INTERPOLATION SPACES AND INTERPOLATION GROUPS

This is a temporary version of the notes which were used for the second part of my lecture of 30/9/2010.

Hopefully a somewhat more definitive version will be available later.

Some parts of the lecture do not appear in these notes, and of course we did not get to the latter part of
these notes in the lecture.

1. COMPATIBLE COUPLES OF QUASINORMED ABELIAN GROUPS.

Definition 1. Let A be an abelian group where the group operation is denoted by + and the identity element
by 0. A functional ||-|| on A is said to be a quasinorm or a c-quasinorm on A if it satisfies

(i) |la|]| = 0 for all a € A.

(ii) ||la|| = 0 if and only if a = 0.

(iii) ||—al = ||a|| for all @ € A.

(iv) There exists a positive constant ¢ such that |ja + ]| < ¢ (||a]| + ||b]]) for all @ and b in A.

A quasinormed abelian group is thus an abelian group equipped with a quasinorm. If ¢ = 1 then the
1-quasinorm ||-|| is also referred to as a norm, and we have a normed abelian group.

Theorem 2. Let A be a c-quasinormed abelian group with c-quasinorm denoted by ||-|| 5. Let p be the positive
number which satisfies (2¢)” = 2. Then there exists a 1-quasinorm |||’y on A such that

(L1) lally < llally <2l for allae A

This important and useful result, which is apparently due to Aoki and Rolewicz (independently??), appears
as Lemma 3.10.1 on pp. 59-60 of [2] and the proof will be taken from there. However it might be convenient
to present one part of the proof in [2] more explicitly as the following separate lemma.

Lemma 3. Suppose that n > 2 and that vy, vs,.....,v, are non negative integers such that
n
(1.2) PP RGESE
k=1

Then there exists a non empty subset Iy of {1,2,...,n} such that I = {1,2,...,n}\I1 is also non empty and

1 1
27V < = and Ve~
YIERCEE R Sre
kel keI,
Proof. 1f °}'_, 27¥* < 1/2 then every non empty subset of {1,2,...,n} which is not all of {1,2,...,n} will
have the required property. So let us suppose that Y.;_, 27"* > 1/2. We may also suppose without loss of
generality, that

(1.3) v < v

Let m be the largest integer such that Y -, 27" <
that 1 < m < n. We will show that in fact

s 1
14 271/"' = —
(1.4) ; 5

and this will ensure that the set I; = {1,2,...,m} has the required property. The condition (1.3) ensures that
Y ope, 27V can be written in the form p-27*m for some integer p. Then the maximality of m and another
application of (1.3) imply that p-27» < 27! < (p+1)-27=. This implies, in turn, that p < 2"~ < p+1.
Since 2¥=~1 is an integer, it must equal p. This means that (1.4) holds, and completes the proof of the
lemma. O

. <y,

D= IN

. Since the condition (1.2) implies that 14 > 1, we see



INTERPOLATION SPACES AND INTERPOLATION GROUPS 2

In view of Theorem 2, each quasinormed abelian group A has a metric given by d(a,a’) = |la — d’||;. We
can define the notion of a Cauchy sequence in terms of this metric, or equivalently, in terms of the original
quasinorm. Similarly A will be complete with respect to this metric if and only if it is complete with respect
to the original quasinorm. In general (in contrast to the earlier versions of abstract interpolation theory) we
will not require our quasinormed abelian groups to be complete. However it will sometimes be convenient
(see Theorem 10) to consider the case where they are complete.

It will be rather convenient if we can define and work with the K-functional, J-functional and the “spaces”
or groups (Ao,Al)(,’ q in the case of a couple (Ag, A;) where Ay and A; are merely quasinormed abelian
groups. The theory in this case has been worked out in detail in [10] and also summarized in [2] pp. 59-69.

We need to impose some minimal compatibility conditions on Ay and A;. (See [10] p. 225.) These will
be appear to be somewhat less demanding than conditions which are normally imposed in discussions of the
case where Ay and A; are Banach spaces or quasinormed spaces, but in fact they are essentially equivalent
to those conditions. The only significant difference is that we have simply stopped thinking about or even
requiring the operation of multiplication by scalars.

We will require the quasinormed abelian groups Ay and A; to both be subgroups of some larger abelian
group A. This means that, for j = 0,1 the group operation on A; is the restriction to A; of the group
operation (to be denoted by +) on A. It also ensures that Ag N A; and Ag + A; are both abelian groups,
with respect to the same operation +. We want these two groups to be quasinormed, respectively, by the two
functionals J(t, a; Ao, A1) and K(t,a; Ag, A1) for each fixed positive ¢, which we will now define. Suppose
that A; is ¢j-quasinormed for j = 0,1. Then it is clear that the functional

J(t,a; A, A1) = max{||a||A0 Jtllall 4, } for all a € Agn Ay

defines a c-quasinorm on Ag N Ay for ¢ = max {co, ¢1}. It is also clear that the functional on Ag+ A; defined
by
K(t,a; Ag, Ay) = inf{HaoHAo +tlaill,, :a=ao+a1,a0 € Ag,a1 € A1}

satisfies conditions (i), (iii) and (iv) of Definition 1, again with ¢ = max {cg,c;}. However condition (ii)
may fail to hold. To ensure that it does hold we need an additional condition. In the usual discussion
of interpolation theory, when Ay and A; are assumed to be normed linear spaces or Banach spaces, it is
customary to require that Ay and A; are both continuously embedded in a Hausdorff topological linear
space. (This can in fact be shown to be equivalent to requiring Ay and A; to both be continuously embedded
in a normed linear space.) Here, in the more general context of quasinormed abelian groups, we could
analogously require Ag and A; to be continuously embedded in a Hausdorff topological group or simply in a
Hausdorff topological space, or in a quasinormed or normed abelian group. Instead we will impose a different
“compatibility of convergence” condition, as is done in the paper [10].

(*) Let {an}, cy be a sequence of elements in AgNAy and leta € Ag andb € Ay be such that lim,, .o [lan — al| 4, =
0 and lim,, .o [|an — 0|4, =0 . Then a =b.

In [10] this condition is referred to as a “separability axiom”. At first sight it seems to be weaker than
other possible conditions mentioned above that might be imposed. But (see Remark 6 below) it turns out to
be essentially equivalent to them.

As in [10], we will use the terminology quasinormed abelian couple to mean a couple (Ao, A1) of quasi-
normed abelian groups Ag and A; which are both subgroups of some other abelian group and which satisfy
the condition (*).

Remark 4. There must surely be examples of abelian groups A which contain two quasinormed abelian groups
A and A; but for which the condition (*) does not hold. At this moment I cannot offhand think of such an
example. My feeling is that at this stage we have more important and interesting things to do than look for
such an example. But that is a matter of personal taste.

Exercise 5. Show that Condition (*) indeed suffices to ensure that the K-functional satisfies condition (ii)
of Definition 1.

Remark 6. In particular the result of Exercise 5 tells us that Ag + A; is a quasinormed abelian group and
that its quasinorm satisfies [lal| 4 4, < ||a||Aj for all @ € A; for j = 0,1. So, after all, we see that condition

(*) is equivalent to a sort of topological requirement on .4, namely that:
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(**) Ao and Ay are both subgroups of a quasinormed abelian group A whose quasinorm ||-|| 4 satisfies
lall 4 < a; ||a||ijj for alla € Aj and for j = 0,1, where o; and B; are positive constants.
This is because, after we are given that condition (*) holds, we have the option of changing our original

choice of the group A which contains Ay and A; and instead choosing A to be the (possibly smaller) group
Ap + A; and choosing By = /1 = 1. The reverse implication (**)=-(*) is obvious.

Definition 7. Let (Ag, A1) be a quasinormed abelian couple. For each 6 € (0,1) and each ¢ € (0, 00] let
(Ao, A1)97q be the set of all elements a € Ay + A; for which the quantity

<, pdt\ P
Ha’”(AOvAl)g‘q = (/0 (t_ K(t,a;AmAl)) t)

is finite. When ¢ = oo, the definition is modified in the usual way, and we have
||aH(A0,A1)9 o = iulgti(’K(m a; AOa Al) .
' >

Exercise 8. Check that || - [|(4,,4,), , is a quasinorm and that (Ao, A1), , is a quasinormed abelian group
for each 6 € (0,1) and each ¢ € (0, x].

Exercise 9. Obviously K(t,a; Ag, A1) is a non decreasing function of ¢ for each fixed a € Ag + A;. Find
an exact formula connecting K (t,a; A1, Ag) and K (1/t,a; Ag, A1) for each t > 0 and use it to show that
1K (t,a; Ag, A1) is a non increasing function of t. Use the same formula to also show that (Ao, A1)y, =
(A1, A0),_g , isometrically for each 6 € (0,1) and each ¢ € (0, oc].

Theorem 10. Let (Ag, A1) be a compatible couple of quasinormed abelian groups satisfying the condition
(*). If both Ag and Ay are complete, then (Ao, Al)a,q is also complete for each 6 € (0,1) and each q € (0, c].

Proof. We refer to pp. 239-240 of [10]. O

2. SOME OTHER EQUIVALENT DEFINITIONS OF THE QUASINORMED GROUPS (Ao,/h)gq

In our first equivalent definition we see that the continuous variable ¢t € (0,00) can be replaced by the
discrete variable n € Z

Theorem 11. For each positive constant A # 1 the quasinorms

1/q
(Z (A K (A", a; A07A1))q> and flallay.a,),

neZ

are equivalent for each 6 € (0,1) and each q € (0,00] and the constants of equivalence depend only on A, 0,
and q.

“Proof”. 1 will leave the proof of this theorem as an exercise. The underlying idea is that the functions
t — t7% and t — K(t,a; Ag, A1) are both equivalent to contant functions on each interval of the form
[A", A" *1]. In particular, the relevant constants of equivalence do not depend on n.

Corollary 12. Let (Ag, A1) be a quasinormed abelian couple. Then, for each 8 € (0,1) and each g1 and
g2 satisfying 0 < q1 < g2 < oo we have (Ag, A1) C (Ao, A1)y, and the inequality |[al| 4, 4,

Cllall ay, 1) ) holds for all a € (Ap, A1)

0,91 0,q2

and for a constant C' which depends only on 0, q1 and q.

6.,q 0,q1

Proof. We simply apply Theorem 11 with, for example A = 2, together with the fact that ¢* C {92 with
H{a”}nEZHZ‘M < H{O‘n}neZHeql for every sequence {an}, ., € €% . (This last inequality is obvious in the
special case where g2 = 0o, and the general case can be readily deduced from that special case.) O

Next we describe a seemingly quite different construction of interpolation groups. It uses the J-functional
instead of the K-functional. As in Theorem 11, we only have to consider a discrete countable set of values
of t of the form ¢ = A™ for some constant A > 1.
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Definition 13. For each fixed § € (0,1), g € (0, 00] and positive A with X\ # 1, the set (Ao, A1), 4.7, consists
of all elements a € Ag + A; with the following property:
There exists a sequence {u”}nGZ of elements of Ag N A7 such that

N
(2.1) Jim > up—a =0
n=-N Ao+A;
and
1/q
(2.2) (Z (AT T (A" s Ao, Al))q> <00,
nez
The functional HaH(Ao,Al)g,q,J,A is defined for each element a € (Ao, A1), , 7, by the formula
1/q
lall ag.4,, , ,, = inf <Z (A”‘)J()\",un;Ao,Al))q>
neZ

where the infimum is taken over all Ay N A; valued sequences {u,}, ., satisfying (2.1) and (2.2).

ne

In fact this set is the same as (Ao, A1)y -
We will refer to the functional |- 4, Ay, ,, 8s the quasinorm of (Ao, A1)y, s This is a temporary
’ ,q,J, ISR )

abuse of language because we still have to prove that it really is a quasinorm. The following exercise will
contribute to doing that.

Exercise 14. Show that the functional ||| 4, 4 ),. ., has the properties (i), (iii) and (iv) of Definition 1.
»21)6,q,J,
(Show that (iv) holds for a constant ¢ which is sufficiently large so that both Ay and A; are ¢-quasinormed.

The remaining property (ii) of Definition 1 will follow immediately from Theorem 16 and the fact, which we
already know, that ”'H(AmAl)e is a quasinorm.)

Exercise 15. Show that (Ao, A1)y, ;5 = (Ao, A1)g 4,71/ and that the quasinorms of these two groups are
equal.

Theorem 16. Let (Ao, A1) be a quasinormed abelian couple and that Ay is co-quasinormed and Ay is c;-
quasinormed. Then, for each 6 € (0,1), each A > 1 and each ¢ € (0,00], the sets (Ao, A1), , 5 and

(Ao, A1)y, coincide and the functionals ||a||(A07A1)6,q and HCLH(AU’Al)G,q,J,)\ are equivalent. The constants of

equivalence depend only on 6, A, q, ¢y and c;.

We will first present one component of the proof of Theorem 16 as a separate lemma. Over the years
various versions of this lemma have been given the perhaps slightly too pompous title of “the fundamental
lemma of interpolation theory”. In this lemma, and indeed in the rest of the proof of Theorem 16, we will
not worry very much about the size of the constants.

Lemma 17. Let (Ag, A1) be a quasinormed abelian couple. Suppose that Ag is co-quasinormed and A; is
c1-quasinormed, and let ¢ = max{cg,c1}. Let A > 1 be a constant.
Let a be an element of Ay + Ay which satisfies the two conditions

1
(2.3) lim K (t,a; Ag, A1) =0 and lim —K(t, a; Ag, A1) =0.
t—0 t—oo
Then there exists a sequence {un}, o, of elements in Ag N Ay which satisfies (2.1) and also
(2.4) JA" Jup; Ao, A1) < 2¢(1 4+ N)K (N, a; Ag, A1) for eachn € Z.

Proof. Let us use the abbreviated notation K(¢,a) in place of K(¢,a; Ag, A1). For each n € Z there exist
elements a,, € Ay and b,, € Ay such that a = a,, + b,, and

(2.5) lanll 4y + A" bnll4, < 2K (A", a).
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We define the sequence {“n}nez by setting u, = any1 —ay. Since ap, +b, = an41+bni1 we have a1 —ay, =
by, — bpt1 and so we see that u,, € AgN A; for each n. We also have

-1

N N
Z Up — @ = Z (an+1 - an) + Z(bn - bn+1) - (aO + bO)
n=—N n=0

n=—N
(2.6) = (ap—a—n)+ (bo —bny1) —ap—bp=—a_n —bni1.-
So
(2.

7)

N
>
=N

The two conditions (2.3) ensure respectively that each of the last two terms of (2.7) tends to zero as N tends
to +o0o. Thus our sequence {uy}, ., satisfies (2.1).
For use in a later theorem, we introduce some additional notation, by setting

< llmaonllay Hl=basilla, = laonlla, FHllonrill4, < 2KAY,a) 422"V EANF q).

n Ap+A,

7] ]\;
(2.8) fn = Z Uy = ag — a_y and gy = Z Up = by — by for each N € N.
n=—N n=0
It is clear from (2.6) and (2.7) that fx and gy are both elements of Ag N Ay and
(2.9) Jim ([ alL, = Jim_flgx — bolL, =0.

We also have || fxl 4, < ¢ (Ifn —aoll 4, + llaoll4,) and llgnlla, < ¢ (llgn —boll 4, + boll 4,), which, together
with (2.9) give

(2.10) sup ||[fn|l 4, < oo and sup [[gn]l,, < oo.
NeN NeN

Finally, to obtain (2.4), we observe that, in view of (2.5) and the monotonicity of K(t,a) and 1K (t,a)
(cf. Exercise 9), we have

(2.11) ltnlla, < ¢ (lansilla, + lanlla,) < 26K a) + 2eK (A", @) < 2AK (A", a) + 2¢K (2", a)

and, analogously, for similar reasons,
1
Nty < (V" ulLa, + X" s lLa,) < 26K, a) + 21 K, 0) < 2K (", a) + 26K (X", a)
which, together with (2.11) immediately gives us (2.4). O

Remark 18. (i) We can modify the preceding proof in an obvious way to get a smaller constant in (2.4)
(i.e., we can replace the constant 2 in (2.5) by any other number greater than 1.) Apparently the best
possible constant (or the infimum of all possible constants) is not known. However Sten Kaijser has written
an ingenious paper with some much less obvious calculations for improving the constant in (2.4).

(ii) I should also mention a stronger variant of this result which I proved in [4], but only in the case of
Banach couples. This result, which sometimes called the “Strong Fundamental Lemma” (or SFL for short, also
maybe too pompous a name), was inspired by some remarkable results of Yuri Brudnyi and Natan Krugljak
and it leads to an alternative proof of their results, and has other interesting applications (so perhaps one can
after all excuse the people (not me) who chose the name SFL). In the SFL the sequence {uy}, ., is shown,
instead of (2.4), to have the following different property

(2.12) > min {[Jun |l 4, 5t lunll 4, } < VE (L a3 Ag, Ay) for all £ > 0
nez

where « is an absolute constant. Although (2.12) is not stronger than (2.4), it is easy to use the sequence
{u,} which satisfies (2.12) to construct another sequence {u,} which does satisfy (2.4), but perhaps with
a larger constant in place of 2¢(1 4+ A). Several people have done further research about the SFL. My own
subsequent contributions are in [5, 6, 1].
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Proof of Theorem 16. Suppose that Ag is cg-quasinormed and A; is c¢;-quasinormed. We define two
numbers ¢ and p, which depend only on ¢y, ¢; and g by

{ 1 mz} In2
¢ = max 60761,56 ¢« pand p=

where we interpret e’ = 1. These choices of ¢ and p have been made simply to ensure that:

(i) Ap and A; are both c-quasinormed,

(i) (2¢)” =2, and

(i) p < q .

We will not need conditions (ii) and (iii) until the second part of the proof.

First let us suppose that a be an element of (Ag, A1)y ,. By Corollary 12 we have a € (Ao, A1) o
from which it is clear that condition (2.3) holds. So we use the special sequence {u,},c; provided by
Lemma 17 to show that a € (Ao, A1)y, ;, and that ”a”(Ao,Al)g,q_M < 2¢(1 + N)Cy ||a||(A07A1)eyq, where

C, is a constant of equivalence between the original quasinorm of (Ao, Ay, q and the “discrete” quasinorm

(Xnez ATPK (A", a; Ay, Al))q) Y4 of Theorem 11.

Now we turn to proving the reverse inclusion and inequality of functionals.

But in parallel to this proof we are also going to do some other calculations which will be useful later for
proving the “reiteration theorem”. We will show them in red and in italics.

Suppose that a € (A, A1)97q7J7)\, let € be an arbitrary positive number, and let {u,}
Ap N Ay which satisfies (2.1) and

nez D€ a sequence in

1/q
(2.13) <Z ()\nej(knaun;Ao,Aﬂ)q) < llallap,a1y,, ,, T€

ne”Z

Since ||a|| 5, and [[a],, are both c-quasinorms, it follows easily that the map a — K(t,a; Ag, A1) is a c-
quasinorm on Ag + A for each fixed positive ¢. Since p satisfies (2¢)” = 2 we have, by Theorem 2, that the
functional a — K (t,a; Ao, A1)” is equivalent to a norm K*(¢,a, Ag, A1) on Ag + Ay, and in fact (cf. (1.1))
that

K*(t7 a; AOa Al) < K(ta a; A07 Al)p < 2K*(t7 a; AO7 Al) .
Analogously to before, from here onwards we will usually omit “; Ay, A;” in the preceding notation, thus
writing K (t,a) and K*(¢,a) and J(¢,a) for the various functionals that we are using.

At the same time as we deal with the element a we also want to do some calculations for another element
ap which is defined by

(2.14) ap = Z Uy,
ner

where F is an arbitrary finite subset of 7. It will sometimes be convenient to rewrite (2.14) as ap =
Zf:f:iN U, where the sequence {Un}, o, is defined by U, = uy for alln € F' and u, =0 for all n € Z\F.
For each N € N and each ¢ > 0, we have (cf. (1.1)) that

N N
K(t,a)? < 2K*(t,a) <2K* (t,a— > un> +2K* <t, > un>

n=—N n=—N
N N
< 2K* (t,a— Z un> +2 Z K* (t,un)
n=—N n=—N
N P N
(2.15) < 2K (t,a— > un> +2 ) K(tu) .
n=—N n=—N
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Ezactly analogously to this calculation, if we choose N sufficiently large to ensure that the set F' is contained
in the interval [N, N|, then we obtain that
K(t,ap)’ <23 K(tu,)".
nekF

By Exercise 9 we have K (t,b) < max{t,1} K (t,b) for every b € Ao+ A;. In view of this and (2.1), if we pass
to the limit as N — oo in (2.15), the first term tends to 0 and we deduce that

(2.16) K(t,a)” <2 i K (t,u,)” .

n=—oo

Next we observe, using the “trivial” decompositions u,, = u, + 0 and w,, = 0+ u,,, that K(¢,u,) < ||un||A0 <
J(A",up) and also K(t,un) < tllun,, < tAT"J(A",upn). So K(t,un) < min{l,tA™")J(A\", u,). This,
together with (2.16), gives us that

(A7 min{1, \™ " 1T (A", u,,))”

M8

(A" E(A™a)” < 2

n=—oo

— 9 i ()\’e(m’")min{l,)\m’”}A’enJ(/\”,un)>p

P
Y (min{)\_e(m_"),A(l_e)(m_")})\_G"J()\",un)) .
n=-—oo
Let us rewrite this inequality, setting K,, = ()\_emK()\m,a))p, Jm = ()\_amJ()\m,um))p and w,, =
(min{A=0", A(l_g)m})p. We simply obtain that

(2.17) K, <2 i Wyy—mdn = 2 i Wy, Jy—n =: 25, .

n=—oo n=—oo

by setting S, = > - Wy Jm—n for each

n=—oo

Le., here we have defined a new numerical sequence {S,}
m € Z.

If we do all the calculations after (2.16) for the case where we replace {uy},, by the sequence {Un}, 4,
and if we define K,, = (Afe’”K()\m,ap))p and J,, = (Afe"‘J()\m,E,,,,,))p, then 0 < Jp, < Jon. So, exactly
analogously to (2.17), we obtain that

mEZ

(2.18) Kpn<2 Y wndmn <28n.

n=—oo

Now, for the first time in this proof, we have to use the fact that we have chosen the constants ¢ and p so
that p < ¢ . This means that p := ¢/p is in the range [1, oc] and Minkowski’s inequality gives us that
(2.19)

oo 1/p ) 1/p %) oo 1/p oo %) 1/p
(Z K@) §2< > S,Q) <2 > wn< > J,le_n) =2 ) wn< > J,f;)

or, in the case where ¢ = p = oo, that

(2.20) sup K,, <2 sup S, <2 Z Wy, + Sup Jp, .

meoo meoo ne—oo meZ

We note that the sum
oo
Cp797)\ = Z Wm

m=—0oo

. . -0 —(-0p 0 a-op
is finite. It equals 1 4 11\)\,29 + lf)\,(l,:)p ifA>1,orl1+ 11\;9p + 1:\)\(1,(5» if A <1.
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1 P
{or}
neN

¢a
finite, we can rewrite the estimate (2.19) if ¢ < oo, or the estimate (2.20), if ¢ = oo, to obtain

(2.21) A KO, 0)} g e < 20{SHP} 118 < 2Cp 0 {A T )}, -

Since ||[{an}

neNH w = for any non negative sequence {«,}, whether or not ¢ and p are

In view of (2.13) and Theorem 11, this shows that a € (Ao, A1), ,. Furthermore, since the positive number
0y < Cllallag,a0),, .
for some constant C' depending only on 6, g, A\, cg and ¢;. This completes the proof of the theorem, and also
completes the proof begun in Exercise 14, that ||-|[ 4, A, ., 18 aquasinorm. [

’ 24,

€ appearing in (2.13) can be chosen as small as we please, we deduce that ||al|(4,,4,)

For later purposes we still want to use the estimate (2.21) in another way. It tells us that the sequence
{S},{p} is a element of 1. We also have, from (2.18), that
meZ

(2.22) A IME (N, ap; Ag, Ay) < 28 for allm € 7.

Note that this estimate holds for ALL choices of the finite set F' and that the numbers S,, do not depend on
F.

3. THE REITERATION THEOREM FOR QUASINORMED ABELIAN GROUPS (Ag, A1), ,

Theorem 19. Let (Ag, A1) be a quasinormed abelian couple. Then, for each 0y, 61 and « in (0,1) with
0o # 01 and for each qo, g1 and q in (0,00] we have
(3.1) (A0, Aty g0 (A0, Ay, 0, ) = (A0 A1 g g

The following two “endpoint” variants of (8.1) also hold. They correspond, roughly speaking, to the cases
“9y =17 and “0y = 07 respectively:

(3.2) ((AO,Al)MD ,Al)a = (0. A1) gyt

(3.3) (AO, (Ao,Al)al’ql)a = (Ao, Ar)gg, g -

Furthermore, in each of these three formulae the quasinorms of the groups on the left and right sides are
equivalent and the constants of equivalence depend only on 0y, 01, ,qo,q1,q and the quasinorm constants of
AO and Al.

Remark 20. Since the identity map of (Ao, A1), , into Ag + A; is bounded for each ¢ € (0,1) and each
q € (0, 00], we can immediately see (Cf. Remark 6) that ((AO, A1)y 40 » (Ao A1)017q1) and ((Ao, A1)y a0 ,Al)
and (A(), (AQ, Al)ehlh)

part of the formulation of Theorem 19. It is already an implicit part of the statement of the theorem, since
otherwise the left sides of the formulae (3.1), (3.2) and (3.3) would not be defined.

are all quasinormed abelian couples. This fact should perhaps be stated explicitly as

Remark 21. One remarkable feature of this theorem is that the numbers ¢y and/or ¢; on the left side of
the equations have no influence on the spaces which appear on the right side, except that they may perhaps
influence the constants of equivalence between the quasinorms of the two groups. This phenomenon can be
considered as a generalization of the remarkable phenomenon which occurs in the Marcinkiewicz interpolation
theorem, and indeed it can be used to give us a proof of the Marcinkiewicz theorem. We will see that not
only does Theorem 19 imply the formula (LPo, Lp1)97 = LPo-4 but it also implies the more general formula

(3.4) (LPosto, [Prar), = [Pod

for all go, ¢1,¢ in (0,00], all # € (0,1) and all pg,p1 in (0, 00) with pg # p1. It also holds when p; = oo for
j=0or j =1 provided that ¢; = oo for that same value of j.
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Remark 22. Theorem 19 was proved in a different way by Tord Holmstedt in [7]. Although he states his
theorem for quasinormed spaces, the same proof probably works for quasinormed abelian groups. Theorem
19 has also been very much generalized by Yuri Brudnyi and Natan Krugljak in [3]. Per Nilsson [9] further
discussed and extended some the results of [3]. Many of the results in [3] and [9] are formulated for couples
of quasi-Banach or quasi normed spaces. I have not systematically checked, but I suspect that at least some
of those results can be extended to the case of couples of quasinormed abelian groups.

We have already prepared most of the tools needed to prove Theorem 19. But we still need to introduce
some new notions.

Definition 23. Let (A4g, A1) be a quasinormed abelian couple and let X be a quasinormed group such that
AgNA; C X C Ag+ A;. Let 8 and v be numbers satisfying 0 < 0 <1 and v > 0.
(i) We say that X is of class Cx (6,7, Ao, A1) if

K(t,a; Ag, A1) < 4t |ja||x for all a € X and all t > 0.
(ii) We say that X is of class Cy (6,7, Ag, A7) if
lallx <~t7%J(t,a; Ag, Ay)for all a € Ag N Ajand all t > 0.
(iii) We say that X is of class C (0, ~, Ao, A1) if it is both of class Cx (6,7, Ao, A1) and class C; (0,7, Ao, A1).

If 6 € (0,1) then it is clear that X is of class Ck (0,7, Ao, A1) if and only if X C (A()’Al)@,oo with
Ha||(AO’A1)BOQ < v|lal]|x for all @ € X. Thus (Ao, A1) is of class Ck (6,1, Ag, A1). Furthermore, by
Corollary 12, we also have that (Ao,Al)G’q is of class Ck (0,7, Ao, A1) for all ¢ € (0,00] for some suitable
constant -y, which may depend on 6 and ¢q. As we shall show in a moment, (AO,Al)gﬁq is also of class
Cy (0,7, Ap, A1) for all € (0,1) and all ¢ € (0,00] and a suitable constant v depending only on 6 and q.

6,00

class Cy (6,7, Ao, A1) for some v > 0 if and only if there exists some g € (0,00] such that (Ao, A1)y, C X
with [jal|y < C Ha||(AO7A1)9’q for all a € (Ao, A1), and some suitable constant C. (This fact is stated in
Remark 5.7 on p. 245 of [10]. But there the authors apparently forgot to mention that X has to be complete.
The example where X is Ag N A; equipped, for example, with the quasinorm of (A, 141)‘971 shows that the
requirement of completeness cannot be removed.)

Note that in Definition 23 the parameter 6 is also allowed to assume the endpoint values 0 and 1. It follows
immediately from the definitions that Ay is of class C (0,1, Ap, A1) and that A; is of class C (1,1, Ag, Ay).

Returning to the case where 0 < 6 < 1, let us now show, as promised above, that, for each 8 € (0, 1), the
group (AO,Al)qu is of class Cy (6,7, Ao, A1), for some suitable . Indeed, for each a € Ay N A; and each
positive s and t, we have

K (870‘;1407 Al)

IN

min {lall 4, , s llall4, }

min {J(t,a; Ap, A1), ;J(t,a; Ay, Al)}

N

(3.5) J(t,a; Ag, Ay) min{l, ;}

J(m;Ao,Al)Q/OOO (57 min {1, i})q %

t [e'¢)
= J(t,a; Ag, Ay)? t*q/ g0 +/ g0 ds
) ) 3 O s . s

1 1
= J(t,a; A0, A1) | — + — ad
a5 4o, ) (Q(l‘g) qa)t

and therefore

IN

||aH((1AO’A1)91q

1/q
This gives us that (Ao, A1)y , is of class Cy (6,7, Ao, A1) with v = (ﬁ + ?10) for each g € (0,00) and
each 0 € (0,1). If ¢ = oo, we can clearly use the same estimate (3.5) to obtain the same conclusion, but this
time with v = t?sup,.o s “min {1, 2} = 1.
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The next lemma will give the first “half” of the proof of Theorem 19. It will deal simultaneously with the
three formulae (3.1), (3.2), and (3.3). It will show that the inclusion “C” and the corresponding inequality
between the respective quasinorms holds for each of them.

Lemma 24. Let (Ag, A1) be a quasinormed abelian couple, where both Ay and Ay are c-normed. Suppose that
the quasinormed abelian groups Xo and X; are of class Cx (00,70, Ao, A1) and Cx (01,71 A0, A1) respectively,
where the numbers Oy and 01 are in [0,1] and satisfy Oy # 01, and vo and 1 are positive. Then (Xo, X1) is
a quasinormed abelian couple, and, for each a € (0,1) and each q € (0,00], we have

(36) (Xo,Xl)a’q - (AO’Al)(l—oz)Go-i-ozG],q
and
-1
(3.7) ||aH(AO,AI)(PQ)%NGLQ < cmax{qo, 71} 61 — 0o lall xy x,), , for all a € (Xo, X1),, -

Proof. The conditions on Xy and X; suffice (c¢f. Remark 6) to ensure that (Xy, X1) is a quasinormed
abelian couple. Let a be an arbitrary element of X 4+ X; and suppose that a = xg + 1 where z; € X; for
j =0,1. Set v = max{vp,v1}. For each fixed ¢ > 0, we have that a — K (¢, a; Ag, A1) is a c-quasinorm. So

K(t, a; Ao,Al) < C(K(t,ZE(); Ao,Al) + CK(t, T Ao, Al))

< ey (%ol x, + 7 |21 ]lx,) = ext® (llzollx, + 7%l llx, ) -
If we take the infimum over all decompositions of a of the form a = xg + x1 we deduce that
(3.8) K(t,a; Ag, Ay) < eyt K (9% a: X, X1)
and therefore, in the case where ¢ < oo, we have

> t—(l—a)‘%—a@lK(t “An. A adt q = —a(f1—00) 01—00 . adt
/0 ( , a5 Ao, 1)) - < () /0 (t K(t ,a,Xo,Xl)) et

Since 0y # 6; we may make the change of variables s = =% and then the preceding integral becomes
Ie(lcl)eqﬂ fooo (s7*K(s,a; Xo, X1))? %. If we take the ¢*" roots of these last three integrals, we obtain (3.7) for
all a € (Xo, X1),,, (and in fact even for all a € Xo+ X1). In the remaining case, where ¢ = oo, an analogous
and simpler argument enables us to deduce (3.7) from (3.8). In both cases (3.7) immediately implies (3.6)
and so completes the proof. [J

Now we shall turn to presenting the other “half” of the proof of Theorem 19. It will be formulated as
Lemma 25. This lemma will look almost “dual” to Lemma 24, except that here, please note that we need
to impose an “additional condition”, either (i) or (ii). I have not carefully read the analogue of this material
in [2] or in [10]. But perhaps one of these conditions, or some alternative condition, needs to be stated
more explicitly in those references. As far as I can see, in [10] no such condition is imposed, and in [2] the
completeness condition mentioned as part of (i) is imposed, but requirement of a “continuous embedding”
of X, into Ag + A; is apparently not imposed. Perhaps this latter “embedding” condition can somehow be
deduced from the completeness condition. At this moment I cannot see how. Perhaps one simply has to
interpret the notation of the inclusion X C Ap+ A; mentioned in the definition of spaces of class C; (6, Ag, A1)
in [10] and in [2] as also meaning that the inclusion is a continuous mapping. The fact that the conclusion of
Lemma 25 holds when the condition (ii) of the lemma is satisfied can also be apparently deduced from some
more elaborate results of Tord Holmstedt [7], which although stated for the case of linear spaces rather than
groups, seem to only use additive group properties of these spaces. Holmstedt in fact obtains a formula, to

within equivalence, for the K-functional of the couple ((Ao, A1)907q0 , (Ao, A1)91,q1>'

Lemma 25. Let (Ap, A1) be a quasinormed abelian couple, where both Ay and Ay are c-normed. Suppose that
the quasinormed abelian groups Xy and X; are of class C (6o, 0, Ao, A1) and Cj (61,71 A0, A1) respectively,
where the numbers 0y and 01 are in [0,1] and satisfy 0y # 01, and o and v1 are positive.

Suppose that at least one of the following two additional conditions hold.

(i) For both j =0 and j = 1, the quasinormed group X; is complete, and furthermore, its quasinorm ||HX]
satisfies

(3.9) 120 ag 4, < 0 ll2]1%,
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for all x € X; and some positive constants o; and p;.

(i) For both j =0 and j = 1, the quasinormed group X; coincides, with equality of quasinorms, with the
group (A07A1)9].7q]. for some q; € (0,00] if 0; € (0,1), or with the group Ay, if 0; equals 0 or 1.

Then (Xo, X1) is a quasinormed abelian couple, and, for each o € (0,1) and each q € (0,00], we have

(310) (AO>A1)(17Q)90+Q91,¢1 C (X07X1)a,q
and
(3.11) Ha||(X07X1)M <C HaH(AO’Al)(l—a)90+a91,q for all a € (Ao, Al)(lfa)OngaHl,q .

The constant C' depends only on «, q, 0y, 01, Yo, 71 and the quasinorm constants of Ay, A1, Xo and Xi.

Proof. If (i) holds then (3.9) corresponds to condition (**) of Remark 6. If (ii) holds then it also implies
(3.9) with po = p1 = 1. So in both cases we have some version of condition (**) which ensures that (Xo, X1)
is a quasinormed abelian couple.

Let a be an arbitrary element of (AO’Al)(lfanJra@l,q' Since a € (AO’Al)(lfa)Onga@l,oo and since 0 <
(1 —a)by+ aby < 1, it follows that condition (2.3) holds. So we can apply Lemma 17 with A = 2 to obtain a

sequence {uy}, ., of elements in Ay N A; satisfying the two conditions limy ..o HZN o Un — a’ e
" o+A1
and

(3.12) J(2" up; Ao, A1) < 6¢K (2", a; Ag, A1) for each n € Z.

One important step of the proof will be to use the assumption (i) or the assumption (ii) to show that the
first of these two conditions can be strengthened to

N —o0

N
(3.13) lim Zun—a =0 anda € Xp+ X;.
noN Xo+X1
This will be rather easy if we have condition (i). But if we have condition (ii) we will need a rather longer,
perhaps “messier”;, argument using the red italic material that we prepared above. So we will defer this
somewhat difficult step to later, and first present the remaining part of the proof, which is a simple and even

elegant application of Theorem 16:
For each A > 0, since X is of class of class Cj (0;,7;, Ao, A1) for j = 0,1, we have

(3.14) TN i, Xo, X1) = max X" [Jun |, < max 350" (2%) 797 (2", un, Ao, A1) .
J=0, 7 =0,

Let us choose A\ = 291=%_ (Recall that 6y # 6; so A # 1.) Then the factor A" (2")~% in (3.14) has the same

value (/\90/(91’9")) ~" for both values of j. So, after we multiply both sides of (3.14) by A", we can deduce
that

AianJ(Araun,Xo,Xl) S <m%}§ ’Y]) )\76n!](2n’un7A0’A1)
=0,

where

_ 90 +a:90+0&(91700) _ (17&)90+a91
0, — 6 0, — b 0, — by

which means that A\~ = 2~ ((1=a)fo+adi)n  Thig calculation of course applies for every n € Z. Combining it

with (3.12) we obtain that

]

(315) [T, Xo, 1))

. S 6e (ngg 'Yj) H{2((1a)9°+a91)”K(2",a;Ao7A1}
(4 =L,

neEZ

neZ 04 ’

In view of Theorem 11, the right side of (3.15) is equivalent to the quasinorm [alf ,, and

Al)(l—a)90+a91,q

the constants of equivalence depend only on ¢, vo, 71, o, 01, @ and ¢. If we know that (3.13) holds, then

the left side of (3.15) dominates the quasinorm [laf| x, x,) . » which, by Theorem 16 and Exercise 15, is
’ @,q,J,

equivalent to the quasinorm ||aH( Xo,X1)., with constants of equivalence depending only on «, ¢, 8y, 6; and

«@,q
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the quasinorm constants of Xy and X;. Thus (3.15) will imply both (3.10) and (3.11) and complete the proof
of the theorem, as soon as we have established (3.13).
Thus we come back to proving (3.13). The fact that the left side of (3.15) is finite implies that

Afomt](/\n’ Unp,, Xo, X1) S O
for all n € Z and some constant C'. Thus we have
(3.16) tnlx, < CA*™and [Juy, ||y, < CA=E7",

In view of Theorem 2, for a suitable positive number p, whose value depends on the maximum of the quasinorm
constants for Xy and X7, we have

mo P m2
(3.17) Z Um <2 Z ||Um||§(j
m=m; X, m=m;

for j = 0,1 and any finite collection of elements v,, in X;. For each N € N let us consider the elements
fn= Z;i_N u, and gy = 227:0 Uy, introduced in (2.8). Suppose that A > 1. Then, using (3.16) and (3.17),
we obtain that {fx}, cy and {gn},cy are Cauchy sequences in Xo or in X; respectively. If A < 1 then we
have the same conclusion, but with Xy and X; interchanged.

If condition (i) of the lemma holds, then each of these Cauchy sequences in X; must converge to an element
of the group X;. Thus fy +gn = Efj:fN uy, must converge in Xy + X7 to some element x of Xg + X;. In
view of (3.9) this convergence also occurs with respect to the metric or quasinorm of Ay + A; and so x must
be the same element a of (Ao, A1) (1 _ 49,1 a0, 4 that we started with.

This completes the proof of (3.13) for the case where (i) holds. So now, suppose instead that condition (ii)

holds. For the rest of this proof let us set § = (1 — )6y + af;. Since we have supposed that a € (4o, Al)e,qv
(275 g, AL}, | it B
{ (2™, a; Ag 1}n€Z e is finite. By

Theorem 16 it is dominated by C [lal| 4, Ay), ., for some constant C'. Thus we have, from (3.12), that

we have (as already remarked and used just after (3.15)) that ‘

1/q 1/q
(Z (2_TL9J(27L7 Un; Ao, A1)>q> < 6c (Z (2—7“9[{ (2", a; Ay, Al))q> < 6¢C ||a||(A0’A1)8 N
ne” nez

This is essentially the same as the estimate (2.13), except for the extra factor of 3cC here and our explicit
choice of A = 2. Thus, for any choice of the finite set F' C Z and the element ap defined by (2.14), we can
use the same calculations as were done above in red to obtain the analogue of (2.22), namely

(3.18) 279K (2™ ap; Ag, Ay) < Uy, for all m € Z

where {Up, },, 7 is some fixed numerical sequence in £¢ which does not depend on the choice of the finite set
F.

We will suppose that 6y < 6;. Since « € (0, 1), it follows in this case that 8y < # < 6;. The remaining
case where 6y > 0, can be handled by analogous reasoning, or by interchanging the roles of Xy and X; and
using the fact (cf. Exercise 9) that (Xo, X1), , = (X1, X0)1-a,¢ With equality of quasinorms.

The elements ag € Ag and by € A; are introduced, as in Lemma 17 in the course of constructing the

sequence {un}, ;. We will show that

(3.19) ag € Xpand A}im ||fN — a0||XO .

Analogously we will show that

(3.20) by € X1 and I\Pm HgN — bOHXo .

Since a = ag + bp, these two conditions will suffice to establish (3.13) and complete the proof of the lemma.

In the special “endpoint” case where 6y = 0, so that Xg = Ay, we have (3.19) immediately from (2.9).
Similarly, in the other endpoint case where 6; = 1, so that X; = A;, we obtain (3.20) also from (2.9).
Thus it remains to consider the cases where 6y > 0, so that X = (4o, A1) and where 6; < 1, so that
X1 = (Ao, A1)

00,90
01,q1°
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Let us now prove (3.19) in the case where 6y > 0.

(The proof of (3.20) in the case where 6; < 1 is analogous and will be left to the reader.)

Our first and main step will be to find convenient estimates for K(2", ag, ; Ao, A1) and for sup ey K (27, fn; Ao, A1).
For each t > 0, we have

K(t,ap; Ag, A1) < cK (L, fn — ao; Ao, A1) + cK (t, fn; Ao, A1) -
Since (2.9) implies that

(321) A}Hn K(t7fN —ao;Ao,Al) =0
we obtain that
(3.22) K(t,ao; Ao, A1) < c lim K(t, fn; Ao, A1) < sup K(t, fa; Ao, A1).
N—oo NeEN
If we let F' be the set {—N,—N +1,....,—1} then fy is exactly the element ar. So, if we let t = 2™ for some

m € Z, then we see from (3.22) and (3.18), that
K(2™, fn; Ao, A1) < 2°MU,, .

The sequence {Up,},,c7 1s in £7 and therefore in £>°. We also have K(2, fn; Ao, A1) < [[fn]l4,- We also
know (see (2.10)) that supyey [[fn|l 4, is finite. Combining all these facts, we deduce our “main estimate”,
namely that

(3.23) 279K (2™, ag; Ay, A1) < sup 27%™K (2™ fn; Ag, A1) < C min {2*00”’,2(0*90)’”} for all m € Z,
NEN

where the constant C'is given by C' = max {c H{Um}meZHeeo ,supnen |1l 4, }- Since =0y < 0 and 6—6; > 0

we see that the sequence {min {2-%™, 2(0760)m}}mez is in P (Z) for every p € (0, 00]. So our estimate (3.23)

implies that H{Z’GO’”K(Q’", ag; Ao, Al)}

of (3.19).

We will now prove the second part, i.e., the convergence condition in (3.19) by using a “discrete” version
of the Lebesgue dominated convergence theorem, at least in the case where gy < co. Here we will also use
our estimate (3.23). We have that

_ q
I fn — a0||gOAO,A1)9M0 < const. »_ (270K (2™, fn — ao; Ao, A1))" .
meZ

< oo and so ag € (Ao, A1)

oo 00,07 BS required in the first part

meZ

Each term of this series tends to 0 as N — oo in view of (3.21). So, in order to show that the whole series
tends to 0, it will suffice to show that the sequence {(2_907”[((2’”, fn — ag; Ao, Al))qo}mGZ is dominated by
a sequence in /! whose elements do not depend on N. Since Ag and A; are c-quasinormed, we can use (3.23)
to obtain that

270K (2™, fx — ag; Ao, A1)

IN

270K (2™, fivg Ao, A1) + 270K (2™, ag; Ao, A1)
2¢C min {2*"0’”, 2<9*90)m} .

A

(3.24)

Since the sequence {(min{2_9°m,2(9_90)m})q0} is in #' and independent of N, we are done. When

meZ
go = oo we can obtain the desired result from (3.21) combined with the fact that the dominating sequence

in (3.24) tends to 0 as m tends to +oo and also as m tends to —oo.
We have thus completed the proof of (3.19).
As already remarked, the proof of (3.20) when #; < 1 is analogous and will be left as an exercise.
This completes our proof of Lemma 25. [

Although we already indicated this earlier, we should perhaps state one more time that Lemma 25, when
combined with Lemma 24, suffices to complete our proof of Theorem 19, because of the following facts that we
showed earlier, namely that that (Ao, A1), , is of class C (0,7, Ag, A1) for each 0 € (0,1) and some constant
v > 0 and that A; is of class C(j,1, Ao, A1) for j = 0,1. More precisely, since we need to invoke case (ii)
in Lemma 25, the other explicit ingredients of our proof of Theorem 19 are Lemma 24, and the facts that
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(Ao, A1)y , and A; are, respectively, of class Ck (0,7, Ao, A1) and Ck (4,1, Ag, A1). The corresponding facts
about membership of these groups in the corresponding classes C; also remain relevant implicitly, because
they are needed for part of the proof of Lemma 25.

4. COUPLES OF WEIGHTED /P SPACES.

In this section we will calculate the K-functional for the couple (63‘;,631) of weighted ¢? spaces with
exponential weights. It will turn out that this calculation can be translated to also give a formula, to within
equivalence, for the K-functional of the “reiterated” couple ((AO, A1)y, @ (Ao, A1)y, q1>.

For each ¢ € (0, 00] and each 6 € R we let £§ denote the space of all complex valued sequences o = {av, }
for which the quasinorm

1/q
(4.1) [{an},ez lleg = (Z (27 Ianl)q>

nez

neZ

is finite. As usual, if ¢ = oo, we replace the right side of (4.1) by sup,,cz 27" |, |.

Theorem 26. Suppose that —oco < Oy < 01 < oo and qo,q1 € (0,00]. Then the couple (Egg,égi) s a
quasinormed abelian couple and, for each, {an}, cq in fgg + Egi, we have

727 < K(t {an} ey - 00, 00) <

Proof. First we note that, for j = 0,1 we obviously have ng_ C L5 with [|aflge < [lafl,s; for each o € (5.
J 6.

J
Then in turn, the space £g° is contained in the Banach space £77 of sequences {an} for which the norm

nez

I {an}nez ”42? := sup min {2700717 2791“} |ctn |
nez

is finite. In fact we have [|allpe < |, for each o € ng_ which suffices to show that (¢3,¢3') is a
3 ej

quasinormed abelian couple.
?‘7?7?/(7“ [ql :‘:lIld /ql) «ﬂql are b()th????‘)
...... oo o, (o0 Lo,

5. INTERPOLATION THEOREMS FOR THE GROUPS (A, A1), ,

The results in this section, or some slight variants of them, were already discussed in earlier lectures. It
will be convenient to have the versions here on record for later use.
Let me start with a rather trivial statement.

Lemma 27. Let (Ag, A1) and (By, B1) be two quasinormed abelian couples. Let o and 3 be positive constants
and let T be a map from Ay + Ay into By + By which satisfies

(51) K(t,Ta; Bo,Bl) S aK(ﬁt,a;Ao,Al)
forallt > 0 and all a € Ao + A1. Then T maps (Ao, A1)y, into (Bo, B1),, for each 6 € (0,1) and each
q € (0,00], and

HTCLH(BoyBl)M < C(a’ﬁ797q)||a’H(AoyAl)91q

for each a € (A07A1)9_,q-

Proof. Exercise. You can also easily calculate the formula for C(«, 3,0, q) which indeed depends only on
these four parameters. [

Now in the rest of this section will simply describe some other conditions on maps T : A9+ A1 — Bg+ B
which are sufficient to imply (5.1). ?777?

6. SOME CLASSICAL INEQUALITIES

You are probably quite familiar with the inequalities in the first two subsections. The inequality that we
particularly need in this course is Hardy’s inequality which we will meet in the third subsection.
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/Qfgduﬁ (/ﬂ fpdu)l/p (/Q g”/du)l/p/

for all measurable f: Q) — [0,00) and g: Q — [0,00) and all p € (1,00) with 1/p+1/p’ = 1.

Obviously equality holds if f? = ¢¥', since in that case fg = f - f2/?' = fi+e/v’ = fp,

Now let f be an arbitrary function and let { f,,} be an increasing sequence of non negative simple functions
p/p’

6.1. Holder’s inequality.

whose limit is f. Let {g,} be an increasing sequence of non negative simple functions defined by g, = (f,)
Thus its limit is g = fP/7". Let hp = gn/ ||gn|;»r- Of course lgnll® ;= Il full7»- Note that

1 1 o
/hmwz———/n%w=———/ﬁw=mwﬂ%ﬂmm
Q ||9nHLp’ Q HgnHLp/ Q

50 limy oo [ fnhndp = || f|| ,» whether or not || f||,, is finite. Since [(, fuhndp < [o fhndp < || f]| ., we see
that limy, .o [o, fAndp = || f||»- So we obtain that

(6.1 1910 = sup [ fh
heH JQ
where H is the set of all measurable functions h :  — [0, 00) which satisfy ||h]|,, = 1.

6.2. The integral form of Minkowski’s inequality.

Theorem 28. Let (Q,%, 1) and (Z,8,v) be two o-finite measure spaces and let f : Q x E — [0,00) be a
function which is measurable on the product measure space (& x 2,% x S, u x v). Then, for each p € [1,00),

(62) (A(éﬂMQW@03mmfm<l(Afwawmmfmw@.

Proof. As Alon kindly reminded us here, we are using the Fubini or Fubini-Tonelli theorem to ensure that
the integral ]E fw,&)dv(§) is well defined for p almost every w and defines a p measurable function.

If p =1 then (6.2) holds with equality. It is simply the Fubini or Fubini-Tonelli theorem (which may fail
if the underlying measure spaces are not o-finite).

When p > 1 we can calculate the left side of (6.2) by using (6.1). Let h be any function in the set H.
Then, again by Fubini or Fubini—Tonelli, and then by Hélder’s inequality, we have

[ ([rwgane)seruer = [ ([ g ) ae

(/Q.f(w,ﬁ)pdu(W)>l/p Wl )

]

]

IN
T

_ (Af@@%mmfww@»

Now we can obtain (6.2) simply by taking the supremum over all h € H. O

m

Remark 29. The “usual” version of Minkowski’s, namely [|f + gl 1o, < [Ifllzr(u) + 119l 1o (. 1 of course a
special case of the preceding theorem. It can be deduced from (6.2) by choosing = to be a measure space
consisting of two atoms, and can also be proved in other ways. Our assumption that the measure spaces are
o-finite was made to enable a quick proof using Fubini’s theorem. In our applications here the measure spaces
will be o-finite, but you might perhaps want to wonder at some stage about whether this assumption can be
removed. (If we try to do that we would of course have to add the hypothesis (or find some alternative way
to ensure) that the integral [_ f(w,&)dv(&) is well defined for p almost every w and defines a ;1 measurable
function.)
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6.3. Hardy’s inequality.
Theorem 30. The inequality

(6.3) (/OOO e <1 Ot f(s)ds)pdt> " < }ﬁ (/OOO t”‘f(t)f‘dt)l/p

holds for every measurable function f : (0,00) — [0,00) and every p € [1,00) and every a € (—oo,p — 1).

Remark 31. With an appropriate interpretation this result also holds for p = oo as we shall now see. If we
set 8 = a/p then we may rewrite (6.3) in the form

w ([ o) ></>

where now (8 has to satisfy 8 € (—o0,1 —1/p) . If p = oo then (6.10) becomes

(6.5) sup 7~ 1/ f(s

t>0

8
ﬂ eI

This can be proved immediately by integrating the estimate f(s) < s ess sup t7f(t) .
>0

Remark 32. In the case where f is a non increasing function an analogous inequality to (6.3) holds also when
€ (0,1). But the constant p_Z — has to be replaced by some other constant. We shall present this result
below as Theorem 33.

Proof of Theorem 30. (Cf. [8] p. 24.) For each fixed ¢ we use the change of variable x = s/t to obtain that

e (1 /Otf(s)ds)p = </Otf(s)t“/p1ds>p = </01 f(xt)ta/pdx)p

Now we substitute this expression in the left side of (6.3) and estimate this rewritten form of the left side of
(6.3) by applying (6.2) with Q = (0,00) and Z = (0, 1), and with x and v taken to be Lebesgue measure on
Q and on Z respectively. This gives us

(/OOO (/01 f(:ct)to‘/”dm)pdt> " < /01 (/OOO (f(:ct)t"/p)pdt>l/p du

and then, after making the change of variable s = xt, this last integral equals

[ GGy ) o = [ovmn([Crrea) o
1/p
N 1—a/p—1/p (/0 ﬂs)psads) '

Now we turn to the variant of Hardy’s inequality mentioned above, for the case where p < 1. In fact it
also holds for p = 1.

Theorem 33. (Cf. [8] Theorem 2, pp. 23-25.) Each non increasing functions f : (0,00) — [0,00) satisfies
o] 1 T p o]

(6.6) / (/ f(t)dt> x%dz < C(a, p) f(x)Pzdx
0 0 0

X

This completes the proof. [

for each p € (0,1] and each o € (—oo,p — 1), and a constant C(«, p) depending only on « and p.

Remark 34. For later reference, it will be convenient to rewrite (6.6) equivalently as

(6.7) ( /O h (; /O ’ f(t)dt)pxadx)l/p < Cla,p)7? ( /O h f(a:)pxadx)l/p
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One ingredient of the proof of this theorem is the (rather standard) inequality

1/p
(6.8) > an < (Z ai)

keZ keZ

which holds for each p € (0, 1] whenever the numbers a,, all satisfy a,, > 0. Its proof is a fairly straightforward
exercise.

It will be convenient to also present another ingredient of the proof of this theorem separately, as the
following simple and standard lemma. In fact a slight variant of this result (for non decreasing rather than
non increasing functions) has already been implicitly used in the proof of Theorem 11.

Lemma 35. For each constant o € R there exist contants ¢, and C,, depending only on «, such that, for
every non increasing function g : (0,00) — [0,00), we have

(6.9) ca »_ g(2m)2letn < / g(@)a®de < Co Y g(2m)2n
0

nez neZ

Proof. (Cf. the first five lines of 8] p. 25.) We have

2n+1 2n+1

/Ooog(x)xadx = Z/ g(x)xdx < Z sup za./ g(2")da

nEZ 2n nEZz€[2n72n+l] n
= max{2%,1} > g(2")2°" - (2"*! —2")
nez
= max{2%,1} ) g(2m)2ltIn.
nez
Conversely,

2n+1 2n+1

o0
adq — Ozd > f . 2n+1 d
/0 g(x)xz“dx Z/ x Z 2171112”“]30 /n 9( )dx

nez’ 2"
= min{2%1}) g(2"t)2em. (27T —2m)
nez
= min{2%1} )  g(2"t)20tn
nez
= min{2%,1} ) g(2")2*+V=Y
nez
_ 2—(a+1) min {2017 1} Z g(2n)2(a+1)n
nez
These two sets of inequalities establish (6 9) with C =max {2% 1} and ¢, = $min {1,272}, O
Proof of Theorem 33. The function u(z) = + fo t)dt is absolutely contmuous on each compact subinterval
of (0, 00) and its derivative u/(z) exists a.e. and is equal a.e. to f(z — 5 [y f()dt, Wthh is easily seen to be

non positive. It follows that the function w is non increasing. Therefore the functlon g(z ( fo )
is also non increasing, and so we can apply Lemma 35 to obtain that

/Ooo <i/ozf(t)dt)pmadm ( / f(t dt) glati)n
neE”Z

ok+1 p
Ca Z( Z / £t )dt) plati-pin

n€Z \k=—o0

IN

(6.10)
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i 1/p
In view of (6.8) we have that Zk_ 22k " fdt < < k__oo (fzk ) ) . Thus the expression

— 00

on the last line of (6.10) is dominated by the expression on the next line, which we shall then continue to

estimate:
2k+1 p
( f(t)dt) )2(a+1—p)n
nEZ k=—o0

< ( 2 f(2k)dt> )2(a+1p)n
n€Z \k=—o0

p2’6P> 9(at+l—p)n

IN

k_foo

— C“Z( Z f(Qk)kap+(a+1p)n>

k€EZ \n=k+1
ola+1 p)(kﬂ))

k
= Ca S p2p<2a+1_p

kEZ

C .9a+1-p

- — 9a+1-p Zf 2k pokleD),
kEZ

The function f(¢)P is of course non increasing. So we can apply Lemma 35 again, this time to show that
Spez f@F)P2RFD < L[5 f(2)Predr. Combining the estimate (6.10) with all the subsequent estimates
here, we obtain (6.6), where the constant C(c, p) satisfies

Cyo - 2017 max {21} - 20+1=P _ max {4%,1} - 20277
(1—20F1-P) . ¢ (1 —20F1-P). Ilin {1,270} 1 —2a+1-p

(6.11) Cla,p) =

O

Remark 36. In the case when p = 1 we of course have o < 0, and we can of course also invoke Theorem 30
to obtain the same estimate, but with C (a,p) = C (e, 1) = }a

7. THE SPACES LPY AND THEIR CONNECTION WITH THE SPACES (LP, L*), q

Let (©, %, i) be an arbitrary measure space. We wish to study a class of spaces of (equivalence classes of)
complex valued measurable functions on € which generalize and include the spaces LP(u) and Weak LP(u).
We will define them in terms of the non increasing rearrangements f* of measurable functions f on Q. Thus
we need to require all functions f under consideration to have distribution functions f, which are “ultimately
finite”, i.e., satisfy f.(a) < oo for some sufficiently large positive number a.

Let us start by introducing a rather “crazy” space which in some kind of way is a “limiting case” of the LP
spaces as p tends to 0. It apparently appeared for the first time on pp. 248-249 of the remarkable paper [10]
of Jaak Peetre and Gunnar Sparr.

For each measurable f : 0 — C define

£l o = sup fi(e)
a>0

and define L°(u) to be the set of all measurable functions f : © — C for which ||f||;0 < oo. Clearly
1 £l o0 = limano fu(a) = p({w € Q:|f(w)| >0}). So L°(u) consists of all measurable functions whose
supports have finite measure. We will often write L instead of LY(u) where the intended underlying measure
space is clear from the context.

Exercise 37. Show that f.(a) < oo for some sufficiently large positive « if and only if f € L° + L*>. Show
also that || f]| o =sup{t: f*(t) > 0} for all f € L0+ L> .
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For each p € (0,00] and g € (0, 00|, given some underlying measure space (2,%, u), we define LP? or
LP9(p) to be the set of all (equivalence classes of) functions f € L%(u) 4+ L (u) for which the functional

(7.1) 1l z0a = ( / () Cf)/

is finite. If ¢ = oo then, as usual, we replace the L4((0, 00), 4¢) (quasi) norm in (7.1) by an essential supremum,
which is in fact also simply a supremum in view of the rlght continuity of f*. I.e., we have the functional

(7.2) 11l poe = sup /7 f(t).
t>0

The functionals defined in (7.1) and (7.2) are quasinorms. This is an easy consequence of the inequality

(7.3) (F+9)" (6) < f* < ) g (;) forall £ > 0

which was discussed in an earlier document and the fact that ||-||,, is a quasinorm for each ¢ € (0,00]. So
LP? is a quasinormed space and therefore also a linear space. Therefore, from now on, we can refer to LP:?
as a space rather than just a set.

We have already met at least some of the spaces LP»?, as we shall now clarify:

Let us first observe that, by standard properties of the non increasing rearrangement, when p = ¢ we have

|f||Lp,p(/0°°<f<>pdt) (/Iflpdu) — £,

and so we have LP? = LP isometrically for all p € (0,00). If p = co we define t'/? = 1. Thus we also have
L5 = L™ isometrically. It is not hard to see that when ¢ < oo the space L°? contains only the zero
element so we will not have anything more to say about L% for ¢ < co. On the other hand when p < oo
and ¢ = oo the space LP** coincides isometrically with the (rather important) space Weak LP in view of an
exercise that you were recently asked to do.

The spaces LP? are often referred to as Lorentz spaces. There is indeed some overlap between these spaces
and another family of spaces studied by G. G. Lorentz.

We have already noted that for p = ¢ € [1, oo] the quasinorm of L is in fact a norm, and the space LP+?
is even a Banach space. We shall see later that for all p,q € (1, 00] this is also almost true, i.e., it is true to
“within equivalence of norms”. Our main tool for showing this and also for identifying the space (L?, L*), .
will be (the two versions of) Hardy’s inequality.

Let us recall that, for each measurable f : 2 — C whose distribution function satisfies f*( ) < oo for some

a > 0, we define f**(t) = 1 fo s)ds and, more generally, f**(¢,r) (1 fo ds) for each r > 0.
Let us also recall that the fact that f* is non increasing immediately implies that
(7.4) @) < f(t,r)forallt > 0.

Exercise 38. Use the formula for the K-functional for the couple (L', L>) and a general property of the
K-functional of two NORMED spaces, to show that

(7.5) (f+9)" (t,r) < f(t,r) + g™ (t,r)for all t > 0

for all f,g € L' 4+ L* in the case where r = 1. This inequality can be thought of as a rather nicer variant of
(7.3). Prove that that (|f|")* = (f*)" for all 7 > 0 and for each f € L + L>. Use this to extend your proof
of (7.5) to the case where 1 < r < oo for all f,g € LY+ L°°.

Now we shall see that we can essentially replace f by f** or by f**(¢,r) in the definition of the quasinorm
of LP1.

Theorem 39. For each f € L + L*°, the inequality

o ([ (o) )" <o ([ (00 )
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holds for 0 < ¢ < oo and 0 < r < p and some positive constant Cp, q.». When r < q the constant C, 4, can be

p \" ; ; _ /g ; -
taken to be ( ;£ . When r > q it can be given by Cp, 4, = (C(¢/p—1,q/r))""" in terms of the notation

of (6.11).
Proof. We simply have to reveal that (7.6) is a very slightly disguised version of Hardy’s inequality (6.3)

or of (6.5) or of the variant (6.7) of Hardy’s inequality. Indeed, if we set u(t) = (f*(¢))" and raise both sides
of (7.6) to the power r, then we can rewrite (7.6), in the case where ¢ is finite, as

(7.7) (/OOO ta/p=1 C /Otu(S))q/r dt) " < (Cpar)” (/OOO $4/P=1 (4 (1)) 9" dt>”q

So we see that here the roles of p and « in (6.3) and in (6.7) are now played in (7.7) by ¢/r and ¢/p — 1
respectively. The condition o < p — 1, which is required for both (6.3) and (6.6), corresponds here to
q/p — 1 < q/r — 1 which is equivalent to r < p.

When r < ¢ < oo then we have to invoke (6.3) and, in our context here, the constant p7§71 of (6.3)
1/r
becomes W = ﬁ showing that Cp 4, = (pfr) .

When ¢ < r, we have to invoke (6.7) and, in our context here, the constant (C(a,p))l/p in (6.7) becomes
(C(g/p—1,q/r))", which shows that C, 4., = (C(q/p —1,q/r))"".

1/r
In the remaining case ¢ = oo we have to interpret (7.6) as sup,- o t*/? f**(t,r) < (pfr> SUpso /P f*(1)

which, for u as above, is equivalent to

t
suptr/pfl/ u(s)ds < Lsuptr/pu(s)
t>0 0 p—r

which is exactly (6.5) for 8 =r/p. O
In the light of the previous theorem it makes sense to define the functional

S ad 1/q
llinacr =107t = ([ (2 wn)" )

Note that, in view of Exercise 38, this is a norm whenever 1 < r < oo and 1 < ¢ < co. Furthermore, in view
of (7.4) and Theorem 39, we have

(7.8) 1 £l o < I F Nl porasiy < Cpr |1 f]l Loa for all f € L° + L and all r € (0,p).

Le., for all ¢ € [1,00] and p > 1 we can make LP? into a normed space by replacing its original quasinorm
by an equivalent norm. For p = 1 we only know that L is normable (in fact already normed) for ¢ = 1.
We also mention that the space LP'? is complete for all values of p and ¢ for which it is defined. But we
will wait to deduce its completeness after we have identified it as an interpolation space.
We are now ready to state a general theorem about interpolation of LP and even of LP'? spaces by the
Lions-Peetre method.

Theorem 40. Suppose that po, p1, qo, q1 and q are in (0, 00] with py # p1 and that 0 is in (0,1). In the case
where py = 0o or, respectively p; = 0o, suppose that qo = oo or, respectively, that ¢ = oo. Then the formula

(7.9) (LPosto, ppran), = [Pod

holds to within equivalence of quasinorms, where, as usual, pg is defined by the formula
1 1-6 0

R + —.

Po bo p1

The constants of equivalence between the quasinorms depend only on po,p1,0,qo,q1 and q.

(7.10)

Exercise 41. Does (7.9) hold when py = p;?
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Proof of Theorem 40. Our first step will be to prove the theorem in the special case where pg = ¢y < 00
and p; = q1 = 0o. Le., we have to show that

(7.11) (L0, L), = LP,

1/p
We previously showed that the K-functional K (¢, f; LP, L) is equivalent to (fgp (f*(s))* ds) for each

f € LP 4+ L*, where the constants of equivalence depend only on p. Thus we have, for each f € L™ + L*°,
that f**(t,r) is equivalent to t~ /7K (t'/", f; L", L>°). Now, for each p € (r,o0), we apply this equivalence
together with (7.8) to obtain that || f||;,., is equivalent to

00 1/q
(/ (tl/p_l/TK(tl/r,f;LT7LOO)>q dt)
O t

which, after the change of variables z = t}/" equals

1/q

> r/p—1 LTT 0o q dﬁ _.1/p
<T/0 (l’ K(:CafaL 7L )) T =T ||f||(LT,L°°)177,/pyq .
Thus we have shown the equality of spaces
(7.12) LM = (L™, L),
to within equivalence of their quasinorms, in the case where p € (r,00). In fact this formula is exactly the
required formula (7.11), i.e, (7.9) for py = qo < 0o and p; = ¢; = oo. To see this, choose pg = qo = r and
p1 = ¢1 = oo and let @ be an arbitrary number in (0,1). Then choose p = py. Then it follows from (7.10)
that pg = po/(1—0), or, equivalently, that 1 —py/ps = 6. Le., 6 =1 —1r/p. We also see that r = py < pg = p.
So we can indeed obtain that (7.12) holds and is the same as (7.11). This completes the proof of our first
step.
Our second step is to consider a slightly more general case. We still take p; = ¢ = oo which necessarily

means that we must take py < co. But now ¢o can be any element of the interval (0, oc]. Thus we now have
to show that

(7.13) (Lposto L), = [P0

for each 6 € (0,1) and ¢ € (0,00]. To do this, we choose some p € (0,pg) and choose 6y = 1 — p%' Then

6o € (0,1) and p% = %. So, by Step 1, we have that

(7.14) LPoto = (LP L)

00,90 *

Now we choose #; = 1 and apply the “endpoint” formula (3.2) when (Ag, A1) is the couple (L?, L>°) and
a = 0. In this context (3.2) becomes

(715) ((va Loo)gmqo 7LOO)6 q = (Lp7LOO)(1—6)90+9,q :

)

In view of (7.14), the left sides of (7.13) and (7.15) are the same space. In view of Step 1, the right side of
(7.15) is the space L™?, where

1L_1-(1-60)00+6 _(1-60)(1—6) (1-6)(1—-6) 1-6 1

T P p ~ po(l=0)  po po
So the right side of (7.15) equals the right side of (7.13). This establishes (7.13) and completes the proof of

Step 2.
The general formula (Ag, A1), , = (A1, Ag);_g , (discussed in Exercise 9) combined with the result of Step
2 enables us to immediately show that the space (L°°, Lpl"“)e’q equals LP? ¢ where p% =0+ 1%, i.e., to prove
Theorem 40 in the case where py = gp = 0.
The only remaining case is where both py and p; are finite. Here again we will use the reiteration theorem.
Suppose that 6 € (0,1), and p; € (0,00) and g; € (0,00] for j = 0,1 and ¢q € (0, 00]. We choose a number p
1

satisfying 0 < p < min {pg, p1}. Then we choose numbers 0y and 6; which satisfy % = ;91- ,for j =01, ie.,
J
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0, =1- p% € (0,1). Then Step 1, i.e., the formula (7.13), gives us that LP3% = (LP, L),
So

s for j =0,1.

(Lpo’qo,Lplafh)G .= ((LP,LOO) (LP,LOO)

91,‘11)9 )

a

This latter space can be identified using the reiteration formula (3.1), when (Ao, A1) is the couple (LP, L*°).
It has to coincide with the space (L, L“)(170)00+901’q. By Step 1, this space, in turn, coincides with L™?
where

00,90 ’

| 1—(1—9)60—991_1—(1—9)(1—;%)—9(1—5)

T p p

— 1(19)(11>9<11)—1_9+9—1.
p P Do P M Po D1 Do

Thus r = pp and we have thus established the formula (7.9) in the one remaining case. This completes the
proof of Theorem 40. [
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