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On the effect of rearrangement on complex
interpolation for families of Banach spaces

Yanqi Qiu

Abstract. We give a new proof to show that the complex interpolation for
families of Banach spaces is not stable under rearrangement of the given
family on the boundary, although, by a result due to Coifman, Cwikel,
Rochberg, Sagher and Weiss, it is stable when the latter family takes
only 2 values. The non-stability for families taking 3 values was first
obtained by Cwikel and Janson. Our method links this problem to the
theory of matrix-valued Toeplitz operator and we are able to characterize
all the transformations on T that are invariant for complex interpolation
at 0, they are precisely the origin-preserving inner functions.

1. Introduction

This paper is a remark on the theory of complex interpolation for families of
Banach spaces, developed by Coifman, Cwikel, Rochberg, Sagher and Weiss in [1].
To avoid technical difficulties, we will concentrate on finite dimensional spaces.

Let D = {z € C: |2] < 1} be the unit disc with boundary T = 0D. The
normalised Lebesgue measure on T is denoted by m. By an interpolation family, we
mean a measurable family of complex N-dimensional normed spaces {E, : v € T},
i.e., B, is C equipped with norm ||-||, and for each z € CV, the function v ~ ||z||,,
defined on T is measurable. We should also assume that [log™ ||z|,dm(y) < oo
for any € CV. By definition, the interpolated space at 0 is

E[0] := H>(T; {Ey})/2H>(T; { E, }).
That is, for all z € CV,

Hx||E[0] = inf {ess s¥p IfNE, | f:T—CN analytic, f(0) = x}
YyE
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More generally, for any z € D, the interpolated space at z for the family {E,: v € T}
is denoted by E[z] or {E, : v € T}[z] whose norm is defined as follows. For any
zeCl,

|zl g = inf {ess s¥p IfN)E, ’ f:T — CV analytic, f(z) = Jc}
ve

It is known (see Proposition 2.4 in [1]) that in the above definition, instead of
using ess sup o7 f(7)[e,, we can use (f ||f(’y)||’]’5,7 P.(dv))Y/P for 0 < p < 0o or
exp([log || f(v)||e, P:(dv)) without changing the norm on E[z]. Here P,(dvy) is
the harmonic measure on T associated to z.

The goal of this paper is to investigate when the norm of the space E[0] is
invariant under a (measure preserving) rearrangement of the family {E, : v € T}.
A trivial example of such a rearrangement is a rotation on T. But, as we will see,
there are non trivial instances of this phenomenon. In particular, we recall the
following well-known result.

Theorem 1.1 (Corollary 5.1 in [1)). If X, = Zy for all v € Ty and X, = Z
for all v € Ty, where T'y and 'y are disjoint measurable sets whose union is T,
then X[0] = (Zo, Z1)o, where 0 = m(I'1) and (Zo, Z1)g is the classical complex
interpolation space for the pair (Zy, Z1).

The key fact behind this theorem is the existence for any measurable partition
T'o UT of the unit circle of an origin-preserving inner function taking I'y to an
arc of length 27m(Ty) and I'; to the complementary arc of length. For details,
see the appendix. More generally, complex interpolation at 0 is stable under the
rearrangements given by any inner function vanishing at 0.

Proposition 1.2. Let ¢: D — C be an inner function vanishing at 0. Its bound-
ary value is denoted again by p: T — T. Then for any interpolation family
{E,: v € T}, the canonical identity

Id: {E, :v € T}[0] = {Eu) : v € T}0]
18 1sometric.

Proof. The proof is routine; for details, see the last step in the proof of Theorem 1.1
in the appendix. O

Theorem 1.1 shows in particular that in the 2-valued case, the complex inter-
polation is stable under rearrangement (the reader is referred to Lemma 6.1 for
the detail). We show that in the general case, this is not the case. We learnt from
the referee that this result was previously obtained by Cwikel and Janson in [2]
with a different method, the statement is at the bottom of page 214, the proof is
from page 278 to page 283.

Our method is simpler and it also yields a characterization of all the transfor-
mations on T that are invariant for complex interpolation at 0, they are precisely
the inner functions vanishing at 0. In other words, the converse of Proposition 1.2
holds.
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Here is how the paper is organised. In §2, we recall a result from Helson and
Lowdenslager’s papers [3], [4] on the matrix-valued outer function Fyy: D — My
associated to a given matrix weight W: T — My. This result allows us to give
an approximation formula for |Fyy (0)|> when W is a small perturbation of the
constant weight I, where I is the identity matrix in My

In Section 3, we study the interpolation families consisting of distorted Hilbert
spaces (i.e., CV equipped with norms ||z, = ||W(’7)1/21'H€é\1 for a.e. v € T). We
produce an explicit example of such a family for which complex interpolation at 0
is not stable under rearrangement.

Our main results are given in Section 4, where we study some interpolation
families consisting of 3 distorted Hilbert spaces. It is shown that in this restricted
case, the complex interpolation at 0 is already non-stable under rearrangement.
One advantage of our method is that we are able to characterize all the transfor-
mations on T that are invariant for complex interpolation at 0, they are precisely
the inner functions © : T — T such that ©(0) = ©(0) = 0.

Section 5 is devoted to the stability of complex interpolation under rearrange-
ment for families of compatible Banach lattices. We also exhibit a rather surprising
non-stability example of interpolation family taking values in {X, X, X*, Y*}.

Finally, in the Appendix, we reformulate the argument of [1] to prove Theo-
rem 1.1, the proof somewhat explains why the 3-valued case is different from the
2-valued case.

2. An approximation formula

In this section, we first recall some results from Section 5 of [3] and Sections 10-12
of [4] in the forms that will be convenient for us, and then deduce from them a
useful formula.

Let W: T — My be a measurable positive semi-definite (N x N)-matrix valued
function such that tr(W) is integrable. Such a function should be considered as
a matrix weight. Without mentioning, all matrix weights in this paper satisfy:
There exist ¢, C > 0 such that

(2.1) cI <W(y)<CI forae~eT,

where I is the identity matrix in My. For such a matrix weight, let L%, =
L3(T,W; SY¥) be the set of functions f : T — My for which

113, = [ 5(6) W) () dm(y) < oc.

Clearly, L?, is a Hilbert space.
We will consider two subspaces H*(W) C L%, and H3(W) C L%, defined as
follows:

H*(W) ={feL|f(n)=0n<0},
H3(W) = {f € Liy | f(n) = 0,vn <0},
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Given the assumption (2.1) on W, the identity map Id: Lo(T; SY) — L%, is an
isomorphism; more precisely,

(2.2) ct/? £l 2oy < N fllze, < c/? 1 fl 2 (r; 209

In particular, H3(T;S5) and HZ(W) are set theoretically identical but equipped
with equivalent norms.

In the sequel, any element F' € H?(T;S3) will be identified with its holomor-
phic extension on D, in particular, F(0) = F (0), the 0-th Fourier coefficient.

We recall the following theorem (a restricted form) of Helson and Lowdenslager
from [3] and [5]. We denote by SV the spaces of N x N complex matrices equipped
with the Hilbert—Schmidt norm.

Theorem 2.1 (Helson—Lowdenslager). Assume W a matriz weight satisfying the
assumption (2.1). Then there exists F € H*(T;S3) such that

o F()*F(y)=W(y) for ae. veT.

e F is a right outer function, that is, F - H?(T; SY) is dense in H?(T; SYV).
Let ® be the orthogonal projection of the constant function I to the subspace
H*(W)e HG(W) C L%, ie., &= Prz2wyonzwy(1). Then
(2.3) (V) W()@(y) = [F(O)*  for a.e.y€T.

Moreover, ® and F and both invertible.
If F and G are two (right) outer functions such that
F(y)"F(y) =G()'G(y) =W(y) for ae yeT,

then there is a constant unitary matrix U € % (N) such that F(z) = UG(z) for
all z € D. In particular, |F(0)|> = |G(0)|? is uniquely determined by W, as shown
by the equation (2.3). Within all possible such outer functions, there is a unique
one such that F'(0) is positive, we will denote it by Fyy.

Let W = Pz (y) (I), where the orthogonal projection P2 (w 1s defined on the

space L. Clearly, we have
(2.4) d=71-U.

We have already known that set theoretically, HZ(W) = HZ(T; SY¥), and they are
equipped with equivalent norms, thus we have a Fourier series for ¥ € HZ(W) =
HE(T; 53):

U= Z T (n)y":

n>1

where the convergence is in HZ(T;S3) and hence in HZ(W).
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By definition, ¥ is characterized as follows. For any A € My and any n > 1,
we have <\Il,'y"A>L%V = <I,’y"A)L%V, ie.,

/tr(’y*”A*W\P)dm('y) = /tr(’y*"A*W) dm(7).

Or equivalently,

(2.5) /’y*”W\II dm(y) = /’y*"W dm(y), for n>1.

We denote by P, the orthogonal projection of L?(T) onto the subspace HZ(T).
The generalized projection Py @ Ix on L,(T; X) for 1 < p < oo will still be denoted
by P; . Note that P, is slightly different to the usual Riesz projection, the latter
is defined as the orthogonal projection onto H2(T). Similarly, we denote by P_ the

orthogonal projection onto HZ(T) and also its generalisation on L,(T; X) when it
is bounded. With this notation, the equation system (2.5) is equivalent to

(2.6) Po(WT) = P, (W).

Key observation: If W is a perturbation of identity, that is, if there exists a
measurable function A : T — My such that

A(Y)*=A(y) for ae.yeT and [AlL_ () <1

and
W=1+A,

then the equation (2.6) has the form
(2.7) U+ Py (AT) = Py(A).

The above equation can be solved using a Taylor series.
To make the last sentence in the preceding observation rigorous, we introduce
the following Toeplitz type operator:
Ta : H(T; S5') 22 LA(T; 83) = HY(T: S9),
where La : H2(T; SY) — L?(T; SYV) is the left multiplication by A on the subspace
HZ(T; SY). More precisely,
(Laf)(7) =AM)f(7) for any f e L*(T;Sy).

Clearly, we have

ITall < AL sarny < 1.
The term Py (A) in equation (2.7) should be treated as an element in H3(T; S3),
then the equation (2.7) has the form

(2.8) (Id + Ta)(T) = Py (A).
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Since ||Tall < 1, the operator Id + Ta is invertible. Thus equation (2.8) has a
unique solution ¥ € HZ(T; S3) = HZ(W) given by the formula

oo

(2.9) U= (Id +Ta)™* Z )" TR(Py(A)),

where TR (P4 (A)) = P(A), and the convergence is to be understood in the
space HZ(T;SY). Combining equations (2.3), (2.4) and (2.9), we deduce the fol-
lowing formula:

o0 oo

Fria(0)f = [1- Z P TR(Po(A)] (T + A) x (1= nr TRy a)).

n=0 n=0

We summarize the above discussion in the following:

Proposition 2.2. Let A : T — My be a measurable bounded selfadjoint function
such that ||AllL__(r;myy < 1. Let € € [0,1]. Then we have

o

Friea(0) = [T= 30 (-1)"em TR (Po(a))] (T +24)
n=0

X [1 - i(—l)"s’”l Tg(m(A))].

n=0

In particular, we have

(2.10) |Frpea(0) = T+A0) = > |AM)P+ O(®)  ase— 0T

n>1

Proof. Tt suffices to prove the approximation identity (2.10). We have

|Friea(0)> = [I — ePy(A) + 2 Ta(PL(A)) + O(E®)] (I +£A)
X [I —ePy(A) + e Ta(Pr(A)) + O(?)]
(2.11) =T+ecR +?Ry+0(%) ase—0F,

where

Ri= A - Pu(d) - Pr(A)",
Ry = Po(A)" P(A) — APy (A) — Po(A) A+ Ta(Ps(A)) + Ta (P4 (A)".

For R;, we note that since A is selfadjoint, P_(A) = P4 (A)* and hence
(2.12) A = P (A) 4+ Py (A + A0).

Thus .
Ry = A(0).
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For Ry, we note that since the left hand side of equation (2.11) is independent
of v € T, the right hand side should also be independent of -, hence Ry must be
independent of ~, it follows that

Ry

[ B am) = [ (Pe(d) PL(a) - APL(A) = PL(a)A) dm(r)
~S Ay Am) = - 1AM P

n>1 n>1

3. Interpolation families in the continuous case

To any invertible matrix A € GLy(C) is associated a Hilbertian norm ||-|| 4 on CV,
which is defined as follows:

lz]la = | Az]lpy, for any x € CV;

where /) denotes the space CV with the usual Euclidean norm. Let us denote

0% = (CN,|| - |la). We have the following elementary properties:
e Let A, B € GLx(C), then they define the same norm on CV if and only if
|A| = |B|. Thus, if U € % (N) is a N x N unitary matrix, then [|-||za = ||| 4.

e We define a pairing (z,y) = Zﬁle Tpyn for any x,y € CV, then under this
pairing, we have the canonical isometries:

(63)" = l-r;
where A~7T is the inverse of the tranpose matrix A”.

¢ We have the following canonical isometries:

Co=0 and B =03,

Here we recall that, for a complex Banach space X, its complex conjugate X
is defined to be the space consists of the same element of X, but with scalar
multiplication

A-v=M forAeC,veX.

Consider an N x N-matrix weight W. To such a weight is associated an inter-
polation family
{E?U(W) iy €T},  where w(y) = /W(y).
The following elementary proposition will be used frequently:

Proposition 3.1. For interpolation family {E. : v € T} with E., = éi(w), we have
El0] = 6?,(0), that is,

Izl g0y = I1E(0)z]ley  for all x € CV,

where F(z) is any right outer function associated to the weight W .
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Proof. By the definition of right outer function associated to the weight W,
(3.1) F(y)*F(y) =W(y) fora.e. veT.
For any 2 € CV, define an analytic function f, : D — CV by
folz) = F(2)"'F(0) z,
then f;(0) = = and for a.e. v € T,

1£2(D %) = (W) F(7) "' F(0) &, F(7) 7 F(0) )
= (F()'F() F() ' F(0) 2, F(7) "' F(0) z) = [|F(0)z[7y-

This shows that || fz|| e (1;£,}) < [[F(0)z] sy, whence

[zl ey < I1E(0)]l ey = lllle

2 .
F(0)

The converse inequality will be given by duality; it suffices to show that

= llzlle2

12l 2o+ < llllez, 2 o))"

F)—T

Consider the dual interpolation family {E£7 : v € T} = {63(7)4 : v € T}, which

is naturally given by the weight W (vy)~7 = (w(y)~7)*w(y)~T. By Theorem 2.12
in [1], we have a canonical isometry

(B} :ve T} o) = ElO]"
The identity (3.1) implies
(F(y)" "' F(y) " =wW(y)™" forae y€T.

Thus F(2)~7 is the right outer function associated to the weight W (v)~7. Then
the same argument as above yields that

.. O
F(O))

lellzo- < ez, = llelle
Remark 3.2. More generally, assume that X is a (finite dimensional) normed
space such that My C End(X) and ||u- z|x = ||z||x for any u € % (N). For
instance X = SIJ)V (1 < p < o0) and My acts on SZ],V by the usual left multi-

plications of matrices. Consider the interpolation family E, = (X, | - [ x;a(y))
with [[z][x;4(4) = [[A(7) - z||x for any v € T, then E[0] = (X,| - [[p()) with
Izl 3oy = |1B(0) - z||x, where B(z) is any right outer function associated to the

matrix weight A(vy)* A(y).

The following result is probably known to the experts of prediction theory, since
we do not find it in the literature, we include its proof.
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Proposition 3.3. The function {W(v) : v € T} — Fw (0) or equivalently {W(~) :
v € T} = |F(0)|* is not stable under rearrangement. More precisely, there exists
a family {W(vy) : v € T} and a measure preserving mapping S : T — T, such that

Fy (0) # Fiwos(0).

Before we proceed to the proof of the proposition, let us mention that if the
weight W(y) takes only 2 distinct values, i.e., if W(y) = Ap for v € 'y and
W(y) = A; for v € Ty with T = I’ UT'; a measurable partition, then a detailed
computation shows that we have

Fu (0)% = Ay (Ay P A AP ym T A% = AP (ATY2 Ag AT 2)mTe) A2

In particular, Fyy (0) = Fyoar(0) for any measure preserving mapping M : T — T.
Of course, this can be viewed as a special case of Theorem 1.1. The fact that we
can calculate Fyy(0) efficiently in the above situation is due to the fundamental
fact that two quadratic forms can always be simultaneously diagonalized.

Proof. Fix r > 0, and define two Ms-valued bounded analytic functions Fi, F5 :
D — MQ by
[ @Y (1)
Fl(z) = |: 0 (1 +’]"2)71/4 y

[ aee
Fy(2) = { 7“(1+r2)_1/4z (1+r2)1/4 }

Note that they are both outer since z — Fy(z)~! and z — Fy(2)~! are bounded
on . By a direct computation,
0 0y _ w0y _ [ (L+72)1/2 re'
A RE)=wmen = | I T
0y * 0y _ iy [ (172 re—"
Fy(e™)" Fy(e”) = Wa(e") = [ reif (14 72)1/2
If we define S : T — T by S(vy) = 7, then S is measure preserving and Wy = Wi 08S.

By noting that Fi(0) and F5(0) are positive, we have Fy = Fyy, and Fy = Fy, =
Fw,os. However, Fiy,05(0) = F2(0) # F1(0) = Fw, (0). O

We denote _
W(r)(eie) — [ (1 +r2)1/2 retf ]

re~i (14 r2)1/2

and let w("(y) = /W) (y). The notation S: T — T will be reserved for the
complex conjugation mapping.
An immediate consequence of Propositions 3.1 and 3.3 is the following:
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Corollary 3.4. The interpolation family {Ea(f) = K%w(,,.)os)(v): v € T} is a rear-
rangement of the family {Es") =02 iV E T}. The identity mapping Id: E[0]

— EM(0] has norm
|1 - o] - EOo]]| = (141212,

Proof. Indeed, we have

= Foro (0)z|] -
|1d : EC{o] — E[0]|| = sup N Fwor Ozl
220 [ Fwos(0)z][ 2
= || Fwe (O)FW<T>OS(O)*1||M2 = (1+72)/2,
O

Remark 3.5. By Corollary 3.4 and a suitable discretization argument, we can
show that if Jy = {% : (k — 1)7/4 < 0 < kn/4}, for 1 < k < 8, and let y;, € Ji be

the center point on Jj, then the interpolation families BE,TO) = éi(,,o) (4%) if v € Ji
and Eg‘)) = (2 if v € Jy, for 1o = /2 + 2v/2 give different interpolation

~ Twro) ()
space at 0, i.e.,

| 1d : BT[0] — BT)[0]]| > 1.

We omit its proof, because in the next section, we give a better result by using the
formula obtained in §2.

4. Interpolation for three Hilbert spaces

In this section, we will show that complex interpolation is not stable even for a
family taking only 3 distinct Hilbertian spaces. The starting point of this section is
Proposition 2.2. Our proof is somewhat abstract, but it explains why the 3-valued
case becomes different from the 2-valued case, the idea used in the proof will be
applied further to get a characterization of measurable transformations on T that
preserve complex interpolation at 0.

Theorem 4.1. There are two different measurable partitions of the unit circle:
T=S5USUS;3=S5US5US;, m(Sk)=m(S,), fork=1,23,
and three constant selfadjoint matrices A, € My for k = 1,2, 3, such that if we let
A= A1lg + Aslg, +Aslg, and A/:A1131+A215;+A3155,
then R .
DUIAMP £ IA ()P
n>1 n>1

Before turning to the proof of the above theorem, we state our main result.
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Corollary 4.2. Let A, A’ be as in Theorem 4.1. For 0 < ¢ < 1/||Al|s, we define
two matriz weights which are perturbation of the identity:

We=1+eA and W.=1+¢eA"

Denote w. and w’. the square roots of W, and W/ respectively. Then there exists
eo < 1 such that, whenever 0 < & < &g, we have

|Fw, (0)]? # [Fw:(0)[*.
Thus, whenever 0 < € < gq, the interpolation families
2 2
{ewe('y) . '7 c T} and {gwé(’y) e S T}
have the same distribution and take only 3 distinct values. However, the interpo-
lation spaces at 0 given by these two families are different:
FW O # 0 Fwio)°

Proof. This is an immediate corollary of Proposition 2.2 and Theorem 4.1. The
last assertion follows from Proposition 3.1. O

Remark 4.3. We verify that in the two main cases where the interpolation is
stable under rearrangement, the function A — Y~ ., |A(n)]? is stable under rear-
rangement. Note first that we have the following matrix identity:

S IB@E = [P dm.

e 2-valued case: If A is a 2-valued selfadjoint function, i.e, there is a measurable
subset A C T and two selfadjoint matrices Ay, As € My, such that A =
A1l4 + Asl ge then

> AP :/|P+(A)|2dm:/|P+((A1 — Ag)la + Ay)|Pdm

n>1
m(A) —m(A)®
2

which depends on the measure of A but not the other structure of A.

— 181~ B [ |P (L) dm = A1 — AP,

More generally, we note in passing that for any real valued f in Lo(T) the
expression 2|| Py (f)||3 = 2 D>t |f( )|? coincides with the variance of f.

¢ Rearrangement under inner functions: let ¢ : T — T be the boundary value
of an origin-preserving inner function. Assume A : T — My selfadjoint.
Note that Py (A o ¢) = P;y(A) o ¢ and that ¢ preserves the measure m.
Hence

S| @Bopm)? =/|P+(A090)|2dm=/|P+(A)090|2dm
= [ 1P (@) dm = 3 B(n)

n>1
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Proof of Theorem 4.1. Assume by contradiction that for any pair of 3-valued self-
adjoint functions A and A’ as in the statement of Theorem 4.1, we have

(4.1) PINDOIRED N D]
n>1 n>1
We make the following reduction.

Step 1. The above assumption implies that for any pair of functions, A, A’
taking values in the same set of three matrices and having identical distribution,
the equation (4.1) holds as well. Indeed, given such a pair, we can consider the
pair of selfadjoint functions, which are still 3-valued,

v = [ A?,y) A(g)*} and vy — [ A/(EV) AISY)* }

Then the square of the n-th Fourier coefficient becomes

A ()2 0

An)?
| 0 A% ) )

T

respectively. The block (1, 1)-terms then give the desired equation.
Step 2. If we take N = 1 in the above step, then the conclusion is that for
any pair of 3-valued scalar functions f, f* € Lo (T) such that f 4 f’, we have

S st [F)? = 32, [F/ ()], or equivalently,
1P+(NN3 = 1P+ ()3

Consequence 1. Under the above assumption, if (Aq, As) is a pair of two disjoint
measurable subsets of T, and (A}, A}) is another such pair such that m(A;) =
m(A}) and m(As) = m(A}), then

(42) <P+(1A1)7 P+(1A2)>L2(T) = <P+(1A’1)7 P+(1Al2)>L2(’]I‘)

Indeed, if we define Ag := T\ (A1 U Ay) and Ay := T\ (4] U A}). For any
a € C,a#0,1, consider

fa:a1A1+1A2+OX1A3 and fé:oélA/lJrlA/erOXlA/g.

Then f, and f/ are two functions taking exactly 3 values 0, 1, a and f, 4 fh.
Hence by the assumption, we have

(4.3)  flaPy(Lay) + Pr(Lay)ll3 = [aPy(Lag) + Py(Lay)[3,  for any a €C.
Note that for any measurable set A, since 14 is real,

m(A) —m(A)?

(4.4) 1Ps(La)l3 = T2
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Taking this in consideration, the equation (4.3) implies that
R(a(Py(1a,),Pr(1a,))) = R(a(Py(1ay), Pr(1ay))), forany acC,

hence the equation (4.2) holds.
Step 3. We can deduce from our assumption the following consequence.
Consequence 11. For any pair of scalar functions f, f/ € Loo(T) (without the

assumption that they are both 3-valued), such that f 4 1", we have ||Py(f)]l2 =

1P ()2
Indeed, if

n n
F=Y " Flae, =Y filag,
k=1 k=1

where (Ay)}_, are disjoint subsets of T, so is (A})}_,, moreover m(Ay) = m(Aj}).
By (4.2) and (4.4), we have

1P (f |\rZ|fk|2 1Py (La)l3+ Y fufi(Pr(lay), Pr(lay))

1<k#I<n

—zjlfkl2 1PL(La)lz + > fefi(Pe(lay), Pr(lay))

— 1<k#I<n
= HP+( i3-

Then by an approximation argument, more precisely, by using the fact that two
functions f, f’ € L*(T) such that f 4 f can be approximated in L?(T) by two

sequences of simple functions (g,) and (g},) such that g, 4 gl,, we can extend
the above equality for pairs of equidistributed simple functions to the general
equidistributed pairs of functions, as stated in Consequence II.

Step 4. Now if we take f, f € Loo(T) to be f(v) = v and f'(v) =7, then f 4 1,
but we have |Py(f)]]2 =1 # 0 = [|[P£(f")||2, which contradicts Consequence II.
This completes the proof. O

Define
Ty = {ew | M <0< 21%77} for k=1,2,3.
We claim that in Theorem 4.1 and hence in Corollary 4.2, we can take for example
S1=81=T1, So=58;=Ts S3=25,=
Indeed, by the proof of Theorem 4.1, here we only need to show that
(Py(1my), Pr(11y)) # (Py(1my), Py (1))

Since 17, (7) = 11, (e~27/37) and 17, (y) = 17, (e~*7/37), we have

<P+(1T1)>P+(1T3)> = <P+(1T2)’P+(1T1)>'
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Thus we only need to show that

(4.5) S((P:(1my), P+(11,))) # 0.
Note that
a1 2r) 0, if n=0 mod3;
%(fi(n)l%(n)) = sin _QFQ_HEOS 3 , if m=1 mod 3;
-1, if n=2 mod3.
Hence
S((Pr(1ny), Pr(11,))) = sin (1 oo i 2 ]

0 (3k +1)2(3k + 2)2’
which is non-zero, as we expected.

The same idea as in the proof of Theorem 4.1 yields the following charac-
terization: combining with Proposition 1.2, we have characterized all measurable
transformations on T that preserve complex interpolation at 0. At this stage, the
proof is quite direct.

Theorem 4.4. Let © : T — T be a measurable transformation. If for any inter-
polation family {E+;~y € T} we have

{Ey:~veT}[0] = {Eeg(y):v€T}[0]
then © is an inner function and ©(0) = 0.

Remark 4.5. The main point of Theorem 4.4 is to characterize all the transfor-
mations which preserve the interpolation spaces at origin.

Proof. Tt suffices to show that © € H§°(T), since by definition ©(+) has modulus 1
for a.e.y € T. By Propositions 2.2, 3.1 and similar arguments in the proof of
Theorem 4.1, we have

(4.6) I1Pr(fo®)|2 =|P+(f)ll2, for any scalar function f € Loo(T).

Now take f(y) = 7, we have ||Py(©)]2 = |[P+(F)|l2 = 0, which implies that
© € H>(T) and hence © € H>®(T). Then we can write © = O(0) + Py (0).
In (4.6), if we take f(vy) =, then ||P+(©)||2 = || P+(y)]|]2 = 1. Note that

L=8l3 = [8©)]* + | P+(©)3,

whence @(0) = 0. This completes the proof. O



REARRANGEMENT ON COMPLEX INTERPOLATION 453

5. Some related comments

Recall that an N-dimensional (complex) Banach space .Z is called a (complex)
Banach lattice with respect to a fixed basis (ey,...,en) of Z if it satisfies the
lattice axiom: For any xy,yi € C such that |xg| < |yk| for all 1 <k < N,

N N
Te < e .
| X o], <[ Xual,
k=1 k=1
Thus in particular,

N N
||, = | Eloster]
k=1 k=1

The above fixed basis (e, . .., en) will be called a lattice-basis of .. Such a Banach
lattice . will be viewed as function spaces over the N-point set [N] = {1,..., N}
in such a way that ey corresponds to the Dirac function at the point k. Thus
for z,y € £, we can write |z| < |y| if || < |yx| for all 1 < k& < N, and
log |z| = Z,ivzl log |zx|ek, suppose that 3 # 0 for all 1 <k < N.

We will call {£, = (CV,||-||,) : v € T} a family of compatible Banach lattices,
if there is an algebraic basis (eq,...,en) of CV which is simultaneously a lattice-
basis of .Z, for a.e. v € T and such that

(5.1) 0 < ess inf|lex||, < ess sup ||ex|ly < oo forall 1 <k <N.
V€T YET

In the sequel, the notation {.Z, = (CV, || - ||,) : 7 € T} is reserved for a family
of compatible Banach lattices with respect to the canonical basis of CN.

Complex interpolation at 0 for families of compatible Banach lattices is stable
under any rearrangement. The proof of the following proposition is standard.

Proposition 5.1. If {&Z, = (CV,| - ||,) : v € T} be an interpolation family of
compatible Banach lattices, then

(5.2) log 2 (o) = int / log | (1)l dm(7),

where the infimum runs over the set of all measurable coordinate bounded functions
f:T—=CV, e, fi : T— C is bounded for all 1 < k < N such that

log || < / log | £(+)] dm(7)

(by convention log0 := —o0). In particular, if M: T — T is measure preserving
and letting { L = Lyry): v € T}, then

1d : .Z[0] — .Z[0]

18 1sometric.
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Proof. Tt suffices to show (5.2). Assume that z € CV and ||z #o) < A. Without
loss of generality, we can assume zj # 0 for all 1 < k£ < N. By the definition of
Z[0] there exists an analytic function f = (f1,..., fy) : D — C¥ such that

f0)=a and esssup | (1), <A
veT

By (5.1), this implies in particular that f is coordinate bounded. Since z +—
log | fr(2)| is subharmonic, we have

log 2] = log | f+(0)] < / log | fi(v)|dm(y), for 1<k <N,

Hence log |z| < [log|f(v)|dm(v). Obviously, [log | f(7)|lydm(y) < log A, whence

inf / log | £(7)][ dm(~) < log |lz]| 20

Conversely, assume that z € CV and z, # 0 for all 1 < k < N and let
f:D — CY be any coordinate bounded analytic function such that log|z| <
Jlog|f(y)ldm(y). Then by (5.1), esssup . cpl[f(7)[y < oo and there exists
y € CV such that

(5.3) | <ly] end logly = / log |£()] dm(7).

Define u(vy) := log|f(v)|. By assumption, z; # 0 and fj is bounded, hence
log | fx| € L1(T), so we can define the Hilbert transform of uy. Let a(y) be the
Hilbert transform of u(7y) and define g(v) = e*()+%() Then g (y) = e+ ()
is the boundary value of an outer function, hence

log |4 (0)] = / log |gx(7)| dm(t) = / wr(y) dm(y) = log k.

Thus |y| = |¢(0)]. By Proposition 2.4 in [1], we have

ol = oLzt < exp ([ og gl dm()
—exp ([ log ()l dm(t)).
It is easy to see that .Z[0] is a Banach lattice and by (5.3),

llzll 210 < llyll.2[0)-

Thus
log |12/l 20 < log 1yl 0] < / log || (1) [l dm().

This proves the converse inequality. O
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Remark 5.2. The preceding result should be compared with Corollary 5.2 in [1],
where it is shown that

{L7(X, 2, n) 1y € T} [2] = LP*(X, 3, ),
where 1/p. = [(1/py)P.(dv).

Definition 5.3. Let £ = (CV,| - ||.#) be a symmetric Banach lattices, we define
S¢ to be the space of N x N matrices equipped with the norm

[Alls = [|(s1(A), .-, sn(A)]| o
where s1(A),...,Sy(A) are singular numbers of the matrix A.

If the Banach lattices %, considered above are all symmetric, i.e., for any
permutation o € Gy and any z; € C,

N N
Hzﬂlkea(k) o HZ»’%%H ,
k=1 Z k=1 “

then to each . is associated a Schatten type space Sz, = (Mn, || - |5, )-

The following proposition is classical (see [6]), and we omit its proof.

Proposition 5.4. Let {£, = (CV,| - |,) : v € T} be an interpolation family
of compatible symmetric Banach lattices and consider the associated interpolation
family
{8z, =(Mn,|llss,):v €T}
Then for any z € D, we have the following isometric identification:
Id: Sg[z] — {Sﬁ(gy} [Z]
Combining Propositions 5.1 and 5.4, we have the following.
Corollary 5.5. Consider the interpolation family {S¢ :~v € T}. Let M : T — T
be measure preserving and let {ggv =Sy, + v €T} Then
1d: {Sz,} 0] — {52,) 0
18 1sometric.

The following proposition is related to our problem, see the discussion after it.

Proposition 5.6. Let {E, : v € T} be an interpolation family of N -dimensional
spaces such that there exist ¢,C > 0, for any x € CV,

c- mkin lzk| < ||lzl|, < C- m]?x|mk| fora.e.y €T.

Assume that 1d : B — E* is isometric for a.e.y € T. Then

E[() =4, for any ¢ € (~1,1).
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Proof. Fix ¢ € (—1,1). For any € CV. Given any analytic function f : D —
CY such that f(¢) = @ and ||f| gp,}) < oo. Since ¢ = (, we have f({) =
f(¢) = . The assumption on the interpolation family implies that the function
z = (f(2), f(2)) is bounded analytic, hence

log a2y =1og|(7(0): SO} < [ 1o (£, F()IPe(av)
< [ 108 (£, 1£3)2) Pela)
= [og (17l 17l )Pela) < log (11 g 1)-

Hence ||=THegV < ||f||Hoo({E’y}). It follows that ||=THegV < Hx||E[<].
By duality, this inequality also holds in the dual case, hence we must have
Hﬂc”zg = ||=THE[¢]~ O

Let @; be the open arc of T in the j-th quadrant, i.e.,
Q;=1{e:(k—1)r/2<0<kr/2} for 1<j<4

Suppose that X and Y are N-dimensional, define two interpolation families {Z, :
~v €T} and {Z, : v € T} by letting

X, ’ngl Xv 7€Q1

Y, v€Qy - Y, 7€Q2

Z,Y: - 5 Z,Y: .
Y*a VEQ:‘ X*a ’VGQS

F, 7€Q4 W» 7€Q4

By Proposition 5.6, Z[0] = ¢. For suitable choices of X and Y, we could have
Z[0] # ¢Y. More precisely, we have the following proposition.

Proposition 5.7. For any o € T, define a 2 x 2 selfadjoint matrix

=l 5]
For 0 <e <1, let w*® = (I +e6,)"? and X = %.... Consider the weight W<
and the interpolation family generated by it as follows:
I+¢eds, 7@ X, ye
W () = (I+ed,)7", ~e Qg; 7 f:v 7€ Qz'
(I+eda)”!, 7€Qs X, 7€@s

I+¢e6n, vEQ X, 7€Qu
There exists a« € T and 0 < g9 < 1, such that if 0 < & < g¢ then
Zee[0] £ £X.
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Proof. We have

I+¢edy, vEQ
I -y +21+0(), veQy
I—eby +2T+0(?), ~ve Qs
I+€a, YEQu

W*(y) =

Applying a slightly modified variant of the approximation equation (2.10), we have

| Fyee(0)? =1+

52_1 —82[ ||P+(ha)|‘% 0 +O( )

2 0 1P+ (ha) 13

where
ho =alg, —a@lg, —alg, +alg,.

Assume by contradiction that Ze [0] = ¢Y for any @ € T and small . Then
we must have || Py (hy)||3 = 1/2 for any o € T. In particular,

o — || Py (ha)||3 is a constant function on T.

It follows that the following function is a constant function:
C(Oé) =R <aP+(1Q1)’ _aP+(1Q2)> + §R<Odj+(1Q1)aalj-"-(1Q<1)>
+ §R< - aPJr(le), *CVP+(1Q3)> + §R< - aP+(1Q3)’aP+(1Q4)>'
Clearly, by translation invariance of Haar measure, we have
<P+(1Q1)7 P+(1Q2)> = <P+(1Q2)’P+(1Q3)> = <P+(1Q3)’P+(1Q4)>»
<P+(1Q1)7 P+(1Q4)> = <P+(1Q2)’P+(1Q1)>7

hence

C(a) =% {2a2<<P+(1Q1)’P+(1Q2)> - <P+(1Q1)’P+(1Q2)>) }

Then a — C(«) is constant function if and only if

<P+(1Q1)>P+(1Q2)> - <P+(1Q1)’P+(1Q2)> =0,

which is equivalent to

(5.4) S (<P+(1Q1)’ P+(1Q2)>) =0.

By a similar computation as in the proof of inequality (4.5), we have

4 & 2k+1
R _4
(P Pr@)) = 53 G pran o

this contradicts (5.4), and hence completes the proof. O
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6. Appendix

Here we reformulate the argument of [1] to emphasize the crucial role played by
a certain inner function associated to the measurable partition of the unit circle
in proving Theorem 1.1. It follows from the preceding that the analogous inner
function for a measurable partition into 3 subsets does not exist.

Lemma 6.1. Suppose that T'o UT'1 is a measurable partition of T. Then there
exists an inner function ¢ such that ¢(0) = 0, and (o) U p(I'1) is a partition
of T into two disjoint arcs (up to negligible sets). Moreover,

(6.1) m(p(Lo)) = m(To) and m(p(T'1)) = m(T).

Proof. Since any origin-preserving inner function ¢ preserves the measure m on T
(indeed note [ p(v)"dm(y) = [, ~"dm(y)Vn € Z), it suffices to show the existence
of an inner function satisfying the partition condition.

Let v = 1p, : T — R be the characteristic function of I'y, its harmonic extension
on D will also be denoted by v. Note that 0 < v(z) < 1 for any z € D. Let ¥ be
the harmonic conjugate of v and define v» = v 4+ 70 on D. Then % is an analytic
map from D to § := {z € C: 0 < R(2) < 1} and has non-tangential limit
() = v(y) +iv(y), a.e. ¥ € T. Thus

1/}(F0) C 9y and 1/}(F1) C 81,

where g = {z € C: R(2) =0} and h = {z € C: R(z) =1}. Let 7: S — D be
a Riemann conformal mapping such that 7(¢(0)) = 0. Note that 7(Jy) and 7(9;)
are disjoint open arcs of T. Define ¢ = 70 : D — D. Then ¢ is an inner function
such that ¢(0) = 0. We have

©(Ty) C 7(0y) and @(T1) C 7(01).

Hence m(p(To)) < m(7(dy)) and m(e(I'1)) < m(7(d1)). Since ¢ preserves the
measure m, we have

1L =m(e(l0)) +m(p(T'1)) <m(7(d)) +m(r(01)) = 1.
Thus up to negligible sets, we have
o(To) =7(00) and (T'1) = 7(01). O

Proof of Theorem 1.1. Suppose I'g UT'; is a measurable partition of the circle and
let the interpolation family {X, : v € T} be such that

X, =2y forall yely, X,=2; forall vely.

By Lemma 6.1, we can find an inner function ¢ such that ¢(0) = 0 and ¢(Ty) =
Jo, ©(I'1) = J1 up to negligible sets, where Jy U Jp is a partition of the circle into
disjoint arcs. Consider the interpolation family of spaces {X,, : v € T} such that

X, =2y forall yelJy, ,X,=2 forall yveJ.
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Then by a conformal mapping, it is easy to see

(6.2) X[0] = (Zo, Z1)g, 6 =m(J1) =m(T1).

We have X,y = X, for a.e. v € T. If z € CV is such that H.Z‘”)?[O] < 1, then by

definition, there exists an analytic function f : T — C¥ such that f(0) = z and
ess sup teTHf(’y)H;(V < 1. Thus

ess sup [|(f o 0)(V)llx, = ess sup [[(fop)(Wk, =esssup [[f(V)lg, <1
YET YET el YyeT K

Since (fop)(0) = f(0) = x, the above inequality shows that ||z x[ g < 1. By homo-
geneity, ||z xjo < ||:EH§[O]. But if we consider the dual of the above interpolation
family, then we get the same inequality, hence we must have

(6.3) [zl x0) = Hl“”)?[o]-
By (6.3) and (6.2), we have
X[O] = (Zo,Zl)g, HZm(Fl) O

By definition, a space is arcwise 6-Hilbertian if it can be obtained by complex
interpolation of a family of spaces on the circle such that on an arc, the spaces are
Hilbertian.

Remark 6.2 (Communicated by Gilles Pisier). The preceding argument also
shows that, as conjectured in [7], of which we use the terminology, any ¢-Hilbertian
Banach space is automatically arcwise 6-Hilbertian, at least under suitable assump-
tions on the dual spaces, that are automatic in the finite dimensional case. We
merely indicate the argument in the latter case. Consider a measurable partition
To UTy of the unit circle with m(I'y) = 6 and a family of n-dimensional spaces
{E, | v € 0D} such that E, = (5 for any v € I'; but E, is arbitrary for v € Ty.
If ¢ is the inner function appearing in Lemma 6.1, and if we set F, = E(,) then
the identity map Id : E[0] — F[0] is clearly contractive and F[0] is arcwise 6-
Hilbertian. Applying this to the dual family {£7} in place of {E,} and using the
duality theorem from [1] (Theorem 2.12), we find that Id: E[0]" — F[0]" is also
contractive, and hence is isometric. This shows that E[0] is arcwise §-Hilbertian.
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