Analysis and Mathematical Physics (2025) 15:2
https://doi.org/10.1007/s13324-024-00998-9

n

Check for
updates

Old and new on the Peetre K-functional and its relations to
real interpolation theory, quasi-monotone functions and
wavelets

Rune Dalmo'® - Lars-Erik Persson'2 . Natasha Samko'

Received: 8 August 2024 / Revised: 19 November 2024 / Accepted: 27 November 2024
© The Author(s) 2024

Abstract

The Peetre K-functional is a key object in the development of the real method of
interpolation. In this paper we point out a less known relation to wavelet theory
and its applications to approximation theory and engineering applications. As a new
basis for further development of these studies we present some known properties in
the form appropriate for further applications and then derive new information and
prove some new results concerning the K-functional and its close relation to (almost)
quasi-monotone functions, various indices and interpolation theory. In particular, we
extend and unify some known function parameter generalizations of the standard real
interpolation spaces (Ao, A1)g,q-
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1 Introduction

One motivation for this investigation was the PhD thesis [9], where, in particular, a
not so known relation between wavelet coefficients and the Peetre K-functional was
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pointed out and applied. The idea is now to go on with this research of interest for
applications in engineering sciences. As the starting point in this paper we present some
known properties in the form appropriate for further applications. Then we prove some
new results concerning the close relation between (almost) quasi-monotone functions,
various indices and interpolation theory, which is one of the main novelties in this
paper.

The Peetre K-functional is defined as follows: Fora € Ag + Ajand 0 <t < o0
we define

K =K()=K(t,a; Ap, Ay) ;= inf  (llaolla, +tllailla,). (1.1
a=ap—+aj
apg€Ag,a1 €A

where (Ag, A1) is a compatible quasi-Banach couple (i.e. Ag and A; are both
embedded in a common Hausdorff topological vector space).

Directly from the definition (1.1) we obtain the following first interesting properties
of the Peetre K-functional:

For each fixed ¢, the Peetre K-functional is an equivalent quasi-norm on the

space Ag + Aj. (1.2)
As a function of ¢, the K-functional is a concave function. (1.3)
K (1) is a non-decreasing function. (1.4)
K@) . . . .

is a non-increasing function. (1.5)

Later on in this paper we will point out some useful consequences of (1.3), (1.4)
and (1.5). Moreover, our theoretical investigations will, in particular, imply several
other new properties of the K-functional.

In Sect.2 we discuss the important class of quasi-monotone functions, where the
properties (1.4) and (1.5) are natural special cases. We also present some new facts
for quasi-monotone functions and consider generalizations of functions based on the
so-called almost monotonicity, which are important for our further developments in
this paper. The main results in this section are Theorems 2.1 and 2.8.

In the light of the ideas of quasi-monotonicity exposed in Sect.2, in Sect.3 we
consider a variety of indices related to quasi-monotone functions and sometimes gen-
eralize some known facts for them. As special cases we point out these indices for
the Peetre K-functional. The main focus in this section is to investigate the close rela-
tion between quasi-monotone-type functions and various indices. The main results are
given in Theorems 3.5, 3.10 and 3.18.

The most well-known application of the Peetre K-functional is that it can be used
to define the real interpolation spaces (Ag, A1)g,4, 0 < 0 < 1, g > 0. See e.g.
the book [3] (by Jaak Peetre’s former students J. Bergh and J. Lofstrom). There are
some generalizations of these interpolation spaces, e.g. interpolation with a parameter
function by L. E. Persson (see [29]). Here the basic idea was that since the Peetre
K-functional is quasi-monotone it is natural to replace the weight function ¥ in the



Old and new on the Peetre K-functional and its relations... Page 3 of 25 2

definition by another quasi-monotone function ¢(¢), which controls the growth of the
weight corresponding to the condition 0 < 0 < 1.

In Sect. 4 we suggest a generalization of the parameter method. One reason for this is
that then it is easier to see that this method is more general than another generalization
namely "the slowly varying method" for the case 0 < 6 < 1. Main result is our
introduction of new generalized real interpolation method [GP] which does not exclude
the endpoint cases § = 0 and 8 = 1. For these cases we have not yet contributed with
some our own results but refer to the new paper [13]. Our new result for the case
0 < 6 < 1is presented in Theorem 4.10, and also Proposition 4.12 illustrates how
this idea can be used.

In the first part of Sect. 5 we briefly expose our present knowledge of the connection
between the Peetre K-functional, interpolation theory and wavelets. We hope that the
investigations in this paper may be useful to deepen the understanding and applicability
of that connection.

Finally, the second part of Sect. 5 is reserved for some final remarks and results, e.g.
connections between indices used in some other interpolation methods (Proposition
5.7) and new properties of the K-functional (Example 5.2, Remark 5.4 and Example
5.9).

The authors thank the referees for carefully reading the paper.

2 Basic properties of quasi-monotone functions
We say that a non-negative function on R = (0, 00) is quasi-monotone if ¢(x)x~¢
is non-decreasing or non-increasing for some a € R.

Let ag and a; be real numbers, such that ag < a. The class Q[ag, a1] is defined as
consisting of all quasi-monotone functions such that ¢(¢)¢ =% is non-decreasing and
@(t)t~% is non-increasing.

Observe that if ¢ € Qlag, a1], then p(tp) = 0 for some 7y, implies ¢(t) = 0 on
R;.

Note that

QOlao, a1] € Qlbo, b1]

whenever —00 < bg < ag <aj < b; < o0.
We define the class Q(ap, a1) by the condition that for a function ¢ there exists
0 <& < “5% such that ¢ € Q[ag + ¢, a1 — €], ie.

Q@o.a)= | J Qlao+e ai—zel.

O<5<@

We also permit hybrid cases Qlao, bo), Q(ap, bol, Q(ao, —], Q[—, —) etc.
where e.g. ¢ € Qlap, —) means that ¢(#)t~* is non-decreasing and <p(t)t_” is
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non-increasing for some b > ay, i.e.

Qlao, ) = | Qlao, b1.

b>ay

The following theorem shows that, though functions in the classes Qlag, a;] are
defined only by means of two monotonicity conditions, they automatically possess a
variety of useful properties, in particular, they have certain smoothness properties.

Theorem 2.1 Let ¢ € Qlap, a1], —00 < ap < a1 < +00. Then
(a) (1) = 1P (1917%), where o € QI0, 1];
(b) p(t*) € Qlapa, xja], a > 0,
@(t%) € Qlaia, apa], o < 0;
(c) the function ¢ is quasi-additive in the following sense:
p(ti + 1) < cilp(t) + @], 11, € Ryif a; = 0;
and

et + 1) = colet)) + o)1, t1, e Ry if ap > 0,

where ¢; = max{1, 29~} and ¢y = min{1, 2%0~1};

(d) ifag > 1, then the function ¢ is quasi-convex in the following sense:

Ot + (1= 2)s) <27 () + (1 — Vg(s)],

s,t€eRyand ) € (0,1),
if0 <ag <ay <1, then ¢ is quasi-concave in the following sense:

PO 4 (1 = 1)) =297 o) + (1 — L)p(s)],

s,t € Ry and A € (0, 1).
(e) ¢ is Lipschtzian on any subinterval [§, N] of R4 :

|(p(t) _‘P(S)| < C|t —S|, t,s € [8’ N]a

where C =C(5,N), 0 <§ < N < o0;
(f) ifap > 0, then

lo() —e(s)| < Clt — 5|,

forallt,s € [0, N], 0 < N <ooand C = C(p).

2.1

(2.2)

(2.3)

2.4)

(2.5)

(2.6)

(g) if o(t) # 0, then the inverse ga_l(t) exists and (p_l(t) € [al_l,ao_]], whenever

a0>0.
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Proof The proof of the properties (a) and () are straightforward.
To prove the property (c¢), we use the elementary inequality (¢; + £5)?! < cl(tf' +
13') and get

o(t1 + 1) et + 1)
(t1 + )4 ) (11 + n)n ' | <cale®) +e@],

et +1n) <c |:

so (2.1) is proved. Similarly, the inequality (2.2), can be proved with the use of the
inequality (¢] + tp)% > co(t1 + t2 0y,
To prove the property (d) we use the property (c) and obtain

oAt 4 (1 = 1)) <297 [p(hr) + o((1 — A)s)].

Since “;5(? is non-decreasing, we get @(At) < A(t) < Ap(t) and p((1 — L)1) <
(1 =2)%¢p(s) < (1 — A)p(s), which proves (2.3). The inequlity (2.4) can be proved
in a similar way.

To prove the properties (e¢) and (f) we use the following estimates:

" — )w <o) —e(s) < @ — )%, 0<t<s, 2.7
and
(1% — )w < o(t) — (s) < (1 — )‘”( oocs<rn @8

To prove (2.7) by the definition of the class Q[ap, ai], we have ¢(t) < gf—g(p(s) and
(1) = L o(s). Hence

@(t) — p(s) < (1% — )(p( > and P(t) — p(s) > (1" — >@,

ap

from which (2.7) follows. Similarly, (2.8) can be proved.
In particular, for ag = 0 and @) = 1 from (2.7) and (2.8) we have

0() — (5] < |t—s|@.

Hence, (2.5) follows for the case g = 0 and a; = 1. The general case for (2.5) follows
from the formula ¢ (#) = t“ @y (t*1~%), where ¢y € Q]O0, 1].

Let now ag > 0. To prove (2.6), suppose for definiteness that ¢ < s. From the
estimate (2.7) we get

ap _ gai

s 1
lp() —@(s)| < T(p(S), t,s € R;.
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al —4 —1)%
We have *—— < C(Ssjl) =c(l = 5H% < c(1 - £)%. Hence

00— p(5)] < It =519 ES) < o5 -y
540
for all s, ¢ € [0, N], with ¢ = ¢(N) in general.
For the property (g) it is easy to derive from the property (a) that ¢ is strictly
increasing and the range of ¢ over R} is R . From the property (e) we also see that
¢ is continuous. Consequently, this implies the existence of the inverse function. The

proof of the rest in the property (g) is straightforward. O

Remark 2.2 The properties (a) — (g) of Theorem 2.1 hold also for functions in the
classes Q(agp, ay) or any of the hybrid cases under appropriate reformulations of these
properties.

Example 2.3 Let K = K (t) be the Peetre K-functional (for any quasi-Banach couple
(Ag, A1). Then, the function r* K (t#1~%) € Qlag, a1], ap, a1 € R, ag < aj. More-
over, in view of Theorem 2.1 this function has a number of properties which are not
explicitly pointed out in literature, e.g. it is quasi-additive and Lipschitzian on any
subinterval [8, N] on R etc.

In view of Remark 2.2, by means of the properties (@) and (b) of Theorem 2.1
the following information about the involution function ¢*(t) = r¢ (%) , important in
interpolation theory, is derived.

Example2.4 ¢ € Q(0, 1) if and only if ¢* € Q(O0, 1).

For our discussions about indices and interpolation spaces in our next sections it is
important to extend the definition of quasi-monotone functions. This extension uses
the notion of almost monotonicity which traces back to S. Bernstein (see [4] and c.f.
also [5)).

We say that a non-negative function w on Ry = (0, 0o) is almost increasing, if
w(t) < cow(s),t < s and almost decreasing, if w(s) < ciw(t),t < s,forsomea € R
and cg, c] > 1.

We say that a non-negative function on R is almost quasi-monotone if ¢(x)x~
is almost increasing or almost decreasing for some a € R.

Next, we say that the non-negative functions ¢(¢) and ¥ (¢) on R are equivalent
(written @(f) =~ (t)) if there are positive constants co < 1 and ¢; > 1 such that
coY () <) <cy@) forallt € Ry.

In the lemma below we use the following non-decreasing majorant

a

@*(t) = sup @(s)

O<s<t
and the non-increasing minorant

@«(t) = inf @(s)
O<s<t

of a non-negative function ¢.
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Lemma 2.5 For each almost increasing or almost decreasing function ¢ (t) there exist
non-decreasing and non-increasing functions ¢o(t) and ¢1(t), respectively, such that
o) ~ @o(t) =~ @1(t), and one may take ¢y = ¢*(t) and p1 = 4 (t).

Proof 1t is easy to see that
p(1) =™ (1) < co(t)

when ¢ is almost increasing and

1
—9() = 0:(1) = 0(1)

when ¢ is almost decreasing, where ¢ > 1. This completes the proof. O

Next we extend the definition of the class Q[ag, a1] to the more general class
Q*[ap, a1] by just replacing the conditions that the functions ¢(¢)t~% and ¢(t)t~%
are non-decreasing and non-increasing by that they are almost non-decreasing and
almost non-increasing, respectively.

Similar generalizations can be done to define the related classes Q*(ao, ay),

0*(aop, a1, Q*(—, ay) etc.

ln§,0<z§1,

Example 2.6 Leta € R, B € R.. Denote 1?1? =V11-1

The function w (1) = t"ﬁ? belongs to Q*[ag, a1] whenever ¢y < « and a; > «,
but it does not belong to any class Q[ag, a1] with such values of ap and a;.

Next we state the following result we need later on.

Proposition 2.7 Let v € Q*[ag, a1). Then there exists a constant ¢ = c(¥) > 0 such
that

lmin(s”", sMYY () < PY(st) < cmax(s®, sy (1) fors > 0andt >0 (2.9)
c

Proof The condition ¥ () € Q*[ag, a1] implies that

Y(st)(s) ™ <cy (@)t for0<s <1 (2.10)
ey (st)(st)™ > ()t~ fors > 1 (2.11)
Y(st)(st)™ < cyr ()™ fors > 1 (2.12)
e (st)(st) ™ > Y ()™ for0 <s <1 (2.13)

The right hand side inequality in (2.9) follows by just combining (2.10) with (2.12)
and the left hand side inequality in (2.9) is a similar consequence of (2.11) and (2.13),
which completes the proof. O

Our final result in this section reads:
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Theorem 2.8 For every function w € Q*[ag, a;] there exist functions ¢o(t) =~
w(t) and @(t) =~ w(t), such that po(t)t~% is non-decreasing and @1 ()t~ is
non-increasing. One can write explicit expressions for the functions ¢y and ¢ :

o@®)\* w(s)
@o(t) = 1% <_¢ao ) = sup =0 (2.14)
and
o (O 4 . @)
o1(t) =1 (71 =i i S 2.15)

Proof By Lemma 2.5, there exists a non-decreasing function ¥ (z) such that
w ()t~ = Yo (t) = (t_“oa)(t))* . Re-denote (1) = @o(t)t~9°, so that

() ~ @o(t) and @o(2)t % is non — decreasing.

Similarly, by Lemma 2.5 there exists a non-increasing function v (1) = (1" “ (1)),
such that 1 () & (t_“la)(t)) . Re-denote ¢1 (1) = @1 (t)t~%, so that

w(t) ~ ¢ (t) and @) (r)t % is non — increasing.

This completes the proof. O

3 Almost quasi-monotone functions vis-a-vis various index
conditions

Let ¥ (t) be a quasi-monotone function. In the paper [16] the following “index
function” was introduced:

N 1))
=N

3.1

Moreover, the important class 3+~ was defined as consisting of all functions v (¢) in
010, 1] such that

@y (1) = o(max(1,1)) ast — 0T ort — oo. 3.2)

In this paper we complement the definition (3.1) by introducing the following
related index function

By () = inf LED

. 33
s>0 Y (s) (3-3)

The reason for this is that then we have the following useful result.
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Theorem 3.1 Let y(t) be a quasi-monotone function. If ¥ € Qlag, ai], then
min(t%, t4) < B,/,(t) < ay(t) < max(®, "), t > 0. (3.4)

where ay (t) and ,3,/, (t) are defined by (3.1) and (3.3), respectively.

Proof The condition ¥ € Q[ag, a;] means, in particular, that

Y (st)

<t for0<t<l, 3.5)
Y(s)
VGD o gors > 1, (3.6)
Y(s)
% <t" fort>1 3.7
and
M >t forQ <t <. (3.8)
Y (s)

By combining (3.5) with (3.7), we obtain the right hand side inequality in (3.4). The
left hand side inequality in (3.4) follows similarly from (3.6) and (3.8). The proof is
complete. O

Corollary 3.2 Ifyr(t) € Q(0, 1), then ¥ (t) € P+

Proof Let y(t) € Q(0,1). Apply the right hand side inequality in (3.4), we get
oy (1) < max(¢®, t~1%2) for some ¢ > 0, so that (3.2) is satisfied. O

Example 3.3 Let K = K (t) be the Peetre K-functional (for any quasi-Banach couple).
Since K (¢) € Q[O0, 1], we have that, for all t > 0,

min(l, 1) < Bk (t) < @k (t) < max(l, ).

For the case when the quasi-monotone function v (¢) is differentiable, the following
indices were first introduced in [18] (see also [15]):

6y = inf 1y’ (t) w zsupm/f’(t)
LRI I e ST

Note that quasi-monotone functions are differentiable almost everywhere in view of
the property (e) of Theorem 2.1. Indices of such a type but in the form

1y (1) . 1y’ (t)
and limsup
100 Y (1) t—o0  Y(1)

were earlier introduced in [38] in the study of interpolation in Orlicz spaces.
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Remark 3.4 The indices By and oy were used in [15] to define the class By (also
related to real interpolation) defined as all continuously differentiable functions ¥ =
Y (t) such that 0 < By < ay < 1.

Theorem 3.5 Let yr(t) be a continuously differentiable function. Then the following
conditions are equivalent:

(a) ¥ (t) € Olaog, a1l.
(b) ap < By <ay <a.

Proof Assume that (a) holds. Let f(z) := ¥ (¢)t~ be non-decreasing. Then we have
that, for all > O,

F1() = v (t)(—ap)t ™~ 4/ (1)r 40

it (VO
! W”( v

—a0> >(0 forallt >0,

which implies that By, > ag. Similarly, we find that if f(¢) := ¥ (t)r~“! is non-
increasing,

'
V()

@)=ty @) ( a1> <0 forallt >0,

so that aty, < a1. Hence we have proved that (a) = (b).
Assume now that (b) holds i.e. that 8y, > ap and oy, < ay. Then, for all ¢, with
f(@) = ()t~ we find that

1y’ (t)
¥(t)

0 =17y @) < - a0> > 177y (t) (By — ag) = Oforall 7 > 0,

i.e. ¥ (1)1 ~% is non-decreasing. Similarly with f(¢) = ()t ~% we have that

W

/ — —ar—1
fr@=t I/f(o(w)

1> <t Ty () (/31# - al) <Oforallt > 0,
i.e. ¥ (¢)t~“ is non-increasing. Hence also the implication (b) = (a) is proved so the
proof is complete. O

From Theorem 3.5 the following example can be derived.

Example 3.6 Let v (¢) be continuously differentiable. Then ¥ € By if and only if
¥ € 0, ).

Example 3.7 Let K = K (t) be the Peetre K-functional (for any quasi-Banach couple).
Since K (¢t) € Q[O0, 1] we have that

0<pBk <ag <1
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Next we introduce the indices m (1) and M (y). We shall consider functions v
positive on R.. More precisely, since we do not suppose here that the functions i are
continuous, we assume that

0< inf ¥(@) < sup ¥() <oo 3.9)
d<t<N §<t<N

forall 0 < § < N < oo. The indices m(¥) and M (i) of functions 1, satisfying the
assumption (3.9), are defined as follows:

In (lim sup ‘fp((ss t))> In (lim sup 1{/{(& t;)

m@y) = lim $—0 = sup $=0 (3.10)
AN Int O<t<1 Int '
and
In (lim sup ‘f’//((‘;t))> In <lim sup ‘@%’;)
. s—0 . s—0
M) = lim = inf . (3.11)
t—00 Int >1 Int

The coincidence of the two expressions in (3.10) as well as in (3.11) follows from

the fact that the function 2 (#) = lim sup,_, % orQ(t) = limsup,_, o, % is sub-
multiplicative, i.e. Q2(f1, ) < Q(#1)Q(t2), and it is known that sup,_, ; lnlf# =

. In Q(t . In Q(t In Q(t
lim;_,¢ lnt() and inf,- | Tt() lm()

see [23] or [20].

These indices were defined in [23] in the study of Young functions defining Orlicz
spaces. They were independently defined in [33] in a more general setting of weight
functions (see also [34]) and used to obtain numerical characteristics for description
of the so-called Bary-Stechkin classes, which goes back to the paper [2]. An overview
of various properties of these indices may be found in [36, Section 6]. We use this
opportunity to note a typo there: sup, . ; in the formula (6.2) in [36] should be replaced
by inf,~p .

= lim,_ for sub-multiplicative functions,

Remark 3.8 Given a function ¥, in order to calculate its indices m(¥) and M (v) it
is sufficient to know the values of ¥ only near the origin, in view of the presence
lim sup,_,( in (3.10) and (3.11). In other words, these indices remain unchanged if we
arbitrary change the values of v (¢) for t > §.

By v (@ 1 respectively) we denote the class of functions ¥ : Ry — Ry, sat-
isfying the condition (3.9) for which there exists a number & = £(3) such that the
function

v (@)
&

is almost increasing (almost decreasing, respectively), (3.12)
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so that

qﬁﬂqN = U Q*[ag, a1].

—oo<apg=<a) <o

Evidently, if € W (¥, resp.), then W’) e W (¥, resp.),a € R.

In the sequel we use the abbreviations a i. and a.d. for almost increasing and almost
decreasing, respectively.

In the following lemma we consider equivalence of functions in W' (WY to
continuous functions.

Lemma 3.9 Let V’(I) be a.i. and V’(t) be ad., —o0 < & < n < oo. Then, for every

v < &, the functton Yo (t) = %
¥, (0) = 0.

is equivalent to a continuous function r, with

t
Proof We show that Kﬁu () may be taken as w,, (1) = f w(fl) ds. To this end, we obtain
0

To(t) = ‘pv(j])d _/WS) - <C¢(t) iy C Y@

0 0

On the other hand,

t
1ﬂu(t)—(r)—\f)w()/ v 1ds<(n—V)C/1//() = (1 = V)Ch (1),
0

which completes the proof. O

In [33], it was shown that, given a function v/, its indices my and My, are sharp
upper and lower bounds of the exponents & admissible for (3.12), i.e.

m(¢p) = sup {?;‘ eR: Wt(;) is almost increasing}
=sup{6 e R:y(st) <esby(r), 0 <s <1} (3.13)

and

M(p) = inf{n eR: v

=inf{n e R: y(st) <cs"y (1), s > 1}, (3.14)

is almost increasing}

under some a priori assumptions on the function . Under weaker assumptions
it was proved in [19, Theorem 3.6], (see also [36, Theorem 6.2]). We formulate the
corresponding result later under improved assumptions (see Corollary 3.18).
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In the following theorem we provide a simple proof for the bounds & < m () and
n > M (i) not touching the issue of sharpness, just to show that for this fact we need
no assumption on the function .

Theorem 3.10 If% is a.i. for some & € R, then & < m(yr).
If% is a.d. for some n € R, then n < M ().

Proof We rewrite the formula (3.10), via the changes of variables r = % ands = o,
in the form

e Y(oT)
In (hffﬂgf ) >
m(y) = sup

>1 Int

’

so that

s Y(oT)
In <11;n;51f W(U))

Int

m(y) >

forall T > 1. Since % is a.i., we have % > cté. Hence,

o—0 V) Inc
>&E4+ —

- Int

In <lim inf ‘“‘”))

Int

and then m(y) > & + };‘—i Passing to the limit as T — oo, we obtain m(y) > &.
The second statement of the theorem is similarly obtained from (3.11), in this case
no change of variables is needed. The proof is complete. O

Corollary 3.11 Every function y € W' (\W¥ has finite indices m(yr) and M (V).
Corollary 3.12 Let v € Q*[ag, a1]. Then ag < m(y) < M) < ay.

Example 3.13 Let K = K(t) denote the Peetre functional (for any quasi-Banach
couple). Then

0=m(K)=M(K) =1

As mentioned, in terms of the indices m () and M (¥) in [33] and [34], there were
given numerical characteristics for the description of the Bary-Stechkin class. This
class, denoted by @, was introduced in [2] in the study of the smoothness of conjugate
functions, or in other words, boundedness of the singular operator along a unit circle.

More generally than before, now we consider functions on (0, £), 0 < £ < co. In
the case £ < oo we interpret the condition (3.9) taking §, N € (0, £).



2 Page 14 of 25 R. Dalmo et al.

We say that a function ¥ belongs to the class & if

K 4
Y1) &;)dt

S =di = Cy(s) and < ¥

s t N

(3.15)
0

where C = C(¥) > 0 does not depend on s. The inequalities in (3.15) are known as
Zygmund conditions.

The Bari-Stechkin class @ and the corresponding Zygmund conditions were gener-
alized, in relation with various applications, in [19] and [35]. Following these papers
we define the Zygmund classes Z# and Z, by the conditions

N L
V(@) v(s) v() v (s)
0 tlTﬁdt < C sﬂ and ’ llTydt < C 57 s (316)
respectively, and define
of =7F (2,

so that ® = <D(1).

The following propositions, proved in [19, Theorems 3.1 and 3.2] (see also [34,
Theorem 7.9] for the case 8 = y = 0), contain a characterization of the classes Z#
and Z, under some a priory assumption on the functions v, namely, there is assumed
that ¢ € W, where the class W is defined by the conditions: 1) (3.9) holds, 2) ¥ is
continuous near the origin and ¥ (0) = 0, 3) v is a.i.

Remark 3.14 Lemma 3.9 states, in other words, that if ¥ € Q*[&, ], then for every

v < & the function % is equivalent to a function in W.

The following propositions provide certain characterization of the classes Z# in
terms of indices.

Proposition 3.15 Let v € W and B € R. The following statements are equivalent:

(1) ¢ 7P,
(2) % is a.i. for some & > 0,

(3) m(y) > B.
If one of the conditions 1), 2) or 3) holds, then 2) holds with any 6 € (0, m(y) — B)

Proposition 3.16 Let v € W and y € R. The following statements are equivalent:

(1) Y € Zy,
(2) ;/;Lfg is a.d. for some § > 0,

(3) M) <.
If one of the conditions 1), 2) or 3) holds, then 2) holds with any § € (0, M () — y)
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Remark 3.17 Theorems 3.1 and 3.2 in [19] were formulated for 8 > O and y > 0
because this is the most interesting case. As for the case of § < 0 and y < 0, the
validity of these theorems in this case follows from the validity for positive values of
Bandy,sincey e W =1t"Py(t) e Wandy € W = 17 (t) € W when B < 0
and y <0.

Our next result concerns the sharpness of the bounds in (3.13) and (3.14).

Theorem 3.18 The formulas (3.13) and (3.14) hold true for every function ¥ €
vt w,.
Moreover, if y € W1 (\V,, then
Vel = my)>p (3.17)
and

Y eL, = M) <. (3.18)

Proof By assumptlon there exist numbers & and 5 such that ‘W) is a.i.and M is a.d.
(t)

the functlon () = ‘g(tg) itself as belonglng to W, since the statements (1), (2) and

(3) of Proposition 3. 15 are invariant with respect to replacement of the function
by any equivalent one. We then apply Proposition 3.15 with § = 0 to the function ¢
and observe that the condition 2) from Proposition 3.15 for this function means that
% = '//(t) is a.i. under the choice § = ¢. Then, by Proposition 3.15, the function ‘/’t(;)

is a.i. for every § < m(p), i.e. [;/fr(a_)g is a.i. for £ + 6 — & < m(y), which proves the

validity of the formula (3.13).

As regards the statement (3.17), to derive it from Proposition 3.15 avoiding the
assumption i € W, we use the property ¥ € ZF <= 1y (t) € ZP* for any a and
note that the function % (¢) is equivalent to a function in W for sufficiently big a,
according to the arguments used above.

In a similar way, one can justify the validity of the formula (3.14) by means of
Proposition 3.16 and obtain the equivalence (3.18). O

Corollary 3.19 Letyy € W (W, . Theny € d5, —c0 < B < y < oo, ifand only if

p<mW)<My)<y.

Corollary 3.20 Let v € W' (. Then, for every ¢ > 0,

¢ M@)+e 1//(t) t m(y)—e
c (—) < < (—) ,0<t<s <, (3.19)
s Y (s) s

where c1 and ¢ may depend on g, but do not depend on t and s.
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Proof By Theorem 3.18, the function t,,%?_g is a.i. and ; M%ﬂly is a.d., which yields

(3.19). o

From Corollaries 3.19 and 3.20 we have the following examples.

Example 3.21 If 4 (t) € Q(0, 1), then ¥ (t) € ® and, for all ¢ € (0, %), there exist
positive constants C1 = C1 (¥, €) and C» = Ca (¥, ¢€) such that

Cit' P <y(t) <Caf t <land Cit° <y (1) < Cot' .t >1. (3.20)

Example 3.22 Since the Peetre K-functional K = K () belongs to the class Q[O0, 1]
and thus to the wider class Q*[0, 1], it has the following property:

0<m(K)<M(K)<1.
We hope that the studies in this section may be useful for investigation of, for

instance, optimality problems in various function spaces. For the optimality problems
in Orlicz spaces we refer to the recent paper [24].

4 Some generalizations of the real interpolation spaces via the Peetre
K-functional

Let (Ag, A1) be aquasi-Banach couple and leta € Ao+ A1. We consider the following
scale of equivalent quasi-norms on (Ag, A1), namely the Peetre K-functional:

K@) =K(t,a)=K(t,a; Ao, A1) = a:iaréial(llaolle +tllailla,)-

The classical real interpolation space (Ag, A1)g,4,.0 < 6 < 1,0 < g < ooconsists
ofalla € Agp + A such that

1
® (K(t, Tdt\a
s gex = (/O ( (;9“)) Tt)q<oo, @.1)

with the usual supremum interpretation of the integral for ¢ = oco. See e.g. the book
[3] by Jaak Peetre’s students J. Bergh and J. Lofstrom.
There are some popular generalizations, where we mention the following ones:

[P] The real interpolation space with a parameter function, see [29]. Here the function

tY is replaced by a “parameter function” ¢ () € Q(0, 1) to obtain the real parameter
function spaces (Ag, A1)y,q With the formula (4.1) replaced by

1
. ® K, a)\?dt\ 1
lallg.q := </0 ( ) ) T) < Q0. “4.2)




Old and new on the Peetre K-functional and its relations... Page 17 of 25 2

We say that a Lebesgue measurable function b(¢) : [1,00) — R is a slowly
varying function if for any & > 0 the function #°b(¢) is equivalent to a non-decreasing
function and ¢ ~¥b(¢) is equivalent to a non-increasing function. Moreover, we define

v (t) = b(max(t, 1)), > 0. (4.3)

[S] The real interpolation method with a slowly varying function, see e.g. [14]. Here

the function Y is replaced by the function % where y,(t) is defined by (4.3), to
define the real interpolation spaces (Ao, A1)g,q,» With the formula

1
lall o Aregs = ( /0 K, @)’ {) < 0. (4.4)

Remark 4.1 In this method also the endpoint cases 6 = 0 and & = 1 are included so
it is only assumed that 0 < 6 < 1. We are not sure who first introduced these spaces
but at least in the recent paper [17] the authors referred to the paper [14]. For the end
point cases 8 = 0 and 6 = 1 we especially refer to the recent paper [13].

Our aim is to compare these generalized methods. First we suggest the following
modification of the generalization [P]:

[P*] Here the function 7 is replaced by a function ¢ (¢) which is equivalent to a function
@(t) € Q(0, 1) to obtain the real parameter spaces (Ao, A1)g(r),q With (4.1) replaced
by (4.2) but now with ¢ replaced by ¢.

Remark 4.2 In the paper [29] it was proved that several of the most important
results in the classical real interpolation theory can be generalized to the case with
interpolation with a parameter function, e.g. the interpolation theorem, the equiva-
lence theorem (with the corresponding real interpolation space with the J-functional
sup (||a0 | 4, tllarll Al) involved), the duality theorem, the reiteration theorem, Holm-
stedt’s formula, Wolff’s theorem, etc. From the arguments, used in [29], combined
with investigations in Sects. 2 and 3, we conclude that all this holds also in the case of
the generalized real interpolation parameter function space (Ag, A1)g 4.

Remark 4.3 For simplicity we have avoided the case ¢ = oo in the descriptions.
However, in this case all the generalized real interpolation spaces [P], [S] and [P*] can
be also defined, handled and applied by just replacing the integrals with the standard
supremum interpretations of the integrals when g = oo.

The most important fact is:

Remark 4.4 For the case 0 < 6 < 1 the method [P*] is, of course, more general than
the method [S] since the function # ¢ yp(t) is required to be equivalent to a function
o) € Q(—e+0,e+0),with0 < ¢ < min(@, 1 — ).

Example 4.5 In the case [S] we must have functions equivalent to functions varying
slowly not far from 1,0 < 0 < 1, e.g. o(t) = t9s(t) with s(t) = 1 + logt, s(t) =

(¢ 4+ log 1)* (log(e + log t))’s, (o, B € R) and 5(1) = exp (y/Iog 7). See [17, Example
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2.2]. Contrary in the case [P"] (and [P]) we can use functions ¢ (and ¢) which can
have much more general freedom of variation e.g. that, for some positive constants
Coand C; andeache,0 < ¢ < %,

Ci1f < g(t) < Cat' .

This is obvious but see also our Example 3.21.

Remark 4.6 We conjecture that in many of the papers where the [S]-method have
been used for the case 0 < 6 < 1 more general results could have been obtained
by instead using the [P] or [P*] method. (See e.g. [17]). One reason for this is that
the used discretization (e.g. in dyadic blocks Z%ﬁ“) works perfectly since both the
K-functional and the weights are quasi-monotone functions with good control both
up and down. Indeed, this was one motivation to develop this type of generalization in
[29]. It is also worth to be mentioned that this author(L.E.Persson) studied and used
quasi-monotone functions already in PhD thesis [32] from 1974.

Remark 4.7 Instead of replacing the condition "¢ € Q(0, 1)" in the [P]-method by the
condition "¢ € Q(0, 1)" in the [P*]-method we could have replaced by the condition
"9 € 0*(0, 1)" and the outcome should have been more or less equivalent.

Next we propose a further generalization of the classical real interpolation method
for the endpoint cases this is just the [S] method, see [13, 14], which contains and
unifies all methods described above (e.g. [P], [P*] and [S]). We call it the generalized
parameter function method.

[GP] Let b(¢) be a slowly varying function and y, (¢) defined by (4.3). Moreover, let
@(t) € 0*(0, 1). We define the generalized parameter function ¥ = ¥y (¢),0 < 6 <
1, as follows:

), 0<6 <1,

1 —
Vo) =1 »am =0

t —
Gk 0=1.

The real interpolation space with the generalized parameter function vy (¢) is defined
asalla € Ag + A satisfying

1
o0 K(t,a))th)q
a = — <00, 0<g=<oo0, 0<6<1,
lellvo.q <fo (we(t) ‘ 1

(with the usual supremum interpretation of the integral when g = 00).

Remark 4.8 From the discussions and motivations above it is clear that at least for
the case 0 < 6 < 1 all classical real interpolation results mentioned in Remark 4.2
hold also in this more general case. If some of the classical function spaces involving
parameters are generalized by replacing the corresponding parameter with the param-
eter function we think that [GP] method may be useful. This suggestion is inspired
and supported by the recent paper [17]. See also the book [8] and Remark 5.9.
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Remark 4.9 For the endpoint cases 6 = 0 and § = 1, concerning the reiteration we
refer to the paper [13]. However, for the case 0 < 6 < 1 (like in the classical case)
a powerful technique to prove reiteration theorems is to use Holmstedt-type formulas
and Hardy-type inequalities.

Next we state such a new result for the current case [GP].

Theorem 4.10 Ler A = (Ag, A}) be a quasi-Banach couple. Let wy o and wy,1, 0 <
0 < 1, be generalized parameter functions as defined in [GP] and ty(t) = %. If
the inverse of ty(t) exists, then the following Holmstedt-type formula holds: '

K(t, fv Zwy,o,qo’ Zu)g,],ql)
1 1
N0 Cw /0 o & ol
/‘ K@, f,A ds / K(s, f, A ds
I — +t - - 9
wg,0(s) s wy,1(5) s
0 Q)
where 0 < qo, q1 < 00.

Proof The proof consists of step-by-step following the proof of P. Nilsson [26, pp.310-
311], for the classical case wp ; (t) = t% . i = 0,1, so we omit the details. See also
[29, p.210]. O

Remark 4.11 According to our investigations in Sect. 3, it is possible to instead of
using parameter functions (or generalized parameter functions) in real interpolation
theory, we could have formulated the results in terms of indices. We do not go on
further in this direction but just do the following reformulation of the duality theorem
in [29, Theorem 2.4].

Proposition 4.12 Let A = (Ag, A1) be a Banach couple such that AA is dense in both
Ao and A1 and let  satisfy the following condition 0 < m(y) < M(y) < 1. Then,
forl < g < oo,

(Ao, A1)yq = (A0 Ay g1,
where Y1 (t) = 1/y/(3) and 5 + qi =1.
(As usual, (A;) denotes the dual space of A;,i =0, 1.)

Proof Use Corollary 3.12 and follow the classical proof in [3, p.54] step-by-step. See
also [29, p.205]. O

Remark 4.13 Nowadays there also are known more general real interpolation spaces
defined by the Peetre K-functional. For example, we have the more general K-
interpolation space Ap = (Ao, A1)e consisting of those f € Ag + A; for which
the quasi-norm

1 fllz, = 1K@ Pllo
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is finite, see [6]. Here @ is a quasi-norm space of Lebesgue measurable functions
defined on (0, co) with monotone quasi-norm. However, the applications of this most
general theory are not yet fully developed, so it is of interest to prove such results
separately.

Our final remark is related to Theorem 4.10.

Remark 4.14 1In the classical situation Holmstedt’s formula can be used to prove the
reiteration theorem. This is true also in the first parameter method [P] (see [29], pp.
208-212) and, thus, as motivated in this paper, for our more general real interpolation
method [GP] for the case 0 < 6 < 1. Recently in [1] a Holmstedt-type formula
was proved also for the general case described in Remark 4.13. However, in this case
it is less obvious how this Holmstedt-type formula implies come corresponding re-
iteration theorem in this generality. It is also worth to mention that the proof in [1]
is surprisingly simple and that a crucial ingredient is that (in our terminology) the
K-functional K (¢, f) € Q]O0, 1] (see (1.4) and (1.5) ).

5 Final considerations
5.1 On the relations to wavelets

In this subsection we shortly describe such relations both from an engineering and a
mathematical point of view. Concerning the first aspect we refer to the PhD thesis [9],
which was the starting point and motivation for this paper. In both aspects the standard
Besov spaces B‘;q, 0<p<o00,0<g < o00,s € R are central. There are some
different, but of course equivalent, definitions of these spaces, see e.g. the books [3,
27, 40] and the paper [39].

First we give a short description from [10]. The wavelet expansion of f(x) is

FO) = ajpdior@) + Y > Bik(x),

keZ Jj=jo keZ

where jo € Z, ¢y and ¥k, j = jo, jo+ 1, ... form an orthonormal basis of L (R).
Convergence of the wavelet series is described using the quasi-norm topology of the
Besov spaces B;q, 0 < p <o00,0 < g < oo. All algebraic polynomials P with
deg P < [r] and ¢ € B ., are contained in the linear span of ¢(. — k), k € Z, for

r > 0. Moreover, ¢, ¥ jx form a Riesz basis for all B, 0 < p < 00,0 < g < oo,

Pq’
max (0, ﬁ) <s <r.Seee.g. [37].

According to [10], for penalized wavelet estimation, let A| = B‘;q, Ao = B, for
a fixed value of ¢, then the estimated function f (x) is expected to be in B;’, 2 and the
loss functional is the quasi-norm in Bj,. For the Hilbertcase # = u = p = q = 2,

o = 0, the estimator
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J1
FO) =" ajprdjor @)+ D> Biarjn(x)

keZ j=jo keZ

is linear in the data for any fixed ¢ in the K-functional. As we have noted before this
is just an equivalent norm on the sum space Ag + Aj.

Furthermore, according to [10, Lemma 1], for fixed s > 0 and ¢ > 0, the quality of
fit can be measured by the K-functional K»(z, f , Bgz, Biz). Then the K-functional

is attained with coefficients & yx = & ok, ,3 = %, Jj = Jjo..... j1, where &jy
and /§ ik are empirical wavelet coefficients, and in this case the resulting estimator is
level-dependent and of non-threshold shrinkage type. This fact is of great interest for
some engineering applications (see [9]), but also for more theoretical developments
e.g. those presented in this paper.

The more theoretical interest is when we try to overcome exact descriptions of the
real interpolation spaces

— (g% 51
A= (Bpo,qo’ Bpl,m)@ q

for all involved parameters. In some cases we fall inside the Besov scale of spaces e.g.
in the so-called diagonal case (s* = (1 — 0)sg + 51, # =104 0 1 _ 1[1;6 + q%)

PO P’ q* 0
we have that
A — BS*
= p*q* .

But in some other cases this is a more difficult problem and as far as we know not all
cases are fully solved.

It seems that this problem was first observed by J.Peetre in his monograph [27].
After that several developments were given, for instance, in [11, 12], see also the books
[39, 40]. As a recent result, we mention that in the paper [22] there was proved an

- s s .
exact description of the spaces (Bpo’ 7 By, ")9 . by using so-called Meyer wavelets.

Moreover, for the case r = ¢ this description falls inside the scale of Besov-Lorentz
spaces. This is a typical result since many such new results are using the fact that one
way to describe Besov type spaces is via suitable wavelet theory.

Hence we can claim that the relation between wavelets, Besov spaces and the K-
functional / real interpolation is important both from theoretical and engineering points
of view.

5.2 Concluding remarks and results

In all of this subsection we assume that as before K = K(t) = K (¢, a; Ag, A1)
denotes the Peetre K-functional for any quasi-Banach couple (Ag, A1).

Remark 5.1 The fact that K (¢) is concave, i.e. — K (¢) is convex implies automatically a
lot of interesting properties and applications. See e.g. the book [25] and the references
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therein. In particular, it is known that the concept of convexity implies most of the
classical inequalities see e.g. [30] and [21]. Just as one simple example, we think has
not been pointed out in the interpolation literature before, is the following consequence
of the reversed Hardy-Knopp inequality:

Example 5.2 Let f(t) be a measurable function on R,. Then, by Jensen’s reversed
inequality we have that

1 [~ 1 [~
K(—f f(t)dt) > —/ K(f(t))dt
X Jo X Jo
so that, by Fubini’s theorem,
/OOLKG/X (r)dt)d—x>/ooL/xK( (t))dtd
0 xe X Jo f x 0 x2+9 0 f *

o o0 1
=/0 K(f(t))/t —rgdxd

! /00 (Kf (1) di
0

“1+6 0t
i.e. that
1 X
(1+6) ”—/ Fode| =1l
X Jo 0,1
Remark 5.3 Note that the arithmetic mean operator H : Hf (¢) := % fé f(x)dx is the

so-called Hardy operator which is fundamental in the theory of Hardy-type inequali-
ties, see the book [21] and [31] for some results related to this paper. Hence, Example
5.2 shows a not so pronounced relation between Hardy operators and K-functional /
Interpolation theory.

Remark 5.4 In Sect.3 of this paper we have pointed out several both old and new
conditions concerning the quasi-monotone class Q[agp, a1] and index conditions. Since
K (1) € Q]0, 1], many of these conditions is inherited by K (¢). Next, we sum up some
of these conditions which has not been explicitly pointed out in the interpolation
literature before.

Example 5.5 Let v (¢) be a quasi-monotone function. Let BW (¢) and oy (¢) be the index
functions defined in Sect. 3. Moreover, let By, oy, m(¥), M (), a*(y) and B*(y)
be the indices defined in the same Section. Then, in particular,

min(1, 1) < Bk (1) < @ (t) < max(l, 1),
0<Bk <ag =1,
0<mg < Mg <1,
0<a™(K)<pB*(K) <1l
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Remark 5.6 Another consequence of our investigations in Sect.3 is the close con-
nection between the parameter classes Q(0, 1) and various index conditions. For
example in the generalization [P] everything holds if the condition “p(¢) € Q(0, 1)”
is replaced by the index condition “0 < By < ay < 17. See also Remark 4.11 and
also Proposition 4.12.

Finally, we sum up and complement the close relations between the parameter
functions classes Q(0, 1), B~ and By, all related to interpolation theory defined in
Sect. 3.

Proposition 5.7 Let () be a continuously differentiable quasi-monotone function.
Then

(@) By C Q(0,1) C P~
b) Ife@) € ‘13+_, then there exists a function ¥ (t) € By, such that
@) = Y (1)

Proof The inclusions in (a) follows by just combining Corollary 3.2, Remark 3.4 and
Theorem 3.5. The proof of (b) is implicitly done in [15], so we owe this argument to J.
Gustavsson, see also [29, p.208]. The key is that the equivalent function v is defined
by the formula

00 d
v (s) :/0 min (1, ;) (p(t)Tt.

Indeed by making some calculations (see [15, p.293]) we find that ¥ (t) € By. O

Remark 5.8 In particular, Proposition 5.7 gives new possibilities to replace the condi-
tion ¢(¢) € Q(0, 1) in [P] and [P*] by further index or index function conditions. See
also Remark 4.11.

Remark 5.9 In connection to interpolation with a parameter function (see [29] and
our generalization [GP] in Sect. 3 of this paper) it is natural to do a similar parameter
function generalization of the usual parameter in the definition of the involved inter-
polation spaces. For some developments in this direction in the Hardy-Sobolev case
we refer to the book [8] by F. Cobos and D. Fernandez.

Remark 5.10 Concerning the difficulties in real interpolation in off-diagonal cases
when the spaces are fairly close to each other we refer to the paper [28] by L.E.
Persson.

Remark 5.11 As described in this paper and all books we refer to, in the standard real
interpolation theory we interpolate between two Banach spaces Ag and A;. However,
there also are less known studies of real interpolation theory concerning real interpola-
tion between finite or infinite many Banach spaces, even so-called families of Banach
spaces. For such studies we refer to the paper [7].
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