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ABSTRACT. We introduce the notion of §-numbers for operators in Banach
couples. We investigate variants of the approximation, Gelfand, and
Kolmogorov numbers. In particular, we derive upper estimates of these num-
bers for operators between spaces generated by interpolation functors on Banach
couples satisfying interpolation variants of approximation properties. We also
study two-sided interpolation of entropy numbers.

1. Introduction

The problem of the behavior of s-numbers and entropy numbers of operators
between interpolation spaces has received considerable attention in recent years.
This problem has a long history and some related problems in the area are still
open. We note that these numbers are used in various areas of analysis including
the theory of asymptotic geometric analysis (see [21]) and spectral theory of oper-
ators. In particular, these numbers are useful tools in the study of the eigenvalues
of operators in Banach spaces (see [10], [20]).

The main aim of this article is to study interpolation variants of some important
s-numbers and show applications to the above-mentioned problem. For motiva-
tion, we list some known remarkable results. We start with some fundamental
notation and definitions. Fix Banach spaces X and Y. In the space of all real
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sequences modeled on the set of positive integers N, we consider sequences of
numbers associated with an operator T: X — Y. Particularly important are the
approximation numbers a,(7), Gelfand numbers ¢,(7), Kolmogorov numbers
d,(T), and entropy numbers ¢, (7") defined, for each n € N, by the formulas

an(T) := inf{||T — S|; S € L(X,Y), rank(S) < n},

cn(T) == inf{||T|¢|; G C X, codim(G) < n},

do(T) = nf { QXTI xy/v; N C Y, dim(N) < n},
where Qn: T — Y/N is the quotient map, and

en(T) = inf{s > 0;T(Bx) C U(yz + eBy) for some y1,...,y, € Y}.
i=1

The approximation numbers, Gelfand numbers, and Kolmogorov numbers are
special cases of the so-called s-numbers of operators introduced by Pietsch. (For
basic properties of these numbers, more background, and applications, we refer to
the monographs [3], [19]-[21].) It was mentioned that these numbers are powerful
tools for estimating eigenvalues of operators in Banach spaces (see [10], [20]).
We recall that when 7T: X — X is a Riesz (in particular, a compact) operator
acting on a complex Banach space X, then we denote by (A, (7)) the sequence
of eigenvalues of X rearranged according to their algebraic multiplicity and so
that (|A\,(7)|) is a nonincreasing sequence. If 7" has only finitely many nonzero
eigenvalues \q, ..., \x, then we set, by convention, A, = 0 for each n > k.

Let us quote two famous formulas that hold for every Riesz operator T acting
on a complex Banach space X. The Konig formula (see [4]) states that, for any
s-number sequence,

lim s, (T%)Y* = I\ (T)], neN.

k—o00

Another formula due to Carl and Triebel [4] gives an estimate of eigenvalues by
single entropy numbers

(ﬁ’Ai(T)’)lm < kzey(T), k,neN.

The entropy numbers or s-numbers of some specific operator 1" are usually rather
difficult to calculate, or even to estimate. Various methods are required, with
interpolation methods playing a particularly significant role. It should be pointed
out that resolution of the behavior of entropy numbers or a given s-number
under interpolation, when nontrivial couples of Banach spaces are involved at
each endpoint, is a difficult problem. Note that some results for the interpola-
tion of Gelfand and Kolmogorov numbers are available when one endpoint is
formed by a trivial couple (see [19, pp. 150, 152]). However, when both endpoints
can vary this is not true in general, as the following example of Carl shows.

Consider finite-dimensional complex Banach couples (Ag, A1) := (63", £3") and
(Bo, By) = (£3",£3"). Then for the complex interpolation spaces with § = 1/2,

we have A := [Ay, A1]p = 3" and B := [By, B1]s = (3" isometrically. Since the
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Kolmogorov numbers satisfy d,(id: Ag — By) = 1, d,(id: Ay — By) < 1/y/n
(see [9]), and do,_1(id: A — B) =< 1//3 (see [19, Lemma 11.11.8]), it follows
that there is no C' > 0 independent of n such that

N

don—1(id: A — B) < Cd,(id: Ay — Bo)'d,(id: A, — B,)? < n~

We note that it is shown in [23] that, in contrast to the situation in Banach spaces,
the s-numbers of operators do interpolate well between Hilbert spaces at least in
the case of the complex method. Those results suggest posing the problem on the
two-sided interpolation of s-numbers as the problem of finding conditions on the
Banach couples X = (Xo, X1), Y = (¥5,Y;) and the interpolation functor F of
exponent 6 € (0, 1) under which there exists a function ¢: N x N — (0, 00) (that
may depend on F, )2, and 37) such that, for an operator 7T': X — Y and each m,
n € N, the estimate

Smin_1(T: X = Y) < o(m,n)s,(T: Xo— Yo) s,(T: X; — Y1)"

is valid for a given s-number with X := F(X) and Y := F(Y) generated by an
interpolation functor F. We note that the aforementioned Carl example shows
that, with m = n, the factor ¢(m,n), which appears on the right-hand side of
the above estimate, must grow at least like ni.

It is interesting to point out a recent result of Edmunds and Netrusov [6] who
showed (this result solved a long-standing question) that there is no positive
constant C' = C'(f) such that an inequality

em—l—n—l(T: (X()aXl)H,q — (%7}/1)9@)
< Cep(T: Xo— Vo) e, (T: X, = Y1), m,neN

is true for every operator T': (Xo, Xo) — (Yo, Y1). Here (e,) is the sequence of
dyadic entropy numbers of an operator between Banach spaces given by e, :=
gqn-1 for each n € N, and (-)g, denotes the real method of interpolation with
6 € (0,1), g € [1,00]. This fact motivates a similar problem for entropy num-
bers instead of s-numbers: namely, how the numbers of an operator 7T': XY
between nontrivial couples of Banach spaces behave under interpolation. It is
still not completely clear under which general conditions two-sided interpolation
problems have positive answers. Motivated by applications, our aim in the present
article is to study the above-mentioned problems and some of their variants.
Let us now describe the paper and its contents. In Section 2, we introduce the
new notion of the § = (§,)-number sequence defined on a class of all operators
between Banach couples. The restriction § to a subclass of all trivial couples
(i.e., a given couple is formed by the same Banach space) induces the classical
s-number sequence in the sense of Pietsch for operators in Banach spaces. For an
operator T": (Xo, X1) — (Yo,Y1) and each positive integer n, we define the nth
approximation number @, (7", Gelfand number ¢&,(7T), and Kolmogorov number
d,(T). We examine the relations between 5,(T) and s-numbers s, (T}: X; — Y;)
for + = 0, 1. The main question we consider is: Under which conditions for Banach
couples X and Y can we find reasonable functions g:N—=Nand p: R, xR, —
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R, such that
Zymin-1)(T: X = Y) < o(sm(T: Xo — Yo),5a(T: X1 — Y1)

for each m,n € N and every operator T': X — Y? The main results related to
this question concern the sequences (@), (,), and (d,,) and involve the variants
of approximation properties for Banach couples. We discuss these approximation
properties and show connections with the notion of s-numbers for operators in
Banach couples.

In Section 3, we present some applications of our previous results. We derive
upper estimates of the approximation and Kolmogorov numbers of operators
between spaces generated by interpolation functors on Banach couples satisfy-
ing interpolation variants of approximation properties. Finally, in Section 4, we
prove some upper estimates for entropy numbers of operators between interpola-
tion spaces.

2. §-numbers for operators in Banach couples

The axiomatic approach to s-numbers was developed by Pietsch in [18]. The
concept of s-numbers generalizes the notion of singular numbers in Hilbert spaces
to the Banach space setting. Following Pietsch’s idea in the case of operators
between Banach spaces, we introduce the notion of s~=numbers for operators acting
between Banach couples.

Let B be the class of all Banach couples. Following the standard notation in
interpolation theory, for glven Banach couples X = (Xo, X1) and Y = (Yo, Y1),
we define an operator T': X — Y to be a linear mapping 7: Xo+ X; = Yo+ Y,
such that restrictions 7| x, are bounded operators from X, to Y; for each 7 =0, 1.
The space E(X Y) of all operators T: X — Y is a Banach space equipped with
the norm ||T||¢ ¢ = max;—o1 || T]x,||x;ov; (see [1]). In what follows, the class
Uz yes E()Z' ,}7) of all operators defined between Banach couples is denoted by
L. Arule 3= (5,): L — [0,00)"N assigning to every operator T’ € £ a nonnegative
scalar sequence (5,(7)) is called an §-number sequence if the following conditions
are satisfied for each positive integers m and n:

(i) Monotonicity: ||T|| > 5,(T) > &(T) > --- > 0 for all T € L(X,Y).
(i) Additivity: 5pmin1(S+T) < 5m(S) + 5,(T) for all S, T € L(X,Y).
(iii) Ideal property: 5,(STR) < ||S||5.(T)||R|| for all R € L(Z,X), T €
L(X,Y), and S € L(Y,W).
(iv) Rank property: if rank(T") < n, then §,(7") = 0.
(v) Norming property: 8,(id: (¢5,05) — (¢5,05)) = 1, where id denotes the
identity operator on the n-dimensional Hilbert space £3.
As in the linear case, the nth number sn( ) of an operator T: X — Y between
Banach spaces is also denoted by 5,(T: X — Y).

—

If for every S € L(X,Y) and T € L(Y, Z),
§m+n—1(TS) S gm(T)gn(S)a
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then the §-number sequence § = (§),) is said to be multiplicative. Following impor-
tant examples for s-number sequences, we introduce variants of these numbers in
the setting of operators between Banach couples. The nth approximation number
a,(T) of an operator T': X — Y between Banach couples is defined by

@n(T) == inf{||T — S| ¢_,y; rank(S) < n}.

As in the classical case of s-numbers, we show (see [2, p. 469]) that, for an
arbitrary s-number sequence § = (8),), the mizing multiplicativity property holds:
for Se L(X,Y)and T € L(Y, Z),

i1 (TS) < En(T)@n(S)  and  Ensn1(TS) < @n(T)3.(S).

In particular, the approximation number sequence @ = (@,,) is multiplicative.

To define a variant of Kolmogorov numbers in the setting of operators between
Banach couples, we note that if X = (X0, X1) is a Banach couple and N C
Xo N X is a closed subspace in Xy and X, then it can be easily shown that
X/N := (Xy/N,X,/N) forms a Banach couple if and only if N is closed in

Xo + X (see, e.g., [8]). Moreover, if Qﬁj denotes the canonical surjection from
the Banach space X; onto the quotient space X;/N for i = 0,1, then the linear

map QX : Xo+ X1 — Xo/N + X1 /N given by

Cjﬁ(x) = Q" (20) + Q' (1), T =20+ 1 € Xo+ X1,
is well defined, and is independent of the decomposition x = x¢ + x1 € Xo + Xy
with 2o € Xy and z; € X;. Obviously, Qx: (X0, X;) — (Xo/N, X;/N) with

QN5 x/n =1
Now we are ready to give the definitions of the nth Gelfand number ¢,(T') and
Kolmogorov number d,(T) of an operator T: X — Y between Banach couples:

Su(T) == inf{||T|u|l 75: M C Xo N Xy, codim(M) < n}
and
do(T) := nf {|QNT ¢y ,n: N C Yo N Y1, dim(N) < n},

where M = (My, My) with M; := (M, ]| - ||x,) for i = 0, 1.

We note that in the case when 7: X — Y is an operator between Banach
spaces, then for the trivial Banach couples (X, X) and (Y,Y), we have T: (X,
X) = (YY) and

5.(T: (X, X) = (V,Y)) = 5,(T: X = Y),

where (s,) is a sequence of s-numbers in the setting of Banach spaces. In partic-
ular, we have

:@l
=
=
>
1
~
=
I
£
~
>
1
=

and

do(T: (X, X) = (V,Y)) =do(T: X = Y),
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where (ay), (cn), and (d,) are sequences of the classical approximation, Gelfand
numbers, and Kolmogorov numbers, respectively.

It is natural to ask about the relationships between S-number sequences and
the classical s-number sequences. Let § be an s-number sequence for operators
in Banach couples, and let s be the induced s-number sequence for operators
in Banach spaces (restricting § to all trivial couples). The main question we are
interested in here is the following: Under what conditions on Banach couples X
and Y can we find reasonable functions g: N — N and ¢: Ry x Ry — R, such
that, for each m,n € N and every operator T': X — }7, we have

Symin1)(T: X = Y) < @(s,(T: Xo = Yp), 50(T: X1 — Y1))?

We are interested in the case when § € {a, ¢, d }, which involves certain variants
of approximation properties for Banach couples. Before we state and prove our
main results, we need to discuss these properties.

We recall that a Banach space X has the bounded approximation property if
there exists A > 1 such that, for every ¢ > 0 and every compact set K C X, there
exists a finite-rank operator satisfying ||T']] < A, and

Tz —z||x <e¢llz||lx, z€K.

It is easily seen that in this definition we may replace compact sets by finite sets
Fin X. We also note that it is well known that the above property is equivalent
to the following. There is a A > 1 such that, for every finite-dimensional subspace
E of X, there is a finite-dimensional operator T': X — X for which || T|| < A and
Trxr=xforallz € E.

The bounded approximation property allows the rank of an operator 1" to vary
with the choice of a finite set I even if ¢ > 0 and card(F') remain fixed. A stronger
quantitative version of the bounded approximation property is called the uniform
approzimation property (UAP for short). This property imposes an upper bound
on the rank of 7" that depends on ¢ and card(F’) but not on the specific choice
of F'. More precisely, a Banach space X has the UAP if there exists A > 1 such
that, for every ¢ > 0 and each n € N, there exists f(¢,n) such that for every
finite set {x1,...,2,} in X there exists a linear operator T: X — X satisfying
|7 < A, rank T < f(e,n), and

Tz, — zil|x <e|xillx, 1<i<n.

It can be shown that this property is connected with the property introduced by
Pelczyniski and Rosenthal [16]. Let A > 1. A Banach space X has the A-uniform
approximation property (A-UAP for short) if for every X > X there is a function
¢»: N — N such that, and for every n-dimensional subspace E of X, there
is an operator T: X — X such that ||T]| < X, Te = e for all e € E, and
rank 7" < ¢y (n). A Banach space X has the UAP if X has the \-UAP for some
A> 1.

It should be pointed out that to check whether a given Banach space has the
UAP is a subtle problem. We note that Szankowski [22] proved that the existence
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of an unconditional or even symmetric basis in a Banach space does not ensure
that it has the UAP.

In the study of interpolation properties of compact operators, natural variants
of approximation properties have appeared in the setting of Banach couples. We
mention here that Lions [12] showed that for a wide class of Banach couples
X = (X0, X1) there exists a sequence (FB,) of operators P,: Xy + X; — XoN X,
such that P,z — x in X; as n — oo for each x € X; (i = 0,1). We will use the
special type approximation properties (Hg) (resp., (H)) in the setting of Banach
couples, which to the best our knowledge appeared for the first time in [17] (resp.,
[24]) in the study of compactness (resp., the measure of noncompactness) of linear
operators under interpolation.

A Banach couple X = (Xy, X;) is said to have the (bounded) approzimation
property (Ho) (resp., (H)) if there exists a positive constant ¢ such that for every
e > 0 and any finite set F' C X (resp., all finite sets F; C X, for i = 0, 1), there
exists a map P: X — X with P(X;) € X, N X, |Pll¢, g <c and

|Px — x|

x, <& x€F (resp.,z € F;,i=0,1).

Following the classical definitions for Banach spaces, we define variants of the
UAP in the setting of Banach couples. Let X = (X0, X1) be a Banach couple,
and let A\ > 1. The couple X = (X,, X;) is said to have the A\-UAP if there
exists a function kg: (A, 00) x N — [1, 00) such that, for every A’ > X and every
n-dimensional space FE of Xy N Xy, there is an operator u: Xy + X; — XgN X,
such that |lul|¢ ,¢ < N, ur = 2, for all x € E, and ranku < kg(N,n). The
function kg is called the uniformity function of X. A Banach couple X has the

UAP if X has the A-UAP for some \ > 1.
We start with the following observation, where in what follows [ is the identity
map.

Lemma 2.1. Let X = (Xo, X1) be a Banach couple, and let A > 1. Suppose that
there exists a function ¢: (0,00) X N — [1,00) such that, for every n-dimensional
subspace E of Xo N X1 and every € > 0, there is a finite-rank operator T: Xq +
X1 — XoNXy such that [T ¢, ¢ < A, rankT < ¢(e,n), and ||Tz—z| x, < ||z x,
fori=0,1 and for allx € E. Then, for every X' > X and every E C XqNX; with
dim(E) = n < oo, there exist n = n(N, E) > 0 and an operator S: Xy + X1 —
Xo N Xy such that S|g = I, rank S < ¢(n,n) +n, and ||S| ¢ ¢ < N.

Proof. Fixe > 0, X > A, and a subspace F C XyNX; with n = dim(F) < co. Let
P: Xo+X; — Xo+X; be a bounded linear projection such that P(Xy+X;) = E.
Clearly, P: Xo+X; — XoNX;,andso P: X — X. For = (N =\)/||P| ¢_ g, we
can find a finite-rank operator 7': Xo+ X; — XoNX; such that rank T < ¢(n, n),
Il % ¢ <A and

|Tx — x|

x; <nlzllx,, z€FE, i=0,1.
We show that the operator S given by

S=T+P-TP=T+{I-T)P



434 M. MASTYLO and R. SZWEDEK

satisfies the required conditions. To see this, observe that S: Xy+ X; — XoN Xy
with rank S < rank 7'+ rank P < ¢(n,n) +n, Sz = x for all € E. Since
151 e < I Tlgox +nllPllgg <X,
this completes the proof. O
We provide an example of a Banach couple that has the approximation prop-
erty (Hp). We will need the following simple fact (see [11, p. 286]). Let E be a

k-dimensional subspace of a Banach space X, and let {eq, ..., e} be an Auerbach
basis in EF—that is, ||e;||x = 1 for each 1 <i < k and

k
[ > o
1=1

for all choices of scalars {ay,...,ax}. If for given n > 0 there are z1,...,2, € X
such that |le; — z;||x < n for each 1 < i < k, then for every e = Zf | a;e; there

> max |a;|
X T 1<i<k

exists « € span{zy,...,x;} (e.g., we can take x = Zf 1 @;x;) such that

le = llx < k.

In what follows, we consider couples (Xy, X;) of Banach lattices; that is, both
Xy and X, are Banach lattices which can be embedded as lattice ideals in some
L%, A, 1), where (9, A, ;1) is a measure space. The set of all simple functions
ZLI a;xqo, with n € N, a; € R and pairwise disjoint sets €2; € A such that
1(€2;) < oo for each 1 < ¢ < n is denoted by S. We will consider the Banach
couple (Li(p), Loo(pt)) defined on any measure space (€2, A, u). The closure of

Li(p) N Loo(p) in Log () is denoted by L2 (u).

Theorem 2.2. Let (2, A, i) be any measure space, and let X be an exact inter-
polation space between Li(p) and Loo(p). Then X = (L2 (u), X) has the approz-
imation property (Ho) with fg¢(e,n) < [4?”]” for every e > 0 and for each n € N.

Proof. We consider the family P of all finite-dimensional average operator (i.e.,
all operators P given by

Y
Pri=3 (g [, Fxos £ € 1)+ Ll
where {Q4,...,Qn} is any finite collection of pairwise disjoint measurable sets of
finite measure). Obviously, for any P € P, we have P: Li(1) + Loo (1) — L1(p) N
LY (p) with ||P|lz, 1. = 1 and ||P||1o (my—r0. sy = 1. Since X is an exact
interpolation space between L;(p) and Lo (u), P: X — X with [|P|xox < 1.
Let E be an n-dimensional subspace of L?_(11)NX. We choose an Auerbach basis
{e1,...,e,} in E equipped with the induced norm from L2 (u). Since |e;| < 1

p-a.e., for each 1 < j < n, we can choose m = [2] pairwise disjoint sets with
finite measure A7,..., A7 in A and finite sets of scalars {aJ,...,a/ } such that
= €
I, ;
ej_zaiXAg OO<%, 1<7<n

=1
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By a standard argument, we can construct pairwise disjoint measurable sets
{Q,...,Qn} with finite measure and simple functions fi, ..., f, such that each
one is a linear combination of characteristic functions xq,, ..., xa,- Let P € P be
an average operator generated by the family {Q,...,Qx}. Then, as mentioned
in the paragraph preceding Theorem 2.2, it follows that, for every e € LY with
lelloo = 1, there exists a simple function f € span{fi,..., fx} such that

le = fllo < /2.

Combining these estimates, we conclude that P: Xy + X7 — Li(p) N Loo(p) —
Xo N Xy (with continuous inclusion) and ||P||¢,¢ < 1, Pf = f. This implies
that
[Pe—ellow < |[P(e—f)|| . +le = fllo <e
Since dim P < N < [4?”]”, the proof is complete. O
The following lemma yields a characterization of the UAP of a Banach couple
in terms of s~approximation and Kolmogorov s-numbers.

Lemma 2.3. Let f: N — N be a function such that f(n) > n. Suppose that
a Banach couple X = (Xo, X1) has the \-UAP for some A > 1. Then the following
conditions are equivalent.

(i) There exists a uniformity function kg: [A,00) x N — [1,00) such that
Eg(An) = O(f(n). ]
(ii) There exists ¢ > 0 such that, for every Banach couple Y and every operator
S:Y = X,
Ge(sn-11+1(S) S Ad(S), n€N.
Proof. (i) = (i ) Let M C XoN X, be a subspace with dim(M) < n. For a given

Banach couple Y = (Yo, Y1), let S: Y — X be any operator. Our hypothesis
kg(A,n) < cf( ) for some ¢ > 0 and all n € N implies that there exists an

operator T: X — X such that 1T ¢ < A Tx = z, for all z € M and
rank(7") < ¢f(n — 1). By definition of the approximation numbers in the setting
of Banach couples, we get that

diesu-1+1(S) < IS =TSy = | = T)S|ly_ 5-

We define a linear map U: (X, + X1)/M — X, + X, by setting
U[l’] Z:I—TZE, [x]G(XQ+X1)/M:X0/M+X1/M
Since M C ker(I —1T'), U is well defined. Clearly, U: (Xo/M, X1/M) — (Xo, X1)
with Ul g /5 < [ = Tl g, <14 A; moreover, we have
[-T=UQX.

In consequence,

Aerm-n11(9) < [T =TSy ¢ = 1UQN Sl 5

< (L +MQa Sy z/ar-



436 M. MASTYLO and R. SZWEDEK

Since M C XoNX; with dim(M) < n was arbitrary, the desired estimate follows.

(ii)) = (i). Let M C Xo N X; with dim(M) = n, and let P: Xy + X; —
Xo + Xj be any bounded linear projection such that P(Xy+ X;) = E. Clearly,
P: Xo+X; — XoNX; and so P: X — X. Since M = ker(I — P), we can define
an operator V': (Xo/M, X, /M) — (Xo, X1) by

Vlz| =2 — Pz, [z] € (Xo+ X1)/M = Xo/M+ X;/M,
which satisfy
[-P=VQY, Q% = Ixmixim
Combining with (i), we get that there is an operator R: (Xo/M,X;/M) —
(Xo, X1) with rank(R) < ¢f(n) such that for some A > 1,
IV = Rllgroins < Adnia(V) < MQEV g =

Let us observe that now it is clear that an operator T': X 5 X given by T :=
P + RQ7; satisfies Tx = x for all x € E and

1Tl gz =T - (V-R)Qulgg S L+IV = Rllgmzm ST+
This completes the proof. O

In what follows, we show the relationship between s-number sequences and
classical s-number sequences. We will use the following lemma.

Lemma 2.4. Let X = (X, X;), Y = (Yo, Y1) be Banach couples, and let T: X —
Y. Suppose that Y has the approzimation property (H). Then, for every e > 0
and any finite-dimensional space N; C Y; with dim(N;) < k;, i = 0, 1, there exists
a finite-dimensional subspace M C Yy N'Y; with dim(M) < ko + k1 — 1 such that

1QNT |x,—viynr < |QN.T

Proof. Note that if both Ny and N; are trivial, then the inequality is obvious.
Thus we may suppose that N; # {0} for i =0 or i = 1. If V; # {0}, then we let
B; :={y},....€}, } with n; < k; be a normalized basis of N;, i = 0, 1. Then there
is a constant ¢ > 0 such that for all scalars A\y,..., \,,,

Hz)\ﬂ/ﬁ L2 e Il
j=1 ! j=1

Let & = /(2 4 ¢). Since Y has the approximation property (H), there exists an
operator P: Yy +Y; — Yy N Y] such that

Xi—Yi/N; T 5||T||Xi—>Yi, 1 =0,1.

1Py — oy, <ed, 1<j<n;i=0,1.

Combining the above inequalities, we conclude that for any y = Z;“:l )\jyj,

| Py —vy v, 1=0,1

v, = HZ \i(Pyi — )

Jj=1

<y
Y;
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and hence
| Py

v = [llve = 1Py = yllve = (1 = 8)[lyllve-
This shows that P: N; — M; is an isomorphism with
HPilHMi%Ni < (1 - 5>71>

where M; := (P(N;), | - |ly;)- In particular, dim(M;) = dim(X;) for each i =0, 1.

We claim that the finite-dimensional space M := My + M; C Yy NY; satisfies
the desired conditions. Obviously, dim(M) < ko + k; — 1. To prove the required
estimate, for « = 0,1 we fix x € By,. Then we have

QY Tx

v, = inf [Tz — Pylly,, 1=0,1.
v, = inf [T = Pylly, i =0,

If for i = 0,1 we let A; = {y € N;; ||Pylly; < 2||T||x,-y;}, then it is easy to see
(by [Tl < [T, and y = 0'€ M;) tha

1Qy;, T

. = inf |[Tx — P -
Yi/M; ylélAiH z — Pylly,
Since || P~ |y, < (1—0)7%,

lyllv, <2(1=0) YT lxisvis y € Aii=0,1.

By combining this estimate with the above inequality ||Py — y|ly, < 0||ylly; (i =
0,1) applied for y = >"77, Ajyi, we get

QY T

v, + [Py —y

v = inf [Tz — Pylly, < inf [|Ta — |
viu, = fof [T = Py, < inf [|Tz —y ]

20
-+ ——||T
v+ 7T

= inf T2 —yllv: + e Tl x-v.

YyEA;

Now note that, due to A; C {y € N;; |lylly; < 2||T||x,-y; } for ¢ = 0,1, we have

QN Tx

v, < 2|7

vin, = f{||Tz — yllv;;y € Ny, |ly XioY: )

= inf Tz — yll;
Since M; C M for each i = 0,1,

QYT xi—viymr < Qi T llximviynr; < QN

This proves the claim and so the proof is complete. O

x,-vi/N, el T x5y,

Theorem 2.5. Let X = (Xo, X1), Y = (Yo, Y1) be Banach couples, and let
T: X — Y be an operator. Suppose that'Y has the approximation property (H).
Then for positive integers kg, k1,

drg i1 (T: X = Y) < max{dy,(T: Xo — Yp),dp,(T: X1 — Y1)}
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Proof. For a given ¢ € (0, 1), we may find a finite-dimensional subspace N; of Y;
with dim(V;) < k;, such that

1QxT

From Lemma 2.4, it follows that for any € > 0 there exists a subspace M C Yy;NY;
with dim(M) < ko + k1 — 1 such that

QYT || x,—viynr < N1QNT | xivi/n; + €l T|

This implies that

X;—Y;/N; < (1 —+ E)dkl(Xz — Y;), 1, = 0, 1.

X;—Y;» 7’2071

dygsi1(T: X = Y) < max Q% Tl x,— v a1

< (L4 e)maxdy (T Xy = Yy) + || T x, ;-

Letting ¢ — 0, we obtain the required estimate. Il

In the case of the one-sided approximation property, the above proof gives the
following corollary where (d2) is defined, for every T': (Xo, X7) — (Y,Y1) and
for each n € N by

& (T) := max{inf{ || Q30T || xovo/ar; M C Yo N Yy, dim(M) < n}, ||l x5y }-

Corollary 2.6. Let X = (Xo, X1), Y = (Yo,Y1) be Banach couples, and let

T: X =Y bean operator. Suppose that Y has the approximation property (Hp).
Then for each positive integer k, there exists a finite-dimensional subspace M of
Yo NY1, such that

di(T: Xo — Yy) = inf { |Q3T || xove/ars M C Yo N Y7, dim(M) < k}.

In particular,

-

dZ(T) = max{dk(T: XO — Yb), HTHX1*>Y1}'

3. Interpolation of the approximation and Kolmogorov numbers

We give applications of the above results to interpolation estimates of some
approximation numbers of operators between interpolation spaces. We recall that
a mapping F from the category of all couples of Banach spaces into the category of
Banach spaces is said to be an interpolation functor (or an interpolation method)
if for any couple /T, F (ff) is a Banach space intermediate with respect to A and
T maps F(A) into F(B) for all T: A — B. If, additionally, there is a constant
C > 0 such that

||T||f(5)af(1§) <CITlz.5

for every T: A — B, then F is called bounded (and ezact if C = 1).
All interpolation functors considered in this article will be exact. For any such
functor F, we define a fundamental function ¢r by

er(s,t) ==suwp [Tz 475 st20,
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where the supremum is taken over all /T, B € B and all operators 1': A — B such
that || 4,—»B, < s and ||T||a,—5, < t. We remark that it follows immediately
that

”THF(A)_);(E;) < 90.7:(||T||A0%Boa ||T||A14)Bl)

for all Banach couples A= (Ag, Ay) and B = (Bo, By) and all T': A — B.

An exact interpolation functor F is said to be of exponent 6 with 6 € (0,1)
whenever ¢z(s,t) < s'79% for all s,¢ > 0. It is well known that the real method
of interpolation (-)y, with 6 € (0,1) and 1 < ¢ < oo is exact of exponent 6.

Now we state and prove a result on interpolation estimates of approximation
numbers of interpolated operators with the range couple satisfying interpolation
variants of approximation properties.

Theorem 3.1. Let F be an interpolation functor with fundamental function .
Let X = (X, X1) and Y = (Y, Y1) be Banach couples. Suppose that Y has both
the approzimation property (H) and the \-UAP with ky(X,n) < g(n) for each n,

—

where g: N — N with g(n) > n. Then for every operator T: X — Y and for each
positive integer ko and kq,

QAg(ko+k1—1)+1 (T F()?) - ‘7_-(?)) < Sp(dko(TO)vdlﬂ (Tl))
In particular,
dykosir—1)1 (T2 F(X) = F(V)) < @(diy(To), di, (T1)).

Proof. We may assume without loss of generality that ||T||¢ .y < 1. We let
di,(T;) = di,(T: X; — Y;). For a given € > 0, we may find a finite-dimensional
subspace N; of Y; with dim(N;) < k; such that

||QN1‘THX1'—>Y1'/N1' < (1 + 8)(1&(1}), L= 07 L.

Since Y has the approximation property (H), it follows from Lemma 2.4 that
there exists a subspace M C Yy NY; with dim(M) < kg + k1 — 1 such that

||QﬁT”X1—>Yz/M < (1 + 6)dkz (TZ) t+e, 1= O’ L.

Our hypothesis k¢ (A, n) < g(n) yields that there exists an operator P: XX
such that ||P||¢ ¢ < A, Px =z for all € M, and rank(P) < f(ko + k1 — 1).
This implies that

a stk -11 (T2 F(X) = F(Y))
< o(IT = PT||xyv0, IT = PT | x,5v,)
= 90(”(1_ P)THXO%YO’ (I - P)T”XlaYl)'
We define a linear map L: (Yy + Y1)/M — Yy + Y by setting
Lyl ==y =Py, [y] € Yo+Y1)/M =Yo/M +Y1/M.
Since M C ker(I — P), L is well defined. Obviously,
L: (Yo/M,Y1/M) — (Yo, Y1)
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with [[Llg v < [ = Pllyy <1+ A, and moreover, we have

[-P=LQY,.
Combining these together yields, with C' =1+ A,
s tin—1)11 (T F(X) = F(Y))
< o(ILQMNT Il xo—vo: I LQMT [l x,5v:)
< Co(lONT 1 xo—vorar 1Q1 Tl xs v /1)
< Co((1+ &)dyy(To) + &, (14 €)di, (T1) + €).

Since ¢ is continuous, letting ¢ — 0 yields the required estimate. Il

4. Entropy estimates in interpolation spaces

We recall that the nth dyadic entropy number of an operator 7: X — Y
between Banach spaces is given by e, (T") := eyn-1(T) for each n € N. We remark
that in the setting of trivial Banach couples the sequence of entropy numbers (g,,)
satisfies properties (i)—(iii) and (v) in the definition of (§,)-number sequence (see
Section 2) with (8),) replaced by (e,); however, it does not satisfy property (iv).
According to Pietsch [19], the sequence (g,,) forms the so-called pseudo-s-number
sequence.

From the point of view of the theory of operators on Banach spaces as well
as applications, it is useful to identify other important properties that behave
well under interpolation by some method. We note that for many years it was
an open question whether entropy numbers behave well under real interpolation.
More precisely, does there exist a constant C' depending only on 6 € (0,1) and
q € [1,00] such that the entropy estimate

Em+n—1 (T (X07 Xl)@,q — (}/E)a le)@,q)
< Cen(T: Xo — Yo) e (T: X1 — Y7)?

is true for every operator T: (Xo, X1) — (Yo, Y1) and each m, n € N? Edmunds
and Netrusov [6] answered this question negatively. Let us remark that by using
simple interpolation tricks it is possible to generate a counterexample with (X,
Xp) = (Yo, Y1) (see [14]).

The goal of this section is to derive some interpolation estimates for entropy
numbers of operators between interpolation spaces. We begin by recalling some
known results, which will be used in this section. Before we state these results,
we need to introduce some definitions. We recall that a Banach space X is of
(Gaussian) type 2 provided that there is C' > 0 such that for every finite sequence
{z1,...,2,} in X

" 2y 1/2 n 1/2
S an) < (S 1)
i=1 i=1

where E denotes the expectation, and (g, )nen is a sequence of independent stan-
dard Gaussian variables on some probability space; that is, each g, has the density
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function
(21) Y2 exp(—t2/2).

The best type 2 constant C' is denoted by T5(X).

For the reader’s convenience, we collect below two known results, which will
be used in this section. An application of Maurey’s extension theorem yields the
following result (see [7, Lemma 1.4]).

Lemma 4.1. Let X and Y be Banach spaces such that X and Y* are of type 2.
Then for any operator T: X —Y and b := To(X)TH(Y™),

cn(T) < a,(T) < ben(T), d,(T) < a,(T) < bd,(T), neN.

This lemma may be combined with Carl’s result stating that there exists an
absolute constant a > 0 that, under the same assumptions of type 2 for Banach
spaces X and Y™, satisfies for any operator T: X — Y,

([lem) " < a0 T e

The combination immediately implies the following corollary (see [7, Corollary
1.6]).

Corollary 4.2. Let X andY be Banach Spaces such that X and Y* are of type 2.
Then for any operator T: X — Y, we have

an(T) < den(T),

where d = a(To(X)T2(Y™*))? and a is the absolute constant from the Carl inequality
above.

We will use the well-known entropy estimate true for any real n-dimensional
Banach space X (see [3]):

ep(Id: X = X)<4-27%, keN.

To simplify notation, we will continue to write T; instead of T: X; — Y; (i = 0,1)
for an operator T: X — Y.

Theorem 4.3. Let F be an exact interpolation functor with fundamental function

. Let X = (Xo, X1) and Y = (Yo, Y1) be Banach couples. Suppose that Y has
both the approzimation properties (H) and UAP with ky(A,n) < g(n), where

g: N — N is such that g(n) > n. Then for any operator T': X =Y and for each
positive integer m,n, we have with C' =1+ A,

en(T: F(X) = F(Y)) < Cop(dn(To). dn(T)) + 4227770 T g5
If in addition X; and Y are of type 2 for i =0,1, then
en(T: F(X) = F(¥)) < Cplea(Ty), enlT1)) + 402770 | Tl gy,

where C depends on the type 2 constants and .
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Proof. We follow the proof of Theorem 3.1. We may assume without loss of gen-
erality that ||T'||¢ .y < 1. For a given ¢ > 0 and m € N, we may find a finite-
dimensional subspace N; of Y; with dim(V;) < n such that

||QN¢T| Xi—Yi/N; < (1 + 5)d7L<,I;)7 i =0,L

Since Y has the approximation property (H), it follows from Lemma 2.4 that
there exists a subspace M C Yy NY; with dim(M) < 2n — 1 such that

QYT xi—viymr < (14 €)dn(T)) +&, i=0,1.

By our hypothesis kg(A,n) < g(n), it follows that there exists an operator

P: X — X such that |Pllgg¢ < A Pr =z for all z € M and rank(P) <
g(2n —1).
By the definition of ¢, we have

17— PT”?()?)—J(?) < 90(”“ - P)T”X(ﬁyy H([ - P)THxlayl)'
As in the proof of Theorem 3.1, we have
I—P=LQ),

where L: (Yo/M,Y1/M) — (Yo, Y1) with [|L]ly ), .y SC =1+ A
We combine the above estimates to obtain

IT = PT ||z 2 - 75y < 2ULQNT | x0-30, 1 LQN T || x,-v)
< Co(QNT Il xo—svorns |QMT N x, 5vi/m)
< Cgp((l +e)d,(To) +¢&,(1+e)d,(Th) + 5).
By the additivity and monotonicity of entropy numbers, we have
em(T: F(X) = F(Y)) < |IT - PT 7 %) 77
+en(PT: F(X) = F(Y)).
Since rank(P7T) < rank P < g(2n — 1),

en(PT: F(X) = F(V)) <4-2 00| PT| 50 07,
<A |T g
Combining the above estimates yields
em (T F(X)— }"(}7)) < Co((1+¢)dn(Tp) + &, (1 +€)dn(T1) +¢)
<N T g

Since ¢ is continuous, letting ¢ — 0 yields the desired estimate. This estimate
combined with Corollary 4.2 concludes the proof. OJ

In the last part of this section we will prove a kind of two-sided estimation of
entropy numbers of interpolated operators under weaker assumptions. In what
follows, we will consider a special type of functions from the class ® consisting
of all functions ¢: (0,00) x (0,00) — (0,00) which are nondecreasing in each
variable and positively homogeneous (i.e., p(As, At) = Ag(s,t) for all A\, s, t > 0).
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For any ¢ € @, we define an involution of ¢ by p.(s,t) := 1/p(s~ 1, t71) for all
s,t > 0, and P given by

o(su, tv)
p(u,v)
Note that the fundamental function ¢ of an exact interpolation functor F

belongs to ®. Moreover, we have pr = ¢r by the easily verified fact that ¢r
is submultiplicative; that is, for all s,¢,u,v > 0,

?(s,t) == sup{ SU, U > O}, s, t > 0.

or(su,tv) < px(s, t)or(u,v).
Let X = (X0, X1) be a Banach couple. For every s,t > 0, we put
K(s,t,a; X) = inf{s||zol|x, + t|z1]|x;; 2 =20 + 71}, € Xo+ X1
Let X be an intermediate Banach space with respect to X. For each s,t >0, set
U(s,t) = x(s,t; X) 1= sup{ K (s,t,2; X); ||o[|x = 1}
and in the case Xy N X; # {0},
#(s,1) = ox(s,6; X) == sup{||z]| x; 2 € Xo N Xy, ||l x, < s, [lllx, <t}

To show some general examples of functions in ® generated by interpolation
functors, we recall, following [15], that the function ¢, which corresponds to an
exact interpolation functor F by the equality

F(sR,tR) = ¢(s,t)R, s,t >0

is called the characteristic function of the functor F. Here aR denotes R equipped
with the norm || - ||[,g = @ - | for a > 0.

We note that, for any exact interpolation functor F (see [15, p. 372]) and for
any Banach couple X = (Xo, X1), we have

2l 20y < e(llzllxo 2llx,), = € Xon Xi;
moreover, by [15, Lemma 7.7.1], for all s,¢ > 0,
K(s,t,z;X) < eu(s, )zl gz, T € F(X),
where ¢, (s,t) :=1/p(s!,t71). Hence, for a Banach space X := F(X),
ox(s,t) < (s, t), Ux(s,t) < pu(s,t), s,t>0.
We will use the following one-sided estimate (see [13]).

Proposition 4.4. Let (Ao, A1) be a Banach couple, let A be a Banach space such
that A — Ao+ Ay, and let B be any Banach space. Then following estimate holds
for any operator T: (Ao, A1) — (B, B) and each m,n € N

€m+n71(T: A— B) < ¢B(em(T: AU — B),en(T: Al — B))
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Proposition 4.5. Let (By, B1) be a Banach couple, let B be an intermediate
Banach space between By and By, and let A be any Banach space. The following
estimate holds for any operator T: (A, A) — (By, B1) and each m,n € N

€m+n,1(TZ A— B) < 20¢Y(€m<T A— Bo),en(Ti A— Bl))

Theorem 4.6. Let X and Y be intermediate Banach spaces with respect to
Banach couples X = (Xo, X1) and Y = (Yo, Y1), respectively. Then for any oper-
atorsT: X —Y and S:Y — Y with S: Yo+ Y1 — YoNYi, we have

62m+2n_3(STZ X — Y) S f(S)EX (Bm(To),en(Tl)),

where f(S> = EX((bY(HSHYO‘)YO? ’lSHYO‘)Yl)? (bY(Hs”Yl%Yov HSHY1%Y1)'

Proof. For simplicity of notation, we put 7 = T'|x,: X; — Y; for j € {0,1}. By
the closed graph theorem, it follows that S: Yy +Y; — Yy NY) is bounded and
so the restrictions S: Yy — Y; and S: Y] — Y, are bounded operators. Thus we
have that ST: Xy + X; — Yy NY; is bounded and so

ST (Xo,Xo) — (%,}/’1) and ST (Xlqu) — (%7%)
This implies that

em (ST Xo = Yo) < em(T0) 15 ]lvo-vo,
em(ST: Xo = Y1) < en(T0) S|l vo-vi-

Then from Proposition 4.5, we obtain the following estimate:
eam-1(ST: Xo = Y) < ¢y ([ISlv-vs: [1Svov1 ) em(T0))-

Similarly, we get that

and so the second estimate follows as

e2n*1<ST: X1 — Y) < (bY(HSHYl‘)Y(N ||SHY1‘>Y1)€TL(T1)'

These estimates combined with Proposition 4.4 yield that there exists a constant
C > 0 such that

€2m+2n_3<STI X — Y)
< thx (oy (1S vo=vo, 1Svomys ) em(T0): dy (1S 1lvi=vos 1Sl =va ) €n(T1))
< f(S)EX (em(TO)a en(Tl))’

and this completes the proof. 0

As an application, we have the following corollary.
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Corollary 4.7. Let X = (X0, X1) and Y = (Yo, Y1) be Banach couples, and
let F be an interpolation functor of exponent 6 with the characteristic function
o(s,t) = s'7 for all s,t > 0. Then for any operators T : XY andS:Y =Y
such that S: Yy +Y1 —= Yo N Yy with ||S]y_ 3 < C, we have

Comion—3(ST: F(X) = F(Y)) < Cg(S)em(To) Cen(T1)’,

where g(S) = (||S]lvo-vi [1S]vi—ve) 477

In the following lemma we will use the inner entropy numbers. Following Pietsch
(19, p. 169]), for each n € N we denote by f,(T") the (dyadic) inner entropy
number of an operator T: X — Y between Banach spaces, which is defined to be
the supremum of all those € > 0 such that there are zy,...,x9n-1,1 in Bx with
|Tx; — Tx;l|y > 2¢ whenever 4, j are distinct points in {1,...,2""! + 1}. Then
the entropy and inner entropy numbers are related by

fulT) < en(T) < 2f,(T), n€N.

Lemma 4.8. Let F be an interpolation functor with fundamental function ¢, and
let Y = (Y,,Y;) € (H) be a Banach couple. Then there exists a constant C' > 1
such that for each m,n € N, any e > 0, and T: (Xo, X1) — (Yo, Y1), there ezists
an operator P: Yo+ Y, — Yo N'Y; such that

Proof. For simplicity of notation, we put Tj := T'|x;,, for j € {0,1}. Given £ > 0

and m,n € N, we can find sets {z\”, ..., 2"} ¢ By,, {z\",..., 2"} C By, with
p < 2™ and ¢ < 27! such that for pg = f,,(To) + ¢/2 and p; = f.(T1) +€/2,
we have

P
T(BX0> - U{TJL’EO) + 2POBY0}7
=1
T(Bx,) C U{Tl’ + 2p1 By, }.

Moreover, for any = € By, (resp., © € By, ), there exists ¢ € {1,...,p} (resp.,
ke {l,...,q}) such that

| Tz — TxEO)HYO <2py resp., |Tx — Tx,(:)Hyo < 2p;.

Let 0 = ¢/2||T| ¢_y. Then our hypothesis yields that there exist a universal
constant A > 0 and an operator P: Y, +Y; — Yy NY; with [Plly .y < A
satisfying

|P(T) = T2”||,, < 8lITP v, <e/2, 1<i<p,
|P(Tef?) = 72|, <oIT=lly, <2/2, 1<k <q
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Combining the above estimates, we conclude that for a given z € By,, there
exists ¢ € {1,...,p} such that Tx = T:cgo) + 2poyo with yo € By,. This implies
(by fi(To) < en(Tp)) for C = 2(1 + N) that

|72 — PT(x [P(T”) = T2, + 200]|(P = D],

<e/242(1+ Npo < C(e + em(Tp)).

@]y, <

This implies that
||T — PT”XO—>YO < 0(8 + Gm(T()))

Similarly, we get that [|T— PT||x, v, < C(e+e€,(T1)). Thus the required estimate
follows from the definition of ¢. OJ

We will make an application of Theorem 4.6 to Banach couples satisfying the
approximation hypothesis used in [5]. A Banach couple Y = (Yo, Y1) satisfies the
approximation condition (AP) if there is a sequence {P,}7; of linear operators
from Yy + Y] into Yy NY; and two other sequences {Q;7} and {Q;, }°°, of linear
operators from Yy + Y7 into Yy + Y; such that

(I) they are uniformly bounded in Y:
C = sup{[|Pullyz Qg [1Qnllyy } < oo
(IT) the identity operator I on Yj + Y can be written as
I=P,+Qy+Q,, neN;
(ITI) for each n € N, we have Q*: Yy — Y] and @, : Y1 — Y with
lim ”Q:”Y0—>Y1 = lim ||Q;||Y1—>Yo = 0.
n—00 n—oo

Corollary 4.9. Let X = (Xo, X1) be a Banach couple, and assume that Y =
(Yo, Y1) satisfies the approximation condition (AP). If F is an interpolation func-

tor of exponent § (0 < 6 < 1), then for any operator T': XY,
64n_3(Ti ]:(X) — JT'.(?))
1-0

< C(IP ol Py Hyﬁyoﬂ " enlT0)" en (1)’
Proof. Combining T'— P,T = (] — P)T =Q, T+ Q for each n € N with our
hypothesis that F is of exponent 6, we get that

1T = BT || 22y 79y
< ”QfTH.F X)oF )7) + HQ+T||I(X')—>JE(?)

To conclude, it is enough to apply Corollary 4.7. OJ
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