
v(t)/K2(1/t,T), where v(t) € DIAt(X)P' Here we simply get
u(t) = 19" 'sign(g)w; */|lg/wil7,

We shall use a modification of this formula in our forthcoming discussion on strongly
independent functionals. First, however, we shall give a simple example where the
break-points #_(T") and 6, (T") are different.

A case where 0 < f_ <0, <1

Consider the couple A = (L,, L,(w)) on the positive real line and With Weight
w(z) = (1+z). Let the functional I' be given by the formula I'(a) = [ g(=

where ( ) ; 0
- 1+2z)% if €
g(x)_{(l—i—x)o“ if z e

Here ) is the union of all intervals of the form [27, 2"+1/2) and Q; is the union
of [2711/2 2n+1) where n = 1,2,---. We put g(x) = 0 outside the union of Qy and
;. The numbers 6; = a; + 1/q are choosen arbitrarily in the open interval (0, 1),
but we assume that 6, < ;. Then

K/t = /OOO <max (1g,(t:2 + x)))q du =
gn+1/2 gnt1

= i ( /2 (max( 112?1) : m)))q do + /W/z (max( 112?1): @))q df”') =

p ((max 1+t2:):02n)))q+ (max( 112?:):1%)))91) 2=

~ [T (L+z)* (L+ax)™  \e
:/0 ((maxil—,i_t(l—i-x))) * (male—,i_t(l—i—x))) ) de

It follows that

K (1/t, 15 A1) & (1m0 gt )

and thus we conclude that

Boq 01q 1/q
4(s,T') = sup <(78) *(7s) > = max (5%, s™)

>1 7% 4 7619
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As a consequence the lower and upper break-points are 6y and 6y, respectively. In
particular, if 6y < 6y, then Ky ,(L,, L,(w) N ker(I')) is not closed in L,(w’) when
Oy <0 < 0.

By theorem 2.3 we see that Ky ,(Ly, L,(w) Nker(T')) consists of all a € L,(w’)
such that

[(@)=0 if 0>6

dt
/t% ‘/ gad,u‘ p—<oo i <0<b,
tw<1

no additional condition if  0<6

This follows from the fact that T'(A(t)a) = [, _, gadp.

A general case of strong independence

Definition 2.5 Assume that 1 < p < oo and put 1/¢ = 1 — 1/p. We say that
915, 9y € Ly(1/w) are asymptotically disjoint if there are sets ..., Qn (possibly
depending on t) such that

/(Ign d<C/ \gn )

o \ 1, 0 gy “
for all m # n.
Proposition 2.6 If g1,...,g9n are asymptotically disjoint then the corresponding
functionals 'y, ..., U'n are strongly independent.
Proof Define uq,...,uy by the formula

. = |gn| " sign(gn)wy ¢/ fﬂn |gn|w; Ydp on Q,
" 0 outside (2,

Then Ty, (un) = [ gntn dp =1 and

N\ (e 1/p
J(tuns Ly, Ly(w)) = (/n(wt|un|)pdu)1/p _ (fﬂnfig?jzll)qdiﬂ>
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Thus (4) implies that

T < C( [ (loawi?)'n) " <0 [ (loawi?)'tn) " = cx1/1T.)

Moreover (5) implies that if m # n then

<fnn (Ign\w{l)qdu)l/q

Lo (ug) - —0as t—0

(o, (Igmbwr ) ds) o

This implies that det [[',,(u,)] = 1 as ¢ — 0. Now the the result follows from

lemma 2.2. O
From proposition 2.6 we see that I'y,...,['y are strongly independent if the
functions g1, ..., gy have disjoints supports. This follows at once if we choose €2, to

be the supports of g,, because (4) is obvious and the left hand side of (5) vanishes.
However it is enough to assume that

an (|gm‘w;1)qdﬂ

/ (|gm|w{1)qdu

because (5) follows from (6) and Holders inequality. Thus (6) implies that 'y, ..., T,
are strongly independent.

For further examples of strongly independent functionals in weighted L,—spaces
see Lofstrom|12] .

— 0, m#n, Q, =support of g, (6)
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2.8 Example: Sobolev spaces

Consider the space L, = L,(R) with Lebesgue-measure and let WPM be the corre-
sponding Sobolev space of all a € L, such that D% € L, for all |a| < M. We shall
restrict ourselves to the case 1 < p < oo. Then we can use the following norm on
N
w, y
lallwy = llallz, + 11D " all.,

A quasi-linearization A(¢) can be found by using the Fourier transform F and the
duality map on Ly. We define A(t) = Gy % a where

1

(FGy) (&) = A7) = T+ [reP™ (1)

where 7 =t/ Note that
Gy(s) =7 'g(|s]/7),
where
|D¥g(r)| < Ce™", k=0,1,...,2M — 1

for some number x > 0.
We shall consider functionals of the form

Ma) = (D"a)(0) + Y [ (D, 2

a<m

where p, are bounded measures on R and 0 < n < M — 1/p. The number m is
called the order of I and the functional a« — (D™a)(0) is called the principal part
of I'.

Lemma 2.4 Assume that T is given by (2). Then
K(L/4,T; (LY, (WY = -0

where

_m+1/p

M
Moreover the difference between I' and its principal part is dominated by T.

O

Proof First we use Kolmogorofs inequality
ID%a(y)| < Cllall,™ llallfx
where 6, = (o + 1/p)/M. Thus

(@] <C Y llallg,” lallgyy < Ct=% J(t,a; Ly, W)

am
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This proves that
K(1/t,1; Ly, (W,")') < Gt~

To prove the converse estimate, let I’ be the principal part of I' and put I' = I + .
It is enough to prove that K(1/t,T') > Ct=%=, because then it follows that - is
dominated by T'. (See lemma 2.3.)

Let us introduce the following functions:

p(t,s) = T(Gu(- — 5)) = (D™Gi)(~s)
u(t) = (G * (1)) /v*(1)

where the bar denotes complex conjugate and

(1) = / o(t, 5)|ds

Then ['(u(t)) = 1. Parsevals formula gives v2(t) = 7~ 1-2™. Moreover ||¢(t)|z, <
Cr~m~1=1/p_ Therefore

1G* o(t) |z,
|G * @(8)][wpe

Clig(®)lls, < Crm"+10r
CrM|@(#)lls, < Ctrmm

It follows that
J(t,u(t); Ly, W) < Cr—m 1P /2 (1) < COtfm
This proves that K(1/t, f’) > Ot 9. The proof is complete. a

We shall now consider several functionals.

Lemma 2.5 Assume that T'1,...,T'x have the form (2) with different orders my,,
n=1,...,N. Then the set {T'y,...,I'n} is strongly independent.

Proof Using lemma 2.3 and 2.4, we see that it is sufficient to consider the principal
parts of T'y,...,['y. Thus put ¢,(t,8) = (D™ Gy)(—3), un(t) = (G * @n(t))/V2(2),
where v2(t) = [ |@n(t, s)|[?ds. Writing T, for the principal part of T',, we have that
Lo (un(t)) =1 and J(t, un(t)) < C/K(1/t,T,). Moreover

Fony - KO [Tt )™ galt, s)ds
YK/ [ et

J €M EdE _ e
JIE"NEPIE ~ cnn
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Thus it is enough to prove that det [c,x] # 0. To see this let z1, ..., zy be arbitrary
complex numbers. Then

Q=Y ez = [ |3 €™ a R
n,k n

Since the functions £, ..., ™~ are linearly independent if the numbers my, ..., my
are different, () must be positive definite. Therefore det [c,x] # 0. This completes
the proof.

Theorem 2.5 Assume that T'y,..., Ty have the form (2) with different orders my,,
n=1,...,N. Put T = (I'y,...,I'x). Then the interpolation space

Kig,o(Lyp, W,") Nker (T)
consists of all a € Ky ,(Ly, W) such that
['n(a) =0 for all n for which MO > m, +1/p (3)

(/ooo (% /_tt Ly(a(- —s))) pd8>p/pﬂ)1/p

Herel < p < 0.

<oo if M@=m,+1/p (4)

Proof From lemma 2.5 we get that ['y, ..., 'y are strongly independent. By lemma
2.4 we see that the lower and upper break points of I';, is #,,. Therefore corollary
2.3 implies that it is enough to show that (4) is equivalent to

(] )" <o )

t
if a € Ky, ,(Lp, W)"). Here A(t)a = Gy * a. To prove this equivalence we note that
Ln(A(t)a) = (Gr  y)(0)

where y(s) = Tn(a(- — 5)) € Ky, (Ly, W) and Mn = m, + 1/p — m, = 1/p.
Therefore it is enough to prove that the following two conditions are equivalent

([ e nors)” < ()

(G [ wora)™ )" <o 0

provided that y € Ky ,(Lp, W) = Kip,(Ly,W,). Let W) be the subspace of
W, = W, of all u such that u(0) = 0, and assume that (6) holds. Then corollary
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2.3 implies that y € Kijp,(Ly, W,). Therefore we can write y = yo + 31, where
Yo € Ly, yn € W). Let us put §(s) = 0 if s < 0 and similarly for y and yo. Then
Yo € Ly and g1 € W,,. It follows that § € K1y ,(Ly, W, ), implying that

(/01 (%/}R“j(s-l-t)—?](5)|pd3)p/p%>l/p < o

Restricting the domain of integration to the interval —t < s < 0 we get (half of)
(7). (The other half is proved in the same way.)
Conversely assume that (7) holds. Then we note that

(Gixy)(0) = /Oo Gi(—s)y(s)ds = /oo 9(ls|)y(s7)ds

= /i ng(|s|)(é /OST y(o;)da)ds

Therefore the left hand side of (6) is bounded by

[T1simaan ([ ([ oy ) <o [T [ woyrar)

Using (7) and the fact that

([7G [ wora)™ )" <o,

we get (6). The proof is complete.
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3 Interpolation of kernels

3.1 Discussion on general operators

We want to generalize theorem 2.4 by replacing the functionals I'y, ..., 'y by more
general operators Ti,...,Ty. A simple way of getting a generalization is to go
through the proof of theorem 2.4 and list all properties needed to make the proof
work. This is essentially what we shall do in this section. The reader is asked to
check the details.

Definition 3.1 Let Ty,...,Tx be bounded linear operators from A; into a Banach
space B. We say that Ty, ..., Tx are strongly independent if there exist bounded
linear and strongly continuous operators Vi(t),...,Vn(t) from A; into A(/T), such
that for all m and n

N
T () Va(t)(a1)) = Tm(ar) , a1 € Ay (1)
n=1
7 Q(l/(té‘)aTn;f‘Y). - A(A
J(t, Va(t)u; A) < C /0T A) J(ts,u; A) , u € A(A) (2)
for0<t<1,0< s <00, and
J(t, Vo(t)u; A) < Ctllag|a, , a1 € Ay (3)

fort>1.
The following theorem is a direct generalization of theorem 2.4.

Theorem 3.1 LetTi,..., Ty be strongly independent, bounded linear operators from
Ay into a Banach space B and put T = (Ty,...,Ty). For a given parameter
D let Is be the set of all n such that T, is bounded in K(p(/_l')—norm and put
Te = (The,...Tng), where The = T, if n € Iy and T, = 0 otherwise. Then

Tg can be extended to a bounded linear operator on Kg (/T), so that

—,

K¢(A0, A1 N ker(T)) = Kq;(A) N ker(Tq,)

provided that

T, ws(2") <0 if n¢ls

i@zk < oo if nels
>
k=0
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Proof Let a;(t) be a good K (A)— approximation of a € Ke(A) Nker(Ts)). Choose
operators V,,(t) according to definiton 3.1 and define a;(¢) by means of the formula

(1) = an(t) — 3 Val®) (@ (1)) (4)

Now repeat the proof of theorem 2.4.

Corollary 3.1 Assume that A(t) is a quasi-linearization of the couple A. Make the
same assumptions as in the previous theorem and let V,,(t) given by definition 3.1.

Then
N

Ar(t)a = A(t)a =Y Va(t)(A(t)a))
n=1
defines a quasi-linearization of (Agy, A1 Nker(T)).

Corollary 3.2 Let 6,  and 0, be the lower and upper break-points associated with
T,. Make the same assumptions as in the previous corollary. Then

Kg,p(A(), A1 N ker(T))
consists of all a € Ky ,(Ag, A1) for which
Tha=0 if  0>0,,

no additional condition f 6 <86,

For any 6 we have that a € Ky ,(Ag, Ay Nker(T)) if and only if a € Ky ,(Ao, A1) and
o0 T, (A 1/
(/ (t9|| ( (t)a)ﬂB)”@) ’ < o
0 Q(l/ta TnaA) ¢
An example

We give a simple example with N = 1. Consider two measure spaces (£, y1) and
(Qg, 2) and the product measure space (21 X Qg, 1 X pg). Let v > 1 be a given
weight function on ©; and put w(z,y) = v(z). Let Ay be the space L, = L, (11 X p12)
and let A; be the space L,(w) = L,(w; 1 X po) where 1 < p < co. Assume that g
is a given function in L,(1/v; 1) where 1/¢=1—1/p. Put

o= [ (—max'fl(fgiw))qdul(@)”q

and assume (for simplicity) that q(t) = ¢t=%. Finally let h,, be a given sequence of
funstions in L,(p2) such that

o = ( / ()] dp) Y9 > 0
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and hy, - hy, = 0 if n # m. Define T': Ay — {o, = B by the formula

Drm // a(z,y) d(ps X p2)

Then we clearly have q(t,T) = ¢(t) = t~%. We can now define the family V (¢) by

B |9 tsign(qhom)
V(t)a = Z ( 9] gnlg //ghmad p1 X o)

q(t)km)? max (1, tv)?

(Ta)m

m

Clearly T'(V (t)a) = T'(a) and an easy computation shows that (2) and (3) hold. We
conclude that a € Ky ,(L,, L,(w) Nker (T')) if and only if a € Ky ,(L,, L,(w)) and
(in case 6 > 6,)

// z,y) d(p X puz) =0 for all m

3.2 Operators defined by linear functionals

In this section we shall consider subspaces defined by a kind of “vector-valued” linear
functionals.

We shall work within the following general setting. Let A = (Ag, A1) be a given
couple, B a Banach space and X a linear subspace of a second Banach space X.
Let X ® B denote the algebraic tensor product of X and B. We make the following
assumptions

-,

X ® B is a subspace of A(A) (1)

X ® B is dense in A (2)

]l < CHTJP le®@blla; z€X,j=0,1 (3)
b||p=1

18(u) ®bl|4; < Cllul|4,|lbl6l8lls, veX®B, j=0,1 (4)
Note that if u = )" 24 ® by and 3 € B*, we define B(u) = >z 5(bx)-
Given these properties we let X; be the closure of X in the norm

[zllx; = sup [lz®blla ()

bl[p=1
By (3) we have X; < X so that X = (X, X;) is a Banach couple and
Iz blla, < llzll bl it € X,b e B ©

Thus we can extend the mapping z — = ® b to X; by continuity. Writing  ® b for
the value of this extension, (6) holds for all z € X.
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In the situation described above we shall write A = X& xB or (if the space X
is understood) simply
A=X®B
Note also that (4) and (5) imply
18(u)|lx; < Cllull4|8]

We shall now define the type of operators 7" we shall work with. To begin with
we have a bounded linear functional I' on X;. Moreover we have a bounded linear
operator L on B. Define L(u) for u € X ® B in the obvious way, i.e. L(D>  x,®by) =
> 2 @ L(bg). Then

1B(L(w)llx; = I(L*B)(w)llx; < ClIBl s llull 4 (8)
In this situation we define the operator 7': X ® B — B by the formula
T() x;®b;) =Y T(z;)- L(b;)

We shall see that T is bounded in A;—norm. This follows from (7). In fact, if
u € X ® B, we have

p fue X®B (7)

B*

ITGlls = swp [5(@)I= s [P(HL@))I<
< € sw I3 < Cllula

Since X ® B is assumed to be dense in Ay, we can extend T to a bounded linear
operator 717 from A; into B. This operator will be denoted by

T'=T®L 9)
Lemma 3.1 Let T be defined by (9). Then
a(r, T; &) = sup{||T(w)|| : JA/7,u; A) <1} < CK(r,T; X")
If L has a bounded inverse, then
q(r, T; A) =2 K(r,T; X')
Proof Observe that
1Tz = sup [D(B(L(w))| < CK(r,T; X)J(1/7,u; A)

||B* =1

which gives the first part_'of the lemma. For the second part choose b € B an(j T SO
that ||b||p = 1, J(1/7,2; X) < 1and |[['(z)] > 27K (7,T). Then J(1/7, z®b; A) < 1
and

IT(z @ b)|ls = [L(@)[|LO)p = CK(7,T; X')

This gives the result.
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Lemma 3.2 Assume that A = X®@B and let I'y,...,Tn be strongly independent,
bounded linear functionals on X1. Moreover let Ly, ..., Ly be bounded linear opera-
tors on B with bounded inverses. Put T, =1'y, ® L,. Then T1,..., Ty are strongly
independent. The linear operators in definition 3.1 are given by

Va(t)(a1) = wn(t) ® (T ® idp)(a1)

where wi(t), ..., wn(t) is a supporting sequence for T'y,...,Tx.
Proof First note that

L((Ty ®idg)(z ® b)) = () L (b) = Tr(x @ b)
Thus L, ((T'y, @ idp)a1) = T, (aq) for all a; € A;. It follows that

Tn(Va(t)a1) = T(wn(t)) Lin (U ® idp)a1) = 0n,mTim(a1)

This gives formula (1) in definition 3.1. To prove (2), we note that

(T ®idg) (u)||s < CK(1/(ts), Tn; X') J (ts, u; A)
Thus

K(1/(ts),Tp; X) ,

J(t, Vi (t)u; A) < J(t, wa(t); X)||(Tr, @ idg) (u)||p < C P Fn;)?’) J(ts,u; A)

By lemma 3.1 we get formula (2) in definition 3.1. Since (I',, ® idp) is bounded on
A; and K(1/t,T,) > C1/t we also get (3). This proves the result. O

Next we consider operators which are pertubations of the operators used in
lemma 3.2.

Lemma 3.3 Assume that A = X&B and that I',...,['y are strongly independent,
bounded linear functionals on Xy. Let Ly,...,Ly be bounded on B with bounded

tnverses. Put
Kyp

k=1

where 'y, , are bounded linear functionals on X, dominated by I';, and L, j are boun-
ded on B. Then Ty, ..., Ty are strongly independent. Moreover

q(t, Tp; A) =2 K(t,T,; X')

Proof In the proof we consider only small values of t. For large values of ¢ we can
define V,,(¢) to be independent of t. See the proof of lemma 2.2. Let wy, ..., wy be
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a supporting sequence for I';,...,I'y. We then introduce the following families of
operators on B:

Qmn(t) = To(wn(t)) Loy + D T (wn (1)) Lim

k<Km
A _ K(l/ta FH)
Qm,n(t) - QO,n(t)
Then B 3
Qm,n(t) - 5m,an + Z Fm,k(wn(t))Lm,k
k<K
where
= K(1/t,T)

m,k: - K(l/t’ Fm) m,k

From the assumptions we conclude that T, x(w,(t)) — 0 as t — 0. Therefore we

can find operators P,(t), from A; into B such that for sufficiently small ¢ we have

- - " 1

and

) 1
1B Barlls < Cm 7Ty

Writing P, (t) = K(1/t,T,,)P,(t) we have

[ Tnaa |5

3" Qun(t)Pult) = T

and
| Pa(t)aillp < C||Thais

Now put
Vn(t) = wn(t) ® Pn(t)

Since Qumn(t)b = Tpp(wy(t) @ b) we have

Tm(z Vn(t) (al)) = ZQm,n(t)Pn(t)al = Tm(al)
Moreover
[ Pn()as ]| 5 [Tharll5 qa(1/(ts), Tn)
J(t, Va(t)ar) < CK(I/t, T < KQ/4T,) < CmJ(ts,u)
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Finally we note that lemma 3.1 implies

K(1/t,Tyx)

ITwulls < CK(1/,T,) (1+ > K(1/t,T,)

k=1

) J(t,u) < CK(1/t,T)J (¢, u)

Thus ¢(1/t,T,) < CK(1/t,T',). To prove the converse inequality, we immitate the
proof of lemma 3.1. Thus choose b and z so that ||b||p = 1, J(1/t,2; X) < 1 and
ITn(z)| > 271K (¢,T,). Then

Kn
IT(z @ b)ll 5 > (@)1 Zablls = Y Ty

|Ln,kb”B Z
> OK(1/t,T,) (1 - Z %) > OK(1/t,T,)

This proves the lemma.

Application

The general theory above can be used to extend the examples of chapter 2 to vector-
valued L,— and Sobolev spaces. We indicate this extension in the case of interpo-
lation of Sobolev spaces only.

Consider the Lebesgue space L,(B) of B—valued L,—functions on the real line.
Let W, (B) be the corresponding Sobolev space of all a € Ly(B) such that D™a €
L,(B) for all m < M. Since we shall restrict ouerselves to the case 1 < p < oo, we
can use the following norm on W

lallwp sy = llallL,z) + DM allL,s)

Put Xo = L, = L,(C) and X = X; = W) = W} (C) and define z®b = x-b. Then
the couple (Ao, A1) = (Ly(B), W,"(B)) can be written as X®&B. In this situation
we can use the same quasi-linearization A(¢) as in section 2.8. We shall consider
operators of the form

To(a) = (D™a)(0) + Y (D*Ly4a)(0) (10)
k<mn
where L,, ; are bounded linear operators on B. In the formalism used above we have
T,=Tp, ®idg+ > Tp® Ly
k<mp

where I',(z) = (D*z)(0). (More general operators could be used in the pertubation
term. See section 2.8.) We leave to the reader to formulate the generalization of
theorem 2.5 in this situation. See also theorem 4.2 and 4.3 below.
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4 Interpolation of domains and ranges

4.1 Domains of operators in Hilbert spaces

Let H be a Hilbert space with inner product (a, b). We shall consider an unbounded
linear operator S, which is closed and densely defined. We let H; = dom(S) be the
domain of S, equipped with the (semi-)norm

lallm, = [[Salla

We shall now find a quasi-linearization of the couple (H, Hy) using duality maps as
described in section 2.5. It is easy to see that (Dgb)(z) = Re(b, z) and (Dg,b)(x) =
Re(Sb, Sx). Therefore one could guess that the equation

Re((b, z) + t*(Sb, Sz)) = Re(a,z), x € H,
defines a good approximation b of a. Assuming that b € dom(S*S) we get
(I+t*S*S)b=a
Therefore we introduce the family of operators
As(t) = (I +t5*9)7! (1)

For each ¢ > 0 this is a bounded linear operator on H which maps H into H;. We
have the following result which (essentially) is given in Lofstrom [8].

Theorem 4.1 The family As(t) is a quasi-linearization of the couple (H, Hy) where
H, = dom(S). More precisely

Kolt.a B, Hy) = (lla = As(@®ally + 215As@al)) = (a = As(t)a.a)
Proof The second equality is a direct consequence of the definition of Ag(t). The-
refore it is enough to show that

(a — As(t)a,a) < Ky(t,a; H, Hy)? (2)
Assume that a = ag + a;. Since I — Ag(t) = t25*SAs(t) we have
(a — As(t)a,a) = (ap — As(t)ag, ag) + t*(As(t)Sai, Sar) + 2Re(ag — Ag(t)ag, a;)
Now put Q(t) = /T — As(t), R = \/As(t). Then Q(t) = t+/S*SR(t) and
2Re(ag — As(t)a),a;) = 2Re(Q(t)ao, Q(t)ar) = 2tRe(R(t)ag, V'S*SQ(t)ay)
< 24| R(®)ao|[[V'S*SQ(t)ax || < [|R(t)ao|* + £71V'S*SQ(t)an |
= (As(t)ag, ao) + t*((I — As(t))Sai, Sar)

1/2

It follows that
(a — As(t)a, a) < (ag, ag) + t*(Sai, Sa;)

This implies (2).
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Corollary 4.1 Let S be a closed, densely defined operator and define As(t) by means
of (1). Then the interpolation space Kq2(H,dom(S)) is a Hilbert space with the inner

product
o dt
a,b :/ 72 (a0 — Ag(t)a,b) —
@8 = [ (0= As(t)a.b)

Corollary 4.2 Consider two closed and densely defined operators T and S and
assume that T C S (i.e. dom(T) C dom(S) and Ta = Sa for all a € dom(T)).
Then a € K¢(H,dom(T)) if and only if a € Ke(H,dom(S)) and

@((AT(-)G — As(a, a)1/2) <
Proof This is an immediate consequence of theoremm 4.1 since

Ks(t,a; H,dom(S))? — Ks(t,a; H,dom(T))* = (Ar(-)a — As(+)a, a)

4.2 Sobolev spaces on R,

Let Ly, denote the Lebesgue space on Ry = (0, 00) with norm
o 1/p
fully = ([ uto) o)
Let Wp]‘:{ be the corresponding Sobolev space defined by the norm

d
ot = ||ull, + [|DMull, , where D =i - e and 1<p<oo

[[ul

To prepare for later applications, we shall work with B—valued functions, where B
is an arbitrary Banach space. Thus we shall consider the couple (Ag, A1), where
Ag = Lyy(B) and A; = W){(B). Clearly the setting of section 3.2 can be used here,
with the tensor product defined by (z®b)(s) = x(s)-band with Xo = Ly, X; = W,
The space A; described above can be considered as the domain in Ay of the
operator S = DM. To describe the Ky—functional for the couple (Loy (B), W (B)),
we can therefore use theorem 4.1. Thus we have to find the operators Ag(t), which
amounts to solving the equation (I + #2S*S)y = a. Now it is easy to compute
the adjoint S*. It turns out that S* C DM, with domain given by the conditions
yM==1(0) =0,7=0,1,..., M — 1. Thus we shall consider the problem

y+t*D*My=a , ye W,y (1)
y@M=-1(0) =0 ,r=0,1,...,M —1

Let Gy = Gu(t, s,0) be the Green function for (1). Then we put Ay (t) = As(t)
ie.

(An()a)(s) = /0 " Gl 5, 0)a(0)do 2)
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We shall now use the family A/ (t) not only in the case p = 2 but also for general
p € (1,00).

Lemma 4.1 Put Ay = L, (B), Ay = W (B), where 1 < p < oo, and define Ap(t)
by the formulas (1) and (2). Then Ay (t) is a quasi-linearization of the couple
(Ag, Ay).

Proof Let G(t,s,0) be the Green function for the problem y + t2D**y = z where
y € WM (R). Then

G(t,s,0) = 2]\7’47_ Mz:l(_mk)euklsal/r = o(2k+1-M)mi/2M
k=0
where 7 =t/M .
Clearly G'p; has the form
. M-1
Gu(t,s,0) =G(t,s,0) + 2]\1/[7_ Z gjpe HistHHk)/T
,k=0

where the coefficients g;; should be choosen so that Gj; satisfies the boundary
conditions of the problem (1). Since the real parts of yu; are all positive if & < M
we have that

IDEDIG )\ (t,s,0)| < O kIl msollm k4 j<oM

for some positive constant p. Note also that 7G (¢, s,0) is a function of s/7 and
o /7. Therefore

1AM ®)allp < Cllall, , tIDY Ay (tall, < Cllall,

Using the differential equation for G, its symmetry and the boundary condi-
tions we also get

a(s) — (Ap(t)a)(s) = 72M /O T DMG(t, 5,0)DMa(o)do

This implies that
11 = Au(t))all, < Ct|| DY all,

Similarly
IDY A ()all, < CIDYall,

This proves that Ay (t) is a quasi-linearization of (Ag, A1). The proof is complete.
O

We shall now consider functionals I’ on Wp]‘f of the simple form

[(a) = (D™a)(0) (3)
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Lemma 4.2 Let I be defined by (3). Then

m+1/p

K/, (Lyy ), (W,3)) = 70, where O = —

Proof First we use Kolmogorofs inequality to show that
K(1/t,T5(Lpy)', (WpY)) < Ct o

This is done as in the proof of lemma 2.4

To prove the converse inequality we note that

f(AM(t)a) = /000 a(a)q;(t, o)do,
where ©
B(t,0) = /0 DGt 5, 0)ds = ™ i (/7).

Here 1) = 1), solves the differential equation ¥ + D?+ = 0, with boundary condi-
tions

YCM==1(0) = 1 if r=m )
Note that ¢ € Ly, for all ¢. Now put

u(t) = v(t) ™ Au(t)o(t)

{w(?Mrl)(O) =0 if r=0,1,....,M—1,r#m

where

) _ o ‘ 2d _ —om—1 [e’s) 2d _ o
vep = [ lotto)Pdr =t [ (o) P = or
Then D(u(t)) = 1 and
lu®)]l, < Cv(t) Yo(t)|l, < Cr™/P = Ctfm

DM u(®)ll, < Cu(t)~H | DY ()|, < Ct~*0
This implies that J(t,u(t)) < Ct proving the lemma.

Corollary 4.3 Assume that v(a) = (D*a)(0) and put T'(a) = (D™a)(0). Then T
dominates 7y if k < m.

Lemma 4.3 Assume that mq, ..., my are different integers smaller than M. Then
[n(a) = (D™ a)(0)

defines a set of strongly independent functionals for the couple (Lo, Wp]‘:{).
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Proof As in the proof of lemma 4.2 we introduce the functions
G (1,0) = / D™ Gy(t, 5,0)do = 7™ Y (0/7)
0

Un(t) = va(t) *Ant(t)bm, (¢)
Vn(t)z = /0 |¢mn(t, O')|2d0' = cn’r_zmn_l

Then we have T, (u,) = 1. To prove that | det[[, (ux(t))]| > B for some positive
constant B, we first note that

Lo(un(t)) = Vn(t)72 B, (t,0)Prm, (t,0)do

Therefore )

do

) [ tmlo)
;Pn(uk(t))yn(t)zkzn—/o ‘; Nl

The right hand side is non-vanishing for all z, with 3 |z,|> = 1, if and only if

Wmy s - - -, Ym, are linearly independent. This is the case if all the orders my,...,my
are different, since D™"1),, vanishes at the origin except when n = k. The result
now follows. O

We now return to the couple (Ao, A1) = (Lp+(B), W){(B)). Define

(Tua)(-) = (D"a)(0) + ), (DyLoya) (0, ) (5)

k<mn

where L, ; are bounded linear operators on B. Using the results of section 3.2 and
corollary 3.2 we shall now prove

Theorem 4.2 Let T,, be defined by (5) for k=1,...,N and assume that the non-
negative integers myq, ..., my are all different and less than M. Then

Kop(Lys (B), W (B) ker (Ti) 1+ A ker (7))
consists of all a € Ky (L (B), W, (B)) for which
T,a=0 if M0 >m,+1/p (6)
(/01 (% /Ot||Tna(- +o)||%d0)p/p%)l/p oo if MO=mu+1/p  (7)
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Corollary 4.4 Let T be the restriction of the operator DM defined on the subspace
of WX (B) defined by the conditions Tia = ... =Tya = 0. For a given 0 € (0,1) let
Ty be the restriction to the subspace defined by T,a = 0 for all n with 6,, < 6. Then

Ky.p(Ly: (B), dom(T)) 2 dom(Ty).

Proof of theorem 4.2. We need only to prove that if a € Kj,(L,.(B), WX (B))
then the following conditions are equivalent

(] i) " <o ®

(/01 (3 /Ot T+ 0) o))" < oo (9)

This can be proved in essentially the same way as in the proof of theorem 2.5. In
fact

T (Aar(t)a) = (An(t)y)(0) (10)
where
y(s) = (Da)(s) + Y (DSLuxa)(s)
To see this we note that (D™A (%) = [ a(0)¢m(t,0)do, where ¢ (t,0) =

(D™G ) (t,0,0) = 77 by (0 /7), Wlth wm deﬁned by (4). Partial integraton gives

(D™ A s (£)a) (0) = /0 " ho(0)D™a(0)do

where h, (o) = —r?M-m-1p2M-—my), (5 /7) = G(t,0,0). This implies (10). Now we
have only to prove that if y € K1 (np) »(Lpt(B), Wpi(B)) = K1p,p(Lp+(B), Wi (B))
then the following conditions are equivalent

/ ||/ hr(oy(o)dolp )" < oc (11)
L )lde)”" ) < oo (12
([ G/ )" %)

This follows however in the same way as in the proof of theorem 2.5. We leave the
details to the reader. See also Lofstrom [9] and [12] .
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4.3 Smooth boundary value problems
Consider a bounded domain € in R¢ with C™ —boundary and let Bi,..., By be
boundary operators of Neumann type, i.e.

k<mp

Here D, denotes the interior normal derivative on the boundary 6¢2. We shall assume
that the orders m, are all different, that ¢, are CM—functions on the boundary.
Let W,)%(Q2) be the Sobolev space of all a € W (Q), such that B,a = 0 on the
boundary for n =1,..., N. We are interested in finding the interpolation space

Ky, (Ly(Q), W, 5(2)

Theorem 4.3 Assume that Q has CM —boundary and let By, ..., By be boundary
operators of Neumann type on 0 with orders m; < mg < ---my < M. Then the
interpolation space

Ky, (Ly(Q), W, 5(2)
consists of all a € Ky ,(Ly(Q2), W) (Q)) for which the following conditions hold

B,a=0 on 6Q if MO >m,+1/p

/1 / 1/
(/ (—/ |Bna(8)|pds>pp@> " <0 if M0=m,+1/p
o ‘U Ja 3

Here 1 < p < oo and Q(t) is the set of points in Q with distance at most t to the
boundary of Q). The number € is some sufficiently small number.

Proof Since we have smooth boundary we can use local mappings and reduce the
problem to the corresponding problem on R, x R?. Therefore we write

Ay = Ly(Ry xRY), Ay =WM (R, xR?)

By = L,(RY), B, =W,"(R?%)

Then
Ao = Ly+(Bo), A1 =W, {(B1)

Note that if 1 < p < co we have
A1 = Lyy (Br) N WY (By)
This relation will now be extended to the following one:

Kyp(Ao, A1) = Kg,p(Ly+ (Bo), Ly+ (B1)) N Ko,p(Lp+ (Bo), Wi (Bo)) (1)
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Let W 5 be the subspace of W consisting of all a satisfying the boundary con-
ditions Bia = ... = Bxya = 0 and put

M
A=W, 5

p

Then we also have
Ky,5(Ao, A18) = Ky y(Lyp1 (Bo), Lyt (B1)) N Ky p(Lpy (Bo), W 5(Bo))  (2)

Using the results of the previous section we clearly get then the theorem from (1)
and (2).

To prove (1) we first note that the couple (By, B;) is quasi linearizable by means
of the family b — G'4xb, where G is defined in the beginning of section 2.8. Therefore
the couple (L, (Bo), Lyt (Bi)) is quasi-linearizable by means of the family Aq(?),

where
(Ao(t)a)(s,-) = (Ge*a(s))(-)

In section 4.2 we constructed a quasi-linearization Ay (t) of the couple (L, (By), W, (By))-
We now claim that A(t) = Ap(t)A¢(t) defines a quasi-linearization of the couple
(Ag, A1). To prove this we note that I — A = —(I —Ap)({ — Ag) + (I — Apr). Thus

la = A@allay < € (lla = Anr(B)allay + lla = Ao(t)all,)

But since A = Ay — Ay (I — Ag) we also have

HA® w5 < C (U Oallu ) + la = Ao(t)all,
and similarly
AW allz, 2 < CtllAoBallz, (s
It follows that
la = A¥)alla +HAB)all4, <
< C(lla = An@llao + HAr Ol o) + lla = Ao®llag + tlAo(B)allr, ) )
This implies
Kop(Ag, A1) = Ko, (Lps (Bo), Lyt (B1)) N Kp p( Lyt (Bo), Wy (Bo))

This gives (1), since the converse inclusion is obvious. The proof of (2) is quite the
same. In fact, using the theory of section 3.1 and section 3.2 we can construct a
quasi-linearization of the couple (Ly(Bo), W 5(Bo)).

Remark The proof given above is similar to the one given in Lofstrom [9], but the
present proof is considerably simpler. Cf Lofstrom [11]. For another approach to the
interpolation of boundary value problems see Grisvard [4] and [5]. For non-smooth
boundary value problems in the plane see Zolesio [18].
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4.4 A theorem on ranges

Assume that T : A — B. We shall consider the following relation
Ko(T(Ao), T(A1)) = T(Ko(Ao, A1) (1)

First we note that the inclusion 7' (Ke(Ag, A1)) € Ko(T(Ag), T(A;)) follows direc-
tely from the interpolation property. Therefore we have only to concentrate on the
converse inclusion. Of course some conditions must be satisfied. One of them is

First we assume that 7T is injective.

Lemma 4.4 Suppose that T is injective on A; , that T'(A;) is closed in B;, (j =0,1)
and that (2) holds. Then (1) follows.

Proof Put 7; = T|A; for j = 0,1. By the open mapping theorem we can find a
positive constant ¢ such that

llajlla; < cllbjlls, if b; = Tj(a;) € T;(A;)

Thus assume that b = by(t) + b1(t) € Ko(T'(Ao), T(A1)) where b;(t) = Tj(a;(t)) €
Tj(A;). Then put a = ag + a1 where a; = a;(1). Clearly b = Ty(ao) + Ti(a1) =
To(ao(t)) + Ti(a1(t)). Therefore To(ag — ao(t)) = Ti(a1(t) — a1) is an element of
T(Ag) NT(A;). Thus (1) implies that Ty(ag — ao(t)) = Ti(a1(t) — ar) = T(a) for
some @ € Ag N A;. By the injectivity we conclude that ag — ag(t) = a1(t) — a3 = a.
Hence ay(t) + a1(t) = ap + a; = a. It follows that

K(t, a; Ao, Al) S CK(t, b, T(A()), T(Al)), if b= T(a)
which gives the inclusion. O

We now intend to reduce the general situation to the case considered in the lemma.
To that end we shall write

N;=kerT;, j=0,1, and N =kerT
Lemma 4.5 A necessary and sufficient condition for (2) is that N = Ny + Ny.

Proof The inclusion Ny+ N; C N is obvious. Conversely assume that n € N. Then
n = ag+ a1, where a; € A;. Since T'(n) = 0 we have T'(ap) = T (—a1). By (2) we get
that T'(ag) = T'(—a1) = T(a), where a € AgNA;. Thus T(ap—a) =T (—a;—a) =0,
so that ag — a € Ny and a; + a € N;. This implies that n = ag + a1 = (ag — a) +
(a1 + (~1,) € N() + Nl.
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Conversely assume that N = Ny + N; and let b be an element in 7'(Ag) NT'(A,).
Then b = T'(ag) = T'(a1), a; € A;. Therefore ag — ay, being an element of N, can be

written as ag—a; = —ng+nq1,n; € N;. It follows that ag+ny = a14+n1 = a € AgNA;.
Since b = T'(a) we conclude that b € T'(Ay N A;y). This proves the lemma. O
Now put

E:A0+A1, EIZ/N

where ¥ is equipped with the quotient norm. Similarly we put
Aj = A;/N;

again with quotient norm. Then A, is contionuously embedded in 3, and if (2) holds
2 = AO + Al

The proof of this fact uses the previous lemma. We leave the simple details to the
reader. Next we define a linear mapping T : Ag + A; — By + B; by writing

T(C_Lo + C_Ll) = T()(CL()) + T1 (Cll) (3)

Lemma 4.6 Assume that (2) holds. Then T is well defined and continuous and
T; = T|A; is contionuous with the same norm as Tj. Moreover T is injective,
i(4;) = T;(4;) and )

T(AO N Al) = T()(Ao) N T1 (Al) (4)

As a consequence we have
Ko(T(Ao), T (A1) = Ko(T(Ao), T(A1)) = T (Ko (Ao, A1)

Proof If ay + a; + aj = @} we have (aj + a}) — (ag + a1) € N. Thus lemma 4.5
implies that (ay + a}) — (ao + a1) = ng + ny, where n; € N;. Thus Ty(ay — ag) =
T(ag—ao—mo) = T(a1—aj+ny) = Ti(a1 —ay) i.e. To(ag) +Ti(ay) = To(ao) +T1(ar).
This proves that T is well defined.

To prove (4) , let b € Ty(Ap) NT1(A;). Then b = T(ap) = T(a;) fore some
ap € Ap and a; € A;. Thus (1) implies that b € T(Ay N A;), i.e. b = T(a) where
a € AgNA;. But then b= T(a) € T(AyNA;). This proves (4). The remaining part
of the lemma is left to the reader.

_ We shall now give the main result of this section. First recall that a subcouple
N is a complemented couple of A, if there exists a projection P : X(A4) — X(N),
such that P: A; =+ N;,7 =0, 1.
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'I;heorem 4.4 LetT be a bounded linear operator from the couple A into the couple
B. Assume that the couple T(A;) is a closed subspace of B;, and that the couple
(ker (T'|Ap), ker (T'| A1) is a complemented couple in (Ag, A1). Then

Ko(T(Ao), T(A1)) = T(Ke(Ao, A1) ()

Proof Using the notations introduced above we have Ny+N; = N. Thus (2) holds.
Therefore we are done if we can prove

T(Ka(Ao, A1) C T(Ks(Ag, Ar)) (6)

Assume that b € T'(a), where @ = ao(t) + @, (t) € Kg(Ao, A1). Now P; = P|A; is a
projection into N;. Put Q; =1 — P; and ) = I — P. Then

1Qja;(®)]la; < clla;(®)l 4,
since ;n; = 0 for each n; € N;. Thus we have
K(t, Qa; Ao, Av) < c(l|ao ()] 1, + tllar(t)]],)
It follows that K (t,Qa) < cK(t,a). Thus Qa € Kg(Ag, A1). But
T(Qa) =T(Qa+ Pa) =T(a) =T(a) =b

Therefore b € T'(Ko (Ao, A1))-

A counterexample

We shall now give an example of an injective operator 7', such that the conclusion
of theorem 4.4 (or lemma 4.4) fails. Clearly the relation (2) will not be satisfied
in this example. (The example as well as the whole of this section is inspired by
a construction by Berkson, Doust, Gillespie, personal communication by I. Doust.

See [2].)
Consider the Hilbert space H, of all sequences a = (a,)%,, such that

fall = (S a?) " < oo

—00

Here r is an arbitrary real number. Let S be the backwards shift operator
(Sa), = an_1

Lemma 4.7 The operator A\I — S s injective on H,. Its range is the entire space
H, if and only if |\| # 2".
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Proof Assume that (\I —S)a =0,a € H,. If A\ =0 we clearly have a = 0. If A # 0
we have a,, = A\ "qq for all n. Since

b 2ny 1/2
lalle = laol (D A2

)" <o

we must have gy = 0. Hence a = 0 , proving that A\l — S is injective.

Assume now that |[A| > 2". Suppose that b € H, and that b, = 0 for n < —N.
Put a, = 0if n < —N, a_y = A™*b_y and define a, for n > —N recursively by the
formula a,, = A7'b, + A"ta,_;. Then (A — S)a = b and

n+N

1 1
an:XZan—ka n>-—-N
k=0
Thus 1
T <~ b T
[all, < w_QTll |

If b is an arbitrary element of H,, we let b" be the sequence defined by b)Y =0 if
n < —N and bY =b, ifn>—N. Then b¥ — bin H,. Therefore the corresponding
sequence a¥ converges in H, to an element a. Since A\I — S is continuous on H, we
conclude that (A — S)a = b. It follows that Al — S is surjective if || > 27.

In the case |A| < 27, we can use the same idea, but instead of cutting away small
indices, we cut away large ones. Thus if b, = 0,n > M we define a, =0 if n > M,

apy—1 = —by and a,_1 = Aa, — b, if n < M. Then (A — S)a = b and

M—-n—1
ap = — Z )‘kbn+k—|—1 ,n< M
k=0
This implies
1
b
lall, < 57— \/\IH I

From this we see that \I — S is surjective if |A| < 2".

It remains to show that A\I — S is not injective in the case |\| = 2". Suppose
the contrary. Let (c¢,) be any sequence in Hy and put b, = A "c¢,,n > 1 and
b, = 0,n < 0. Then the relation (A — S)a = b gives

1 n
/\"an=ao+xzck, n>1land \"a, =ag, n <0
k=1

For each sequence (¢,) € Hy we would have b € H,. Therefore we a € H,, implying
that ap = 0 and that

o0 o0 1 n
Z 2" ay|)? Z Xch\Q < 0o
n=0 n=0 " k=1
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for every (c,) € Hy. This is clearly impossible. Thus Al — S is not surjective. The
proof of the lemma is complete. O

We shall now construct our counter-example. We chose ry < r1 < ry and put
T =2] —S. Then we claim that

K‘P(T(Hro)v T(Hfz)) % T(KCI’(HTO’ Hﬁ))

if® =Py, and ry = (1—0)ro+0ry. Thisis easy to see since T'(H,,) = H,,,T(H,,) =
H,., and K¢(H,,, H,,) = H,, but T(H,,) ¥ H,,. Note also that T'(H,,) N T(H,,) %
T(H,, N H,,).
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