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We characterize the Lebesgue measurable maps between
Euclidean spaces which preserve BMO.

1. Introduction.

For a subdomain D of R", n > 1, let BMO(D) be the space of all locally
integrable functions f on D satisfying

(1) 1l = 1 fllep = sup |@|—1/ f — foldz < oo,
QCD Q

where |Q| is the n-dimensional Lebesgue measure of Q, fo = |Q| ™! fQ fdx,
and the supremum is taken over all closed cubes ) C D with sides parallel
to the coordinate axes.

Let D and D’ be subdomains of R and R"™, m, n > 1, respectively. We
say that a map F : D — D’ is measurable if F~!(E) is measurable for each
measurable subset E of D’. We say that a measurable map F : D — D’
is a BMO map if i) for each null set E C D', F71(E) is also a null set,
and furthermore, ii) for each BMO(D') function f, Cr(f) = f o F belongs
to BMO(D). The condition i) guarantees the uniqueness of the function
foF. From the closed graph theorem each BMO map F' induces a bounded
operator C'r between BMO spaces.

Various partial results are known for the characterization of BMO maps.
It seems, however, that we do not know almost anything yet for non-
continuous BMO maps. The main purpose of the present paper is to give a
characterization of BMO maps F': R™ — R"™, m,n > 1 (Theorem 3.1).

Our argument depends on the following two celebrated results for BMO; a
growth estimation for BMO functions due to John-Nirenberg, and the exis-
tence of certain extremal BMO functions due to Uchiyama (Propositions 4.1
and 4.2).

The present paper is organized as follows. First, we give various examples
of BMO maps in §2. The main results of the present paper are given in §3.
The following §4 is devoted to their proofs. Finally, in §5 we give a remark
on BMO maps which are homeomorphisms between intervals.
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In the following, a cube implies a closed cube with sides parallel to the
coordinate axes, t() denotes the cube with the same center as ) and ex-
panded by a constant factor ¢ > 0, and we use the letter C' to denote a
positive constant which may vary from place to place unless stated other-
wise, that is, f < 2C implies f < C, on the other hand, f < 2C5 does not
necessarily mean f < Cy. Also we sometimes write “F : D — D" even if
F(D) ¢ D’ under the assumption that both A = F(D)\ D’ and F~1(A) are
null sets. For instance, we may write F' : R — (0,00), F(z) = |x|, instead
of F: R — [0,00), F(z) = |z|.

The author would like to thank the referee for his helpful comments and
suggestions.

2. Examples.
In the present section we give various examples of BMO maps.

Example 2.1. a) Let F' : Dy x Dy — Dy, D; C R™, Dy C R™, be the
canonical projection. Then F is a BMO map satisfying ||Cp| = 1. In
particular, if Do = R", then ||Cr(f)|« = || f||« holds for each f € BMO(Dy).

b) Let F : D — D’ be the inclusion map. Then F is a BMO map
satisfying ||Cp|| = 1.

Example 2.2. Let F: D — D’ be a homeomorphism between subdomains
of R", n > 2. If F is quasiconformal, then F' is a BMO map satisfying
|CF| < C(n,KF), where K is the maximal dilatation of F'. Conversely, if
F is a BMO map satisfying i) for each null set E, F~(E) is also a null set,
ii) F'is ACL, iii) F is differentiable a.e., then F' is a quasiconformal map
satisfying Kp < C(n, ||CF||) (Reimann [13]).

Example 2.3. Let F' be a homeomorphism of R. Then F'is a BMO map
if and only if we can take constants K, a > 0 so that

|[FY(ENT)| |ENI\"

2) Er <k
[E=1(T)] 1|

holds for each pair of a measurable subset E of R and an interval I (Jones

[11]). Note that (2) holds if and only if F~! is absolutely continuous and its

derivative (F~1)" (or —(F~!)) is an A, weight (cf.(4)). In this case F~1

also satisfies the same condition, and so F' induces a bijection of BMO(R).

Jones gave no explicit relation between the constants K, o above and
|ICF||. In §3 we show, however, that his argument implicitly gives the fol-
lowing estimations: If (2) holds, then |Cr|| < CK/« for some universal
constant C' > 0; conversely, if F'is a BMO map, then we can take constants
K, a so that K = Cy and o = Cy/||CFl|, where Cy > 0, k = 1,2, are uni-
versal constants. Hence ||Cr|| and inf(K/a) are comparable with universal



COMPOSITION OPERATORS WHICH PRESERVE BMO 291

constant factors, where the infimum is taken over all pairs of K, « satisfying
(2) (Theorem 5.3) (cf. Mayer-Zinsmeister [12]).

Fominykh [3] gave a sufficient condition for spherically continuous maps
between (finite or infinite) open intervals to be BMO maps, which partially
extends Jones’ result.

Example 2.4. Let F': D — D’ be a nonconstant holomorphic map between
plane domains. Then F' is a BMO map if and only if we can take an integer
p > 0 so that for each disk B satisfying 2B C D, F' is p-valent on B. In
particular, a holomorphic map F': C — C is a BMO map if and only if it
is a polynomial (Gotoh [8]).

Thus, whether a given nonconstant holomorphic map F : D — D’ be-
tween plane domains is a BMO map or not is independent of the choice of
its target D’. The following example shows that this does not extend to
hold for general maps.

Example 2.5. a) Let D = {z € R?|1 < |z| < 2}, I = {(0,22) e R*| -2 <
x9 < —1}, and Dg = D \ I. Let F satisfy F(x) = x on Dy and F(z) € Dy
on I. Then F': D — D is a BMO map, and F : D — Dg is not a BMO
map, because BMO(D) # BMO(Dy).

b) Let F': D — D’ be a BMO map. Let D{, be a subdomain of D’ sat-
isfying F(D) C Dj. Assume that each BMO(DJ)) function is the restriction
of some BMO(D') function. (Such domains Dj, are characterized as relative
uniform domains with respect to D’ (Gotoh [7].) For instance, uniform do-
mains D[, satisfy this condition (Proposition 3.4). In this case F' : D — D’
is a BMO map if and only F': D — Dy, is a BMO map.

Example 2.6. Let D = R"! x (0,00) be the upper half space. Then
for each f € BMO(D), its symmetric extension g, g(z,y) = f(x,y) on
D and g(z,y) = f(z,—y) on R™\ D, is a BMO(R") function satisfying
| fll«rr < C||fll«,p, where C' > 0 is a universal constant, which is called
a reflection principle for BMO. In other words, the two-sheeted folding
map F: R" — D, F(z,y) = (,|y|), is a BMO map satistying ||Cr| < C
(cf. Reimann-Rychener [14]).

Example 2.7. Let D be a quasidisk, that is, D is the image of the upper
half plane under a quasiconformal map of R2 = R?U{oo}. Let 7 : R?2 — R2
be the quasiconformal reflection with respect to dD. Then from Exam-
ples 2.2 and 2.6 the two-sheeted folding map F : R? — D, F(x) = x on D
and F(z) = 7(x) on R"\ D, is a BMO map.

Example 2.8. a) Let D = {r < |z] < '} C R", n > 2. Let a = r'/r
and set Dy, = {afr < |z| < a*T'r}, k € Z. We define an infinite-sheeted
folding map F : R" — D as follows: Set F'(z) = x/a?* on Dy and F(x) =
F(1r(x)) on Dsgyq, where 7 is the reflection with respect to the sphere
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{lz| = a®**1r}. Then F is a BMO map and [|Cp| < 2, where C' =
C(n) > 0. This is a consequence of the reflection principle, the removability
of one point for BMO, and Proposition 5.2 below.

b) We define an infinite-sheeted folding map F' : R — (0,1) as follows:
Set F(z) = z on [0,1], F(z) = 2 — 2 on [1,2], and F(x) = F(z — 2k),
2k < x < 2k+ 2,k € Z. Then F is a BMO map. On the other hand,
F xidg : RxR — (0,1) x R is not a BMO map: Let f(z1,22) = .
Then CpxidR(f)(xl,xg) = x9. Thus f S BMO((O, 1) X R) and CFXidR(f) Q
BMO(R x R).

There are essentially non-continuous BMO maps.

Example 2.9. a) Let 7 be a Mobius transformation of R* = R"™ U {oo},
n > 2. Let D be an arbitrary subdomain of R and D' = 7(D)\ {co}. Then
F =7|D:D — D’isaBMO map. This is a consequence of Example 2.2 and
the removability of one point for BMO. (cf. Reimann-Rychener [14]. Also
see Lemma 5.1 below.) For instance, = — x/|z|?, which is discontinuous
at the origin under the Fuclidean topology, induces a bijection between
BMO({|z| < 1}) and BMO({|z| > 1}).

b) Let F': R — (0,1) be the infinite-sheeted folding map in Example 2.8
b). Then G : R — (0,1), G(z) = F(1/x), is a BMO map which is discon-
tinuous at the origin even under the spherical topology.

Moreover, there are BMO maps between plane domains with essential
singularities.

Example 2.10. Let F'(z) = P(1/z), where P is the Weierstrass P-function.

Then F' : C — Cis a BMO map having the origin as an essential singularity.

Another example is given by the Blaschke product F': C — C,
ﬁz—Q*ki = 2k — 2

k:OZ—i_2 Zk=122+'Z

F(z) =

(See the next example.) Moreover, for an arbitrary plane domain D and an
arbitrary sequence {zx} C D, z — 90D, there exists a BMO meromorphic
map F' : D — C having {z} as simple poles satisfying ||Cr| < C, where
C > 0 is a universal constant (Gotoh [6], [8]).

Contrary to the case of holomorphic maps between plane domains (Ex-
ample 2.4), it seems difficult to estimate the operator norms for rational
maps F': C — C. As to this we only know the following.

Example 2.11. Let F be a finite Blaschke product on the unit disk A.
Let t¢, ¢ € A, denote the Carleson constant associated with the zeros of
the Blaschke product (F —¢)/(1 — ¢F). Let sp = supeea t¢. Then for the
operator norm ||Cr|| of the map F': C — C, we have ||Cr|| < Ci(sp) and
sp < Ca(||CF||). In particular, we can show that there exists a sequence of
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rational maps Fy : C — C, deg F), = k, satisfying ||Cr, || < C, where C' > 0
is a universal constant (Gotoh [6]).

For related topics, see Astala [1], Smith [15], and Mayer-Zinsmeister [12].

3. Main theorem.

We say that a domain D C R"™ is admissible if D is an increasing limit of
some sequence of cubes. For instance, R™, half spaces with sides parallel to
the coordinate axes, and open cubes are admissible.

Theorem 3.1 (Main Theorem). For a measurable map F : D — D', D C
R™, D' C R", we consider the following conditions:
(a) We can take constants K, a > 0 so that for an arbitrary pair of
measurable subsets 1, By of D' we have

-1 / a
QcD k=12 Q|

where the suprema are taken over all cubes Q C D and Q' C D’
respectively;

(b) We can take constants v, 0 < v < 1/4, and A > 0 so that for an
arbitrary pair of measurable subsets E1, Fo of D' satisfying

Exn@
sup min L/Q‘ <A,
ocp k=12 |Q'|
we have
F~YE,) N
sup min LW OQL_
QcD k=12 Q)
where the suprema are taken over all cubes Q C D and Q' C D’
respectively;

(c¢) F is a BMO map.
Then we have (a) = (b) = (c). Moreover, if we can take an admissible
domain Dy satisfying F(D) C Dy C D', then all these conditions are equiv-
alent.

In particular, all the conditions above are equivalent if D’ is admissible.
The implication (a) = (b) is trivial. We show that (a) implies (c) with
|Cr|| < C(m,n)K/a (Lemma 4.8). Furthermore, if we can take an admis-
sible domain D}, satisfying F'(D) C D, C D', then we show that (c) implies
(a) with constants K = K(m,n) and a = C(m,n)/||Cr| (Lemma 4.10).
Thus we have:

Corollary 3.2. If we can take an admissible domain Dy, satisfying F(D) C
D{ C D', then the operator norm ||Cr| and inf(K/a) are comparable with
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constant factors depending only on m and n, where the infimum is taken
over all pairs of constants K, « satisfying the estimation (3).

Let F' be a homeomorphism of R. Then the condition (2) in Example 2.3
implies (3) with the same constants K, «. And so we may regard the Main
Theorem as an extension of Jones’ result.

We say that a weight w is an A, weight on D if we can take a constant
o, K > 0 so that

@) fEmedeKCEmQ‘)a

fQ wdx Q|

holds for each pair of a measurable set £ C D and a cube Q C D. A
weight w is an A, weight if and only if we can take constants ¢, §, 0 <
g,0 < 1, so that for each pair of E, @ satisfying |E N Q|/|Q| < 0, we have
Jengwdz/ [, wdz < e. The equivalence of the conditions (a) and (b) of the
Main Theorem implies the corresponding result holds for BMO maps.

Recall that for a weight w on D, f = logw belongs to BMO(D) if and
only if w? is an A, weight on D for some v > 0. Hence,

Corollary 3.3. We can add the condition

(d) For each Ay weight w on D', wY o F is an Ay, weight on D for some
v > 0.

to the list of the Main Theorem in the sense that (¢) < (d) holds.
We say that a domain D C R” is uniform if

d(z,0D) + d(y,0D) + |z — y|
min{d(z,0D),d(y,0D)}

k:D(x,Z/)SC’log( >, z,y € D,
holds for some C' > 0, where kp is the quasihyperbolic metric on D. Uniform
domains are invariant under quasiconformal maps on R". Half spaces are
uniform domains. In the case of a simply connected plane domain D, D is
uniform if and only if D is a quasidisk. The uniformness can be characterized
by the BMO extension property.

Proposition 3.4 (Jones [10]). A domain D C R"™ is uniform if and only
if each BMO(D) function is the restriction of some BMO(R"™) function.

In this case, for each g € BMO(D) we can take f € BMO(R"), f|D =g,
so that || f]|« < C||g||«, where C' > 0 is a constant depending only on n and
the constant of uniformness.

Corollary 3.5. Let D and D’ be subdomains of R™ and R™ respectively.
Assume that D’ is uniform. Then for a measurable map F : D — D', the
following conditions are equivalent:
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(a) We can take constants K, a > 0 so that for an arbitrary pair of
measurable subsets 1, By of D' we have

G sup minwmgf((

sup min —————
QCD k=1,2 |Q‘

(03
|Ex N Q'
Q'CR» k=1,2 ‘Q” ’
where the suprema are taken over all cubes Q C D and Q' C R"
respectively;
(b) We can take constants v, 0 < v < 1/4, and X > 0 so that for an
arbitrary pair of measurable subsets E1, Eo of D' satisfying

E.NnQ
sup min M <A,
Q'CR" k=1,2 |Q |
we have
FYE,N
sup min —’ ( k) Q’ <",
Qcpk=12 Q)

where the suprema are taken over all cubes Q C D and Q' C R"
respectively;

(¢) F is a BMO map;

(d) G=1ioF : D — R" is a BMO map, where i : D — R" is the inclusion
map.

We cannot replace the condition “@Q" C R™ in (a) (and in (b)) above
with “Q" ¢ D" (Example 4.11).

Remark 3.6. We may replace the assertion (a) of the Main Theorem with
(a') For each N > 2 we can take constants K, a > 0 so that for arbitrary

measurable subsets E1,...,Ey of D' we have
«
F-YE,)N ExNnQ
(6) sup min M < K| sup min L/Q’ ,
QCD 1SksN Q| @cpr1sksN |Q]

where the suprema are taken over all cubes Q@ C D and Q' C D’
respectively,

or
(a”) The assertion (a’) holds for some N > 2.
Similarly, we may replace the assertion (b) of the Main Theorem with
(b’) For each N > 2 we can take constants v, 0 < v < 1/4, and A > 0 so
that for arbitrary measurable subsets F1, ..., Ex of D’ satisfying

ErnQ'
sup min M <A,
Q'cD’ 1<k<N ‘Q/’
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we have

FYEp)N
QcD 1<k<N Q|

where the suprema are taken over all cubes Q@ C D and Q' C D’
respectively,

or
(b”) The assertion (b’) holds for some N > 2.

)

The implications () = (a) = (a), (1Y) = (b) = ("), (a) = (b), (&)
= (b'), and (a”) = (b”) are trivial. Furthermore, we obtain (a”) = (a) and
(b") = (b) by setting Fs = E3 = --- = Ey. In the next section we show (b)
= (c), and (¢) = (a) (under the additive assumption). It is easy to check
that we can show (¢) = (a’) in the same way.

Note that we can also rewrite Corollaries 3.2 and 3.5 similarly.

4. Proofs of the Main Theorem and Corollary 3.5.

The following two results play fundamental roles in the proof of the Main
Theorem. The latter one shows that the growth estimation of BMO func-
tions given by the former one is remarkably precise.

Proposition 4.1 (John-Nirenberg [9]). Let f € BMO(D), D C R", and
Q C D be a cube. Then

{z € Q|1f(x) - fol > 1}] < C1|Q| exp <—C2H;”> >0,

where Cq, Co > 0 are constants depending only on n.

Proposition 4.2 (Uchiyama [17], cf. Garnett-Jones [4]). Let D be an ad-
missible subdomain of R™. Let N > 2, t > 1, and F1,...,En be measurable
subsets of D satisfying

|Ex N Q)|

sup min —— %1 < 9™
ocpishen Q] —

where the supremum is taken over all cubes Q C D. Then there exist
BMO(D) functions fi, ... ,fn satisfying Zszl fe=1 and

0<fe <1, fe=0 onkEy, |fill-<C/t, (0<k<N),
where C' = C(n,N) > 0.

Garnett-Jones showed the assertion when D = R"™, N = 2 and F; C Q,
E; =R"™\ 2Q. Uchiyama extended their result to the form above.
First, we give a variant of the John-Nirenberg Theorem.
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Lemma 4.3. Let f € BMO(D), D C R", and Q C D be a cube. Then
min{|{z € Q| f(z) > t}|, {z € Q| f(z) < s}|}

t—s
< C1|Q|exp <—C2HfH> ) —00 < s<t<o0o,

where Cp, Cy > 0 are constants depending only on n.

Proof. We may assume fg < (s + t)/2. Then from the John-Nirenberg
theorem we have

Hr e Q| f(x) >t} <

{erHf(m)—szt_sH

.

t—s
< cilew (-c
Conversely,

Lemma 4.4. Let f, f(z) # +oo (a.e.), be a measurable function on a
domain D C R"™. Assume that there exist constants Cv, Cy > 0 such that
for each cube Q C D we have

min {|{z € Q[f(z) = t}|, {z € Q[ f(z) < s}[}
< C1|Qle=C2lt=9), —00 < s <t < o0.
Then f is a BMO(D) function satisfying ||f|« < 4(Cy + 1)C5 ' exp(2Cy).
This is a direct consequence of the following.

Lemma 4.5. Let A : R — [0, 1] be a nonconstant, non-decreasing function.
Assume that there exist constants C1, Cy > 0 such that

min(A(s),1 — A(t)) < Cre~2(=9), —00 < s<t<oo0.
Then we can take tg € R so that
max(\(tg — 1), 1 — A(to + 1)) < (C1 + 1)e2P2e 2t > 0.

Proof. Since A is nonconstant, A(t) — 0 (t — —o0), and A(t) — 1 (t — o0).
Let s = sup{t|A(t) < 1— At +k)}, & > 1. Then s; is non-increasing,
Sk + k is non-decreasing, and

AMsp—1)<1—=Aspg+k—1), AMspg+1)>1—A(sp+k+1).
Set tg = s1. First, assume k <t <k + 1, k > 2. Then
1—Mto+1) <1—Asp_1 + k) < Cre” 2= < 0202702,
AMto —t) < A(sp—1 —1) < Cre~C2(k=1) < ¢ 202, =Cot

Next, if 0 <t < 2, then max{\(tg —t),1 — M(tg + 1)} <1 < e2C2e~C2t, O
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Proof of Lemma 4.4. Set A\(t) = |[{z € Q| f(z) < t}|/|Q|. Then X satisfies
the assumption of Lemma 4.5 with the same constants Cy, Co. Thus we can
take ty so that

max{\(tg —t),1 — A(to + 1)} < (Cy + 1)e2%2e 2t ¢ >0.
And so
p(t) == {z € Q[ |f(x) —to] > t}] < 2(C1 +1)|Q[e*2e™ ", t>0.
Hence
= salaz <2 [ 17 ~tolie =2 [ ey < a4 ey teia)
0

Lemma 4.6. Let F : D — D’ satisfy the condition (a) of the Main Theo-
rem. Then K > 1 and o < 1.

Proof. We obtain K > 1 by setting £y = Fy = D',

Next, assume o > 1. Let Qo = [p,q] x P C R x R"! = R" be a cube
in D'. Let l=q—p. Let I = [p,p+1/4], I = [¢ — 1/4,q]. We decompose
I into 2° subintervals Ji = [p+27%(k — 1)l,p+ 27°kl], 1 < k < 2%, where s
is a sufficiently large integer. Let Ej = (J; x R" 1) N D’. Let Q be a cube
in D. Let ko be the integer k¥ which maximizes |[F~}(E,)NQ|, 1 < k < 25.
Then

sup min{‘Ekaq | Eko ﬂQ'\} <4
Q'cD! Q) Q] T2

holds for each k € ¥ or for each k € ¥y, where ¥1 = {k|Jx C I1} and
Yo ={k|Jx C Is}. Thus from the assumption we have

[F~'(Ex) N Q| <4>a
o “t\z)

for each k € ¥ or for each k € ¥y. It follows from #3; = ¥y = 2572 that

4 (0%
min [F7H(([; x R" )N D)NQ| < 2°°K (25> Q] — 0, s— o0.
]: b

Therefore, the measure p(S) = [F~1((S x R* 1) N D) N Q| on [p,q] is
absolutely continuous and satisfies p([a,a +t]) = 0 or u([a + 3t,a + 4t]) =
0 for each a, t with p < a < a+ 4t < q. Thus u([p,q]) = 0, and so
|F~1(Qo) N Q| = 0. Since Q and Qg are arbitrary, we have |[F~1(D')| = 0,
which is a contradiction. (]

Lemma 4.7. Let F: D — D', D Cc R™, D' C R"™, be a BMO map. Then
ICFll = 1.
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Proof. Note that if E is a measurable subset of D satisfying |E| > 0,
|D\ E| > 0, then the characteristic function f of E satisfies || f||« = || fll+,p =
1/2.

Let F be a BMO map. Fix a cube Q C D and set A\(E) = |[F~1{(E)N Q).
Then ) is an absolutely continuous finite measure on D’, thus we can take
to € R so that \(Ep) = ND'\ Ey) = |Q|/2, where Ey = ((—o0,tg] X
R" )N D’. Let f be the characteristic function of Ey. Then f o F' is the
characteristic function of F~!(Ep), and so from the first paragraph we have
| fll« = ||f o F|l« = 1/2, which implies the assertion. O

The following lemma shows (a) = (c) of the Main Theorem with an
estimation of the operator norm.

Lemma 4.8. Let F : D — D', D ¢ R™, D' C R", be a measurable
map. Assume that there exist constants K, o > 0 such that for each pair of
measurable subsets E1, Ey of D', we have

«
F~YE E, !
sup mm—‘ ( ’“)HQ‘SK i 7‘ kNG|
QCD k=1, Q|

Then F is a BMO map satisfying ||Cr|| < CK/a, where C = C(m,n) > 0.

Proof. Assume that F satisfies the assumption of the lemma. Then the
inverse image of a null set is trivially a null set.

Let f € BMO(D'), By = {z € D'| f(z) < s}, B> = {x € D'| f(x) > t},
—00 < s <t<oo,and Q' C D'. From Lemma 4.3 we have

C(t—s)
1£1]+ >

It follows from the assumption and the fact @ < 1 (Lemma 4.6) that for an
arbitrary cube ) C D we have

min{|E; N Q’|, |E2NQ'|} < C|Q'| exp (—

mln{‘F El) N Q’ ‘F (E2) N Q’} < CK‘Q’eXp <_Cb|é|(;”—*8)) .

Now, F=1(Ey) = {z € D| f(F(x)) < s}, F~(Ey) = {z € D| f(F(x)) > t},
and so from Lemma 4.4 and the fact K > 1 (Lemma 4.6) we have F'o f €
BMO(D) and

CK
170 Fll < Sy Xp(Hf! )

Finally, applying this estimation to ¢ f, ¢ > 0, and letting ¢ — oo, we obtain
I1f o Fll« < SE[ ] O

Next, to show (b) = (c) of the Main Theorem, we need the following.
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Proposition 4.9 (Stromberg [16]). Let f be a measurable function on D C
R"™. Assume that we can take constants v, 0 <y < 1/2, and X\ > 0 so that
for each cube Q@ C D we have

inf [{z € Q[f(z) — el 2 A} <IQI.

Then f is a BMO(D) function satisfying || f|l« < CA, where C = C(n,~y) >
0.

Proof of Main Theorem (b) = (c). Assume that F satisfies the condition
(b) of the Main Theorem. Then the inverse image of a null set is trivially a
null set.

Let f € BMO(D'). We may assume |[f|l. = 1. Let —oo < s < t < 00,
Ei={zeD'|f(z) <s}, By ={x € D'|f(x)>t}, and g = Cp(f). Then
from Lemma 4.3 there exists C7 > 0 such that if ¢t — s > C1, then

E /
sup min w < CeClt=9) < ),
Q'cD’ k=1,2 ‘Q ’
and so

F~Y(E,) N
sup min —’ ( k) Q’ <
QCDk:1’2 ‘Q|

For Q C D we set

s =sup {s € R|[{z € Qlg(x) < s} < [{z € Q|g(x) > 5+ C1}}.
Since g # £oo (a.e.), we have sg # foo. Thus
{ze@Qlg(z) <sq -1} <7, HreQlg@)Zsq+Cr+1} <7,
and so if we set cg = s + C1/2 and § = 1+ C1/2, then
{z € Qflg(x) —cql > 0} <2v (< 1/2).
Hence g € BMO(D) by Proposition 4.9. O

Finally, we show the remaining implication (c¢) = (a) of the Main Theo-
rem.

Lemma 4.10. Let F : D — D', D ¢ R™, D' ¢ R", be a BMO map.
Assume that there exists an admissible domain Dy satisfying F (D) C D C
D’. Then there exist constants K, 3 > 0 depending only on m and n such
that for an arbitrary pair of measurable subsets Ey, By of D' we have

_1 2\ B/ICkIl
| FT(ERr) N Q) BN Q|
sup min —————— < K [ sup min — —— .
QcD k=1,2 |Q’ Q'cD’ k=1,2 |Q |
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Proof. Let G : D — D{, G(z) = F(z). Let g € BMO(Dy). Since admissible
domains are uniform domains with uniformly bounded constants of uniform-
ness, from Proposition 3.4 we can take f € BMO(D') so that f|D{, = g and
I£1l+ < Cliglls- Thus [[go Gl = || f o Fll« < C|f[|+ Therefore, G is a BMO
map satisfying ||Cq|| < C||CE||.

Let E1, Es be an arbitrary pair of measurable subsets of D’. Let E; =
Ej N Dj. Then

E.NQ E;n@Q
27" .= sup minM < sup min M

@coyk=12 Q] T gcpk=12  |Q]
Because of Lemma 4.7, we may assume t > 1. From the Uchiyama theorem
there exist BMO(Dy)) functions fi, f2 satisfying f1 + fo =1 and
0<fi<l, fi=0onE, |fll.<C/t, (k=1,2).
Let gr = fr o G. Then g1 + g2 = 1 and
0<gr<1, ge=0 onG'(E), ol <ClCell/t,  (k=1,2).

Let @ be an arbitrary cube in D. Since (g1)g + (92)¢ = 1, we may assume
(91)@ > 1/2. Then from the John-Nirenberg theorem we have

IGTHEN N QI < [{z € Qllg1(x) — (g91)ql = 1/2}

C Ct
< Cl@lexp <_ ol ) < Cl@lexp (‘ ||CG||> ’

and so we obtain

, _|FYEy)NQ| G (B NQ|
sup min ————>—— =g _—
Qchzl,Q |Q‘ Q k=1,2 |Q|

p
D
||CC [
El ﬁ / G
< C’( sup min |kQ|>

cpp k=12 |Q'|

C
E.N0O ICeI
sup minM .
icprk=12 |Q’]

O

Proof of Corollary 3.5. (a) = (b) is trivial. (c¢) < (d) follows from Propo-
sition 3.4. (d) = (a) is a consequence of the Main Theorem.
Finally, assume that (b) holds. Let E; and E» be measurable subsets of
R" satisfying
|Ex N Q'|

sup min ————— < A.
Q'CR" k=1,2 ’Q/|



302 Y. GOTOH

Then E; = Ej, N D’ satisfies the assumption. Thus

GTHE) N QI PN E) N Q)
sup min —————— = sup min ————— < 7,
QCD k=12 Q| QCD k=12 Q|
and so G satisfies the condition (b) of the Main Theorem. Hence (d) follows.

O

Example 4.11. Let D' = {z € R?||z1| < 4, |xa| < 5} \ {z € R?|z; >
0, |zo] < 1}, where x = (x1,22). Then D’ is a uniform domain. Let
a1 = (2,3), a2 = (2,-3), E1 = {|lr —a1] < 1}, and Es = {|z — aa| < 1}. Let
D = {x € R?||z1]| < 1, |z < 1}. Let F : D — D' be a conformal map.
Then F is a BMO map. On the other hand, min{|E; N Q'|,|E2NQ’|} =0
holds for each cube ' C D’. Thus we cannot replace the condition “Q’ C
R"™ in Corollary 3.5 with Q' C D’.

5. Homeomorphisms between intervals.

The Main Theorem gives a characterization of BMO maps between (finite
or infinite) open intervals. Jones result (Example 2.3) implies that in the
case of homeomorphisms of R we can reduce the condition to a much simpler
form. The purpose of the present section is to show that his argument really
characterizes BMO maps which are homeomorphisms between general open
intervals with an explicit estimation on operator norms.

Recall that the space BMO(R) is invariant under M&bius transformations
of R = RU {0} (cf. Riemann-Rychener [14]). More generally:

Lemma 5.1. Let Iy and Iy be open intervals on R. Let 7 be a Mobius
transformation of R satisfying 7(I) = Is. Then F = 7|Iy : I} — Iy is
a BMO map satisfying C~1 < ||Cr(f)|+/||fll« < C, f € BMO(I3), where
C > 0 is a universal constant.

Proof. Let f € BMO(I2). Let I be an interval satisfying 2/ C I;. Then
maxy |F'| < C'ming |F'|, thus

I /1 f o F — foplde < CIF(D)| ™ /F V= frlie <CUlL

and so ||Cr(f)|| < C||f|l+ from the proposition below. O

Proposition 5.2 (cf. Reimann-Rychener [14]). Let f € L\ (D), D C R",
and t > 1. Assume that

sup|Q|~! /Q 1 — fgldz < A

holds for each Q satisfying tQ C D. Then f € BMO(D) and ||f|l. < CtA,
where C' = C(n) > 0.
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By virtue of the proposition above, repeating the argument of Jones, we
can easily extend his result as follows.

Theorem 5.3 (cf. Jones [11]). Let F' : I} — Iy be a homeomorphism be-
tween open intervals.

(a) If I = R and I # R, then F is not a BMO map.
(b) If I # R or Is = R, then the following conditions are equivalent:
(i) F'is a BMO map;
(ii) There ezist constant Ky, ag > 0 such that for each measurable
subset E of Iy and each subinterval I of Is satisfying 2F~1(I) C I,
we have

|F~YENIT)| |ENI\™
@ Foy <% (T

Moreover, if (7) holds, then ||Cr|| < CKoy/ag for some universal con-
stant C' > 0, and conversely, if F' is a BMO map, then we can take
constants Koy, o so that Ko = Cy and ag = Co/||Cr||, where Cy, > 0,
k =1,2, are universal constants.

In particular, ||Crg| and inf(Ky/ap) are comparable with universal con-
stant factors, where the infimum is taken over all pairs of Ky, ag satisfying

(7).

Lemma 5.4. Let Iy be an interval. Let Ji and Jo be mutually disjoint
subintervals of Iy. Then
|Jp N . S

sup min = ,
o T (T, o) + 28

where s = ming—1 2 |Ji|.

Proof of Theorem 5.3. First, assume I; = R and Iy # R. From the Md&bius
invariance of BMO we may assume I3 = (0,00) and F' is sense preserving.
Let f(x) =logx. Then f € BMO(I3). On the other hand, since g = fo F'is
an increasing function satisfying lim, o g(z) = o0, lim,—,_ o g(z) = —o0,
if we set Ji = [—k, k] and Ey, = [—k, —k/2] U [k/2, k], then

A /J 19— g lde > (2k)! /E > 47 (g(k/2) — g(—k/2)) — oo,

as k — oo. Thus F is not a BMO map.

Next, assume that F' satisfies the condition (ii) of (b). Then Ky > 1 and
ag < 1. Let I be a subinterval of I satisfying 2F1(I) C I;. Let f €
BMO(L), I' = FY(I),g=foF,and E, = {z € I||f(x) — f1| > t}, t > 0.
Then from the John-Nirenberg theorem we have |E;| < C|I|exp(—Ct/|f|l+),
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thus
p(t) = {z € I'||g(x) — fi| > t}| = [F~(EY)]

Capt
SCK””“®<‘HﬂF>

and so

_ o0 CK,
|m1/m—mm=/;mws°ww
I 0 (o7]

Hence, from Proposition 5.2 ||g|l. < CKoag || f]ls-

Finally, assume that F satisfies the condition (i) of (b). We may assume
that F is sense preserving. Let I, = (pg,qr), k = 1,2. Let E be a measurable
subset of Is. Let I = [a,b] be an interval satisfying 2F~Y(I) C I. Let
I =|Il and I' = |[F~1(I)|. Let Ey = ENJa,a+1/2] and E3 = [b,q2). Then
s :=ming_1 9 |F 1 (Ey)| > |F~1(E1)]/2, thus from Lemma 5.4

‘Ek ﬁ[” < mink:Lg ’Ek‘ < 2‘E1| < 2|Eﬁ[’

Is/lcli 1?21111712 |I,| B l/2 + 2 mink:l’g ’Ek‘ - - l ’
PN (B N T s [F~1(Ey)
> >
i |7 =W —|FYE))+2s = 2

And so from the Main Theorem we have

[FY(E)| B0\ /e
— <C|— .
I l

Since the same estimation holds for Ef = EN[a+1/2,b], we obtain (7). O

Contrary to the case of homeomorphisms of R, no homeomorphism F :
R — (0,00) is a BMO map even if F~! is a BMO map. Moreover, there
exists a homeomorphism F' : (0,00) — (0,00) such that F' is a BMO map
and F~1 is not a BMO map. One such example is given by F(z) = log(1 +
x) (cf. Corollary 5.9). This example also shows that we can not drop the
condition 2F~1(I) C I in the statement above: Assume that the estimation
(7) holds for I = [log2,log(a+ 1)] and E = [log(a/2+ 1),log(a+1)], a > 1.
Then

2 <10g((a+ 1)/(a/2 + 1))>a°, a1,
a—1 log((a+1)/2)
which is a contradiction. Another such example is given by F : (0,00) —
(0,00), F(z)=1/x.
Applying (7) to subintervals I = [a,b] and E = [z,y] of I3, a <z <y < b,
we obtain:

Corollary 5.5. Let F' : I} — Iy be a homeomorphism between open in-
tervals. Assume that F is a BMO map. Then F~' is locally a Holder
continuous function of order C/||CF||, where C > 0 is a universal constant.



COMPOSITION OPERATORS WHICH PRESERVE BMO 305

The homeomorphism F(x) = |z|Psgnz, p > 1, of R shows that the esti-
mation above is best possible. (See Example 5.8 below.)

Recall that for a homeomorphisms G : J; — Jy between (finite) closed
intervals, G is absolutely continuous and G’ is an A, weight on .J; if and
only if G=! is absolutely continuous and (G7')" is an A, weight on J3
(cf. Coifman-Fefferman [2]). Thus, under the assumption of the corollary
above, F’ (or —F") satisfies the A, condition uniformly on each I satisfying
2I C I. In particular, F' € LV (I;) holds for some p > 1, and so F is also
locally Holder continuous. We do not know, however, whether the similar
estimation holds or not for the order of F’. Moreover, from Proposition 5.2
we have:

Corollary 5.6. Let F': Iy — I be a homeomorphism between open inter-
vals. Assume that F is a BMO map. Then we have ||log |F'|||. < C, where
¢ =c(|Crl) > 0.

’

It is easy to see that the corresponding result does not hold for log |(F'~1)’].

In the rest of the present section, we give a remark on the global behavior
of BMO maps. For an open interval I = (a,b) (# R), the hyperbolic metric
dsy, is defined by

(b—a)dx
(b—2z)(x—a)
The hyperbolic metric is invariant under Mobius transformations of R and

comparable with the quasihyperbolic metric dz/d(z, dI). Let dj(x,y) denote
the hyperbolic distance between x and y.

dsp(x) =

Lemma 5.7. Let F : I — I (I1, Is # R) be a homeomorphism between
open intervals. Assume that F' is a BMO map. Then

(8) dn(F(2), F(y)) < ClCrlI(dn(z,y) +1),  x,y €,

where C' > 0 is a universal constant.

Proof. Since both the quasihyperbolic metric and BMO are invariant under
Mébius transformations, we may assume that I; = Iy = (0,00), F' is sense

preserving, x = 1 = F(1), and y = a > 1. Applying the Main Theorem with
E, = (0,1] and E3 = [F(a),0), and utilizing Lemma 5.4, we get

. L \C/ICk]
- <o :
a+1~ (F(a)+1>

hence F(a) < CaCllC?ll which implies the assertion. O

Each hyperbolically Lipschitz continuous function is a BMO function and
F preserves the space of all hyperbolically Lipschitz continuous functions
if and only if F' is hyperbolically Lipschitz continuous. The lemma above
shows that the similar result holds for BMO. Note that quasiconformal maps
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satisfy the corresponding estimation with respect to the quasihyperbolic
metric. The following example shows that the estimation (8) is best possible.

Example 5.8. Let F' : (0,00) — (0,00), F(x) = aP, p > 1. F is the
hyperbolic dilation centered at the point 1: dp(F(x),F(y)) = pdn(z,y),
x,y € (0,00). A simple calculation shows F' satisfies (7) with Ky = 1 and
ap = 1/p. On the other hand, if we set f(z) = logz, then Cr(f) = pf.
Hence, ||Cr|| and p are comparable with universal constant factors. Note
that as to the antisymmetric extension F; : R — R, Fy(z) = |z|Psgnz, of
F, ||Cr || and p are comparable with universal constant factors similarly.

Corollary 5.9. Let F' : I — Is, I, Is # R, be a homeomorphism be-
tween open intervals. Assume that F' is a BMO map. Then Cg is a bijec-
tion between BMO(I2) and BMO(I1) if and only if we can take a constant
C > 0 so that for each interval I C Iy satisfying d(I,0I1) = |I|, we have
d(F(I),0I) < C|F(I2)].

Note that we can take such a constant C' > 0 if and only if
dh(l', y) +1
holds for some C > 1.

§C7 xayejla

Proof. Assume that we can take such a constant C' > 0. Let f € BMO(I).
Then for each I C Iy satisfying d(I,811) = |I|, || f o F~ 1|, p(ry < C holds,
thus from Proposition 5.2 we have f o F~! € BMO(I3), and so F~! is a
BMO map. The converse assertion easily follows from Lemma 5.7. U
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