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Section 1.0. Introduction

In this paper we consider degree theory for mappings v from one compact smooth n-
dimensional manifold X to a connected compact smooth manifold Y of the same dimension.
These are manifolds without boundary and which are oriented.

The classical degree counts the “number of times” Y is covered by u(X), taking into
account algebraic multiplicity. For instance, if © € C! and y € Y is a regular value of
the map u, i.e., u~!(y) consists of a finite number of points x1,... ,z; at each of which
the Jacobian of the map, J,, in terms of local coordinates (with the given orientation), is
nonsingular, then

deg(u, X,y) = Z sgndet J,(x;).
j
A basic fact is that this degree is independent of the choice of the regular value y, and we
then denote this degree by deg(u, X,Y).

Degree extends to continuous maps u from X to Y because of the fundamental fact
that if u,v € C}(X,Y), and are close in the CY topology, then they have the same degree.
Degree theory is often defined directly for continuous maps via the action of the map on
nth degree homology.

One of the important properties of degree is that if it is not zero then the map is onto
Y. Another basic fact is that the degree is invariant under continuous deformation of the
map (homotopy).

For a C'l'-map there is an integral formula for the degree. Namely, if p is a smooth
n-form on Y then

(0.1) deg(u,X,Y)/Yu:/Xuou.

(see e.g., L. Nirenberg [1]). This may be expressed using local coordinates by

/ f(u)det Jy(z)dzy A ... Adxy,
X
1



2 A DEGREE THEORY FOR BMO MAPS

if w= f(y)dyr A ... Ady,. In particular, if X and Y are Riemannian manifolds, then

(0.2) deg(u, X,Y) = vol;(Y) /X det Jy, (x)do(x)

where do is the volume element on X, and J, is computed using geodesic normal coordi-
nates at  and geodesic normal coordinates at u(z).

Specializing further, consider X = 052, where ) is a smooth bounded domain in R™*!,
and Y = S™. Consider u € C*(X,Y) and let @ be any C'-extension inside Q with values
in R™*!. There is another integral formula for the degree of u:

1
(0.3) deg(u, 002, S™) = E /Q det Jgdxy ... dx,aq,

where |B| is the volume of the unit ball B in R™*!. Since det .J; is a divergence expression,
using Green’s theorem, one easily obtains the equality of the two integral formulas.

Formulas (0.2), (0.3) suggest the possibility of extending degree theory to another class
of maps—which need not be continuous—namely, maps in appropriate Sobolev spaces.
This was done in the 80’s:

(a) In connection with their proof of the existence of “large” harmonic maps, H. Brezis
and J. M. Coron [1] (see also H. Brezis [2]) were led to consider degree for H' maps from
S? to S%. This degree is given by the integral on the right hand side of (0.2). To prove
that this integral is an integer relies on the fact that smooth maps from S? to S? are dense
in H'(S5?,5?) (see R. Schoen and K. Uhlenbeck [1]).

(b) Motivated by a question concerning the Ginzburg-Landau equation (see Boutet de
Monvel-Berthier, Georgescu and Purice [1]), L. Boutet de Monvel and O. Gabber intro-
duced a degree for maps u € H'/?(S',S'). It is the familiar case of (0.2), namely the
“change in argument”

(0.4) deg(u, S*, S1) = —— / L
2m Jg1 u 21 Jon

Using the duality between H'/? and H~'/? one sees that this is well defined. (The degree
may also be expressed in terms of the Fourier coefficients of u; see Section I.5. It is
then transparent that degree makes sense for u € H'/2.) That the expression (0.4) (or
the analogue in terms of the Fourier coefficients) is an integer for u € H'Y? is proved
by approximation, as above. Alternatively, one may extend v € H'/?(S S') to u €
H'(B,R?), and then use formula (0.3). This H'/? degree is also used in Bethuel, Brezis
and Hélein [1].

The natural generalization of (a) is to maps in the Sobolev space W1 (X,Y), while (b)
extends degree to maps in W1 " 1(90), S™)—a space slightly larger than W, These
are borderline spaces: embedding into continuous functions just fails.
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In connection with degree for H'/2(S1,S1), L. Boutet de Monvel and O. Gabber made
the interesting observation that the notion of degree for maps from S! to S! makes sense
for maps in the class VMO: the closure in the BMO(= bounded mean oscillation) topology
of smooth maps. However they did not establish the basic properties of VMO degree, such
as stability under homotopy within VMO, surjectivity if deg # 0, etc. The VMO degree is
not defined by an integral formula; it is defined via approximation. More precisely, they
pointed out that if u € VMO(S?, S1) and

O+¢
a.(0) = = /9 u(s)ds,

:2—8 N

then |u.(0)| — 1 uniformly in 6—despite the fact that u need not be continuous. Then,
for € small,

_ u(6)
[ (6)]

has a well defined degree, which is independent of . This is their definition of the degree.

u:(0)

In this paper we develop this concept for maps between n-dimensional manifolds X, Y,
and establish its basic properties. The degree is defined via approximation, in the BMO
topology, by smooth maps from X to Y.

A natural related question is: Are smooth maps from X to Y dense in W1P(X,Y), with
1 < p < o0? Here X and Y might have different dimensions. For p > dim X the answer
is always yes. For p < dim X the answer was given by F. Bethuel [1]: a necessary and
sufficient condition for density is that IIj,(Y") = 0, where II denotes the homotopy class
and [p] is the integral part of p.

We now describe the organization of the paper.

In Section 1.1 we recall the notion of BMO maps in Euclidean spaces and describe its
extension to maps between manifolds. For this purpose it is convenient to put a Riemannian
metric on X and to embed Y smoothly into some RY. However, the notion of BMO(X,Y)
is independent of the particular metric or embedding—as will be the degree.

The BMO (semi) norm of a map u from X to R is

(0.5) lullsaro = sup / fuly) — . (2)|do ()
zeX ) B, (x)
e<ro

where

(0.6) Ue () :/B ( )udcr.
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Here, for any x € X, B.(x) is the geodesic ball centred at z with radius ¢ < r¢, the

injectivity radius of X and f u denotes the average of u in a set A. A very convenient
A
equivalent (semi) norm is

(0.7) . = 5w/ f () - u(ldo(w)do (o).

z€X J B (z) J B:(x)

e<ro
(Incidentally, (0.7) suggests a notion of BMO for maps into a general metric space Y.
Such maps enjoy some of the basic properties of BMO maps, e.g. the John-Nirenberg [1]
inequality holds—via the usual proof.)

The space VMO(= vanishing mean oscillation) is the completion of smooth maps in the
BMO norm. This space was introduced by Sarason [1] who established a useful charac-
terization (see Lemma 3). In the same section we present some of the properties of VMO
maps, such as the effect of left composition by a Lipschitz map F' (see Lemma 2’ and the
more general Lemma A.7 in Appendix A). The map ¥ : u — F ou, for u € BMO(X,RY),
need not be continuous in its dependence on u—as a map from BMO to BMO—but it
is continuous at every u € VMO (see Lemma A.8 and Remark A.1). Lemma 4 gives a
characterization of compact sets in VMO—an adaptation of Arzela-Ascoli to VMO.

The proofs of many technical statements are given in Appendix A.

Section 1.2 takes up various examples of BMO and VMO maps. In addition to continuous
maps, VMO contains all the “borderline” Sobolev spaces WP for 1 < p, sp = n.

The degree for VMO maps is defined in Section 1.3. The first main result, Theorem 1,
deals with its stability under perturbation in VMO: given u € VMO(X,Y’), there exists
d depending on u such that, for v € VMO(X,Y) with ||u — v||pmo < J, it has the same
degree as wu; this implies in turn the invariance of degree under homotopy within VMO.

Surprisingly the § really depends on u (see Lemma 6). This is in contrast to the standard
perturbation of continuous maps; there the § is uniform. We point out in Remark 7 that
the degree can also be defined for v in BMO(X,Y) provided u is “close” to VMO.

In Section 1.4 we carry over standard properties of degree to VMO. For example, we
prove that if degu # 0, then u is “onto” Y. This is more subtle than for the continuous case
because u may be changed on a set of measure zero. We are led to a notion of “essential
range” of u which is independent of the choice of representatives in the class of equivalent
maps.

The formulas (0.2), (0.3) extend when u is in some appropriate “borderline” Sobolev
space (see Properties 4 and 5).

In Section 1.5 we take up a natural question concerning maps from X to Y, not neces-
sarily of the same dimension. BMO(X,Y)—as well as LP(X,Y),1 < p < co—is arcwise
connected, while VMO(X,Y") has components which are simply the closures of the com-
ponents of C° maps.
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Section 1.6 deals with a question first considered by R. Coifman and Y. Meyer [1],
namely the possibility of lifting a map u € BMO(X,S') to BMO(X,R). Theorem 3
asserts that this can be done with VMO if and only if u is homotopic to a constant within
VMO. In Theorem 4, which is directly related to a result in Coifman and Meyer [1], we
show that any v € BMO(X, S!) with small BMO norm may be written as u = €% with
¢ € BMO(X,R) and [|¢|lpmo < 4|lu|lBmo- The proofs are quite technical. They make
use of the John-Nirenberg inequality; various forms of this inequality for manifolds are
presented in Appendix B.

Of course degree theory extends to maps on domains or manifolds with boundary. In
Part II we will consider this situation for VMO maps. A new feature is that VMO maps
in a domain need not have a trace on the boundary. This makes the theory more delicate.

The plan of the paper is the following:

[.1. BMO and VMO

[.2. Some examples of BMO and VMO functions
[.3. Degree for VMO maps

1.4. Some properties of degree

1.5. Further comments
[.6. Lifting of VMO maps

Appendix A. Some useful estimates on BMO, et al.
Appendix B. John-Nirenberg inequality on manifolds, et al.

We wish to express our thanks to a number of colleagues for interesting discussions and
encouragement: L. Boutet de Monvel, F. Browder, S. Chanillo, G. David, H. Furstenberg,
I. M. Gelfand, A. Granas, Y. Meyer and P. Mironescu, with special thanks to P. Jones.

Section I.1. BMO and VMO

Let X be a smooth n-dimensional compact manifold without boundary. In this section
we recall the notion of BMO and VMO functions and maps defined on X and we state some
of their properties. There is much literature on BMO, but mainly defined in Euclidean
space; e.g., E. Stein [1] where many references may be found. People have worked with
BMO on some manifolds, but the subject is mainly folklore to people in the field.

Definition of BMO for real functions on X.

We first put a smooth Riemannian metric on X. (Later we shall show that the notion of
BMO is independent of the choice of metric.) Consider a real function f in L!'(X), using
the measure associated to the metric. Set

(1) 120 = sup /B W) = E@ldoty)

e<ro
rzeX
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where 1o = ro(X), the injectivity radius of X (see e.g., M. P. do Carmo [1]), o is the
element of volume on X, B.(z) denotes the geodesic ball in X of radius € < rg, centered
at r, and

fo(z) = /B RCLE!

1
As usual,f f= m/ f denotes the average of f on A. BMO(X, R)—often denoted
A A

by BMO——consists of those functions with || f||smo < co. For these, (1) defines a norm on
BMO-—modulo constants, (see E. Stein [1])—and BMO is complete under this norm.

Clearly

f, =@ < f 15w

—f 1) - @)+ F@) - £ o ()ido ()
B.(z)J B:(x)
<of ) - F@lio)

Consequently, the following is an equivalent norm on BMO:

’

1) 170 = 53;2/3 A, @) = )i

in fact,

17

(1) IfllBaro < IfIl. < 21 fllBaso-

A first simple but useful property is

Lemma 1. There exists a constant C, depending on X (and the metric) such that for
every f € BMO,

1flt < Clifllaro + | /X I

This is proved in the Appendix; see Lemma A.1.

Remark 1. If we replace 7o by any positive r1 < ro we get a new norm || f||;. The two
norms are equivalent.

Indeed, || fll1 < IfllBraro =: || fllo. Conversely, if 71 < e < r¢ then

__é? §2
fBE(@v 7. ()| fBa(x)lﬂ
2
<mafn=e
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We now use Lemma 1. Since we may suppose f + [ =0, we obtain the desired conclusion

1111 < Cllfllo-

If one changes the Riemannian metric on X one obtains an equivalent BMO norm. More
generally, if X; and X, are two smooth compact Riemannian manifolds of dimension n,
without boundary, and ¢ : X; — X, is a C! diffeomorphism, then f € BMO(X5) implies
that f o € BMO(X;) and

1f o vllBrmox:) < CllfllBrocxs)
(see Lemma A.10 in the Appendix; a more general form, where ¢ is only quasi-conformal
and X7 = Xy = R", was proved by H. M. Reimann [1]).

If Q is an open subset of X, we set

| fllBrmo(o) = the sup in (1) taken over all balls B.(x) in §, with & < .

An L' map u : X — R belongs to BMO(X,RY) provided each component of u is
in BMO. As norm, we use the definition (1), except that the absolute value refers to the
Euclidean norm in R¥.

Definition of BMO maps into a manifold.

Let Y be a compact manifold without boundary which we always take to be smoothly
embedded in some RY. We say that a map u belongs to BMO(X,Y), if u € BMO(X,RY)
and u(z) €Y a.e.

Claim. The notion of BMO(X,Y') is independent of the metric on X and of the embedding
of Y.

That it does not depend on the metric in X follows from a previous consideration. To
verify its independence of the embedding of Y, we use the following

Lemma 2. Let F be a Lipschitz map from RY into RP and let w € BMO(X,RY). Then
Fouw isin BMO(X,RP) and

| F o ul|Baro < 2||F||Lipllull Bao-

This follows immediately from (1”); see also the more general Lemma A.2.

Proof of Claim. Suppose ¢; and @, are smooth embeddings of Y into RY and R?. Then
n = 30" is a smooth map of 1(Y) onto p3(Y). Let F be a Lipschitz continuous
extension of 7 as a map from RY to R”. Using Lemma 2 we see that the BMO norm
using s, is bounded by a constant times the BMO norm using ¢;. Thus the norms are
equivalent.
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Having chosen a Riemannian metric on X, and a smooth embedding of Y in some RY,
BMO(X,Y) is equipped with a metric

d(u,v) = |lu — U||BM0(X,RN)-

A different choice of the Riemannian metric on X and of the embedding of Y in some
RP yields an equivalent metric. Thus it makes sense to say that a sequence of maps
uj : X — Y converges to u in BMO(X,Y'), independently of the choice of metric on X
and embedding of Y.

In view of (1) there is a natural notion of BMO of a map from X into any metric space
Y, namely

lull, = sup fB B fw) dist(u(y), u(z))do (y)do(2).

e<ro
rzeX

It is clear that CY(X) c BMO(X); other examples of BMO functions will be given later
(see Section I.2). In particular, the examples show that smooth functions are not dense in
BMO. It is therefore natural to introduce the following definition (see D. Sarason [1]).

Definition of VMO functions and maps.

VMO is the completion of smooth functions in the BMO norm, namely, a real function
f on X belongs to VMO(X,R) if f € BMO(X,R), and there is a sequence (f;) of smooth
functions such that ||f; — fllsmo — 0. In view of Lemma 1 we may also suppose that

15 = fller — 0.

VMO is equiped with the BMO norm.

Remark 2. In the definition of VMO(X, R) one could use continuous f; instead of smooth
fj- This follows easily from two facts:

(i) C°°(X,R) is dense in C°(X,R),
(ii) C°(X,R) Cc BMO(X,R) and

| fllBaro < 2| flco-

Similarly, one defines VMO(X,R"). Furthermore, a map u : X — RY belongs to
VMO(X,Y) if u € VMO(X,RY) and u(z) €Y ae. x € X.

As above, VMO(X,Y) is independent of the Riemannian metric on X. The fact that it
is also independent of the choice of embedding of Y in some Euclidean space follows from
a variant of Lemma 2. In view of this fact, unless we say otherwise, from now on we fix a
Riemannian metric on X, and an embedding of Y in R". The variant of Lemma 2 is:
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Lemma 2'. Let F be a Lipschitz map of RY into RP and let u € VMO(X,RY). Then
Foue VMO(X,RP).

For proof, see the more general Lemma A.7. A natural way to prove the lemma would
be to take a sequence of smooth maps u; tending to u in BMON L' and to show that
Fouj; — Fouin BMO. Indeed, this method of proof works, but it is more delicate than it
would appear. In fact u — F o u is not continuous in BMO N L'; it is however continuous
at points v in VMO. See Lemma A.8 and Remark A.1. The proof of Lemma 2’ that we
present is different; it relies on Sarason’s characterization of VMO:

Lemma 3 (D. Sarason [1]). u € VMO(X,RY) iff u € BMO(X,RY) and

(2) lim lu — e (z)| = 0 uniformly in x € X.
e—0 BE(CC)

Again, in view of (1”), property (2) is equivalent to

(2" limf f u(z)] =0 uniformly in x € X.
=0 fo. Tn0)

The implication: VMO = (2) is easy. Indeed, given § > 0, there is a
v e C%X,RY) such that

lu—v|Bpmo < 0/2.

Write

f lu — e (x
B (x)

| A

IN

I<f =)= @@ -n@)+f o)
(fv) Be(x)
i +
2 2

provided ¢ is sufficiently small (depending on v). Property (2) follows easily.

The converse implication is more delicate. It is in fact a consequence of a more general
form of Lemma 3, Lemma 3’ below. First some notation:

For v € BMO(X,R"™) and 0 < a < ro(X), set

M, = M,(u) = sup f fu — ()] < Jullsao
ES; Be(x)
TE

MO = Mo(u) = ollli‘r(l) Ma(u).
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Lemma 3’ (D. Sarason [1]). There is a constant A depending only on X (and choice
of Riemannian metric), such that, if u € BMO(X,RY), then

(3) Moy(u) < dist(u, VMO(X,RY)) < A Mo(u).
Here distance is measured using the BMO norm. More precisely,

(4) |u — || Brro < A Mo(u) Ve <7y, Yue BMOX,RY).

This is Lemma A.5.

Note that (2) says that My(u) = 0; hence (3) yields the implication < in Lemma 3. In
addition we have

Corollary 1. For any u € VMO(X,RY),

(5) @ —u||ppo — 0, Ge — u in L' as e — 0.

The first assertion follows from (3) and (4); the last assertion is well known. Another
consequence of (4) is:

Corollary 2. There is a constant A depending only on X (and choice of metric), such
that

(6) la.|lsao < Allullsyo Ve <ro, Yue BMO(X,RY).

If u € C°(X,Y), the map z — u.(x) maps X into R, but not into Y. However, for e
small it lies close to Y. (This is clear since 4. — w uniformly.) Surprisingly the same is
true for u € VMO(X, Y )—even though u need not be continuous. Indeed we have

M dist(i.(e).Y) </ July) - ae(o)] < Mo (w).
B.(x)
and M. (u) tends to 0, by (2).
Remark 3. Note that (7) holds if Y is any closed set in R™Y—not just a smooth manifold.

This fact is at the heart of the paper, because it allows us to project u., for € small,
onto its nearest point in Y.

As pointed out in the introduction, the role of VMO maps in conjunction with (7) was
first observed by L. Boutet de Monvel and O. Gabber.

Denote by P the projection operator in RY to the nearest point on Y (this is well
defined in a tubular neighbourhood of Y'). For € less than some &y,

(8) ue(x) = Puc(x) is well defined.

Here is one more
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Corollary 3. There is a constant C depending only on X such that for any
a <rp,€ < €o,
My (ue) < C (Mg(u) + M (u)) Yue VMO(X,Y).

Proof. We have
My (ue) < CM,(u.)
since P is Lipschitz continuous. On the other hand,
My (ue) < My (e —u) + My (u)
< AM_(u) + My (u)
by (4). O
Presumably, in the assertion of the corollary, the term C' M, (u) could be omitted. This

is clear in Euclidean space. [J

We will be considering families of maps in VMO(X,Y). Let ¥ € VMO(X,Y) be a
collection of maps. For each individual map u € F we have

9) lim dist(u.(z),Y) =0

e—0

uniformly in = € X, but this does not hold uniformly with respect to the map u. However,
if ¥ is a compact subset of VMO(X,Y’), then (9) holds uniformly in x € X and u € F.
This is an immediate consequence of (7) and the following:

Lemma 4 (Characterization of compact sets in VMO). Assume F is a compact
subset of VMO(X,RY). Then

(10) lin%ME(u) =0 holds uniformly in u € F.
E—

Conversely, if F is any collection of maps in VMO(X,RN) such that (10) holds, then F is
contained in a compact subset of VMO(X,RY).

Proof of the first assertion (the second, which is more delicate, is proved in the Appendix;
see Lemma A.16):

Given any 0 > 0 we may cover F by a finite number of balls

K
F | JBs/2(vi)

i=1
(where B refers to balls for the BMO norm).

For each ¢ there is some ¢; > 0 such that Ve < ¢,

(11) M (v;) < 6/2.
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Set eg = min g;. Given v € F, there is some ¢ such that
1<i<k

||?} — UiHBMO < 5/2.
Then Ve < g

M (v) < M. (v —v;) + M:(vi) < |lv = vil[BMmo0 + Me(v;)

<
< (8/2)+(§/2) by (11). O

Some further consequences of Lemma 3’ and Corollary 1 are:

Corollary 4. Given ue VMO(X,Y),

lue —u|lBmo — 0, ue — w a.e. ase — 0.

Proof. We have

|lu — Pu.||pmo < ||u—te|Bmo + ||t — Puc|| o
< HU - GEHBMO + 2’/&8 - PﬂE‘CO
< |lu — @.||Bao + 2supdist(ae(z),Y)
xTr

— 0 ase—0,
by (5) and (9). O

Corollary 5. Given uw € VMO(X,Y), there exists a sequence u; € C*(X,Y) such that
u; — u in BMO and a.e.

Proof. Since C*°(X,Y) is dense in C°(X,Y) the result follows with the aid of Corollary
4.

Section 1.2. Some examples of BMO and VMO functions

As we have said in Remark 2, continuous functions f on X belong to VMO and

(12) | fllBro < 2|f|co.

A less obvious class consists of functions in Sobolev spaces corresponding to limiting
cases—where the embedding is into L? for every p < oo, but not into L.
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Example 1. W1"(X) c VMO(X) with continuous embedding.

Proof. We first prove that W17 (X) ¢ BMO(X), with continuous embedding. By Poincaré’s
inequality—which even holds on a manifold—we have, for ¢ < rg,

/ |u—ﬂg(x)|§C'€/ Vul.
B:(x) B.(x)

1/n
/ lu — G ()] < Ce™ (/ yww)
BE(J;) BE(I)

Hence

and thus

1/n
(13 / |u—ag<x>\§c(/ |Vu|"> ,
B.(x) B.(x)

which implies the desired conclusion. The embedding in VMO now follows easily from (13)
and Lemma 3.

More generally, we have:

Example 2. W*P(X) C VMO(X) in the limiting case of the Sobolev embedding, i.e.,
sp=mn, 0 < s <n (s may or may not be an integer).!

Proof. We distinguish two cases:

Case 1: s > 1. Then, by the Sobolev embedding, (see e.g., R. A. Adams [1|, Theorem
7.57),
WeP(X) Cc WH(X)

and the conclusion follows from Example 1.

Case 2: 0 < s < 1. Recall that

|P
WP (X
{ / / |dlsta:y|sf’+”<OO

and in our case sp = n, so that

WP (X / / |p<oo .
|dlsta:y

IFor the definition and general properties of fractional Sobolev spaces, see e.g., R. A. Adams [1],
Chapter VII.
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As before, we first prove that

(14) W#P c BMO with continuous injection.

To prove (14), we compute for € < rq,

o ormsorsh, f O o
B.(z) B(m) Be(z)J B (2) !dlSt y, \7

p
of [ ey
B.(z) /B.(x) |d18ty z)[2n

which yields (14). It then follows, as above, that W*? C VMO.

Next we present some specific functions in BMO or VMO. The functions are defined
on some bounded domain 2 in R™ containing the origin; {2 may be considered as an open
subset of a compact manifold X.

Example 3. The function log || belongs to BMO(f), for any n (see F. John and L. Niren-
berg [1] or E. Stein[1], Chapter IV, Section 1.1.2). However, log|z| is not in VMO. To see
this, observe that

B fBl (0)

I :f log |y| —f log |z|
B<(0) B (0)
and thus I does not tend to zero as € — 0.
Example 4. The function f(z) = log|log|z|| is in VMO(Q). An easy way to verify this
is to observe that f belongs to W1(2), when n > 2, because

C
= |al[logx||

log ] — f log 2|,
B1(0)

VI <

For n =1, f is the trace on R of the function log | log ]:cH in R?—which belongs to W2 =
H' in any bounded region on R?. Consequently its trace belongs to H/2(Q) = W%’Q(Q).
By Example 2, this function is then in VMO.

Applying Lemma 2" we see that the functions exp(ilog |log|z||) or sin(log | log |z||) also
belong to VMO.

Example 5. The function f(z) = |log |x\| for 0 < < 11isin VMO(Q).

Proof. Observe first that f € Wﬁ): incasen >1/(1 —«a). If n <1/(1 — a), fix an integer
m > 1/(1 — ). Then the function f(z) belongs to W,-"™(R™). Consequently its trace on

loc
L1
R™~! belongs to VV&)C =™ (R™=1). Continuing to take traces, we find that f € W, (R").

Again by Example 2, f € VMO(9).

loc

We conclude this section with a particular, but useful sequence of VMO functions in R.
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Example 6. In R, consider the sequence

1 if 2] < 1/52
B lglal] 4 1 <t
filz) = log j j j
1
0 if |z| > -.
j

Then
| fill gz — 0 as j — oo.

In particular, ||f;||prmo — 0.

Proof. Consider the sequence for z € R?. One easily verifies that

I fill 1 (r2y — 0.

The desired result then follows by taking trace.

The reader may prefer a direct argument showing that | f;|[smo — 0, an argument
which does not rely on trace. Here is one: f; may be written as

1
fj(z) = min {1,max{0, -1- (l)og;j‘ } .

Since F'(t) = max{0,t} is Lipschitz with Lipschitz constant 1, it follows from Lemma 2
that

log ||
max{0,—1 — —— < - || log |z
maxto. 1= B < o ioglal
C
< -.
~ logj
Similarly,

C

1fillBrmo < Tog j

This argument shows that for any n, f; as defined above, in R", satisfies

C
1fillBaro < e
0gJ

Remark 4. In Example 6 it seems natural to replace f; by a simpler sequence of functions,
in which f; is linear on (]%, %) However, the reader may verify that, then | f;|[smo does
not tend to zero. Our sequence (f;) is the kind of sequence which is commonly used to

prove that in two dimensions, a point has zero capacity.
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Section 1.3. Degree for VMO maps

This is our main topic. We consider VMO maps from X to Y. Here, X and Y are
smooth n-dimensional compact manifolds without boundaries—which we now assume to
be oriented manifolds. We shall define a degree for such maps and show that it has some
of the usual properties of a degree.

We first put a Riemannian metric on X and consider Y as smoothly embedded in some
RY. Recall that for a C' mapping v : X — Y,

1
det J, (x),
volY/X et Ju(z)

where J,(x) is the Jacobian at = of the map u computed in terms of geodesic normal
coordinates at x and at u(z). This integral clearly makes sense for a map in W1 " (X,Y).
We shall prove later that for such a map, this expression is indeed an integer. This fact
suggests that degree theory, which extends to continuous maps, extends also to maps in
WLn(X,Y). In an attempt to find a general class of maps including both of these, the
natural candidate seems to be the class VMO.

degu =

We now proceed to define the degree for a VMO map u: X — Y.
Definition. Let v € VMO(X,Y). For 0 < € small, recall

Ue(z) :fBE(m) u and u.(z) = Pu.(x).

Define
deg(u, X,Y) = deg(u., X, V)

for € small. We claim that this is independent of €. Indeed for £ small, since u. is
continuous, deg(u, X,Y) is defined. Furthermore, using the deformation . (1), for
g, small, 0 <t <1, we see that degu, = deg u,-.

In principle, deg(u, X,Y’) depends on the choices of metric on X and of the embedding
of Y. We shall see soon that it is independent of these choices. We first establish an
important fact about this degree, namely, that it is stable under perturbation in VMO:

Theorem 1. Let u € VMO(X,Y). Then there exists 6 > 0 depending on u, such that if
ve VMO(X,Y) and
d(u,v) <4,

then

(15) degv = degu.

Recall that d(u,v) refers to the metric induced by the norm of BMO(X,RY) once an
embedding of Y has been chosen. Easy consequences of Theorem 1 are
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Corollary 6. Let H(-) be a one-parameter family of VMO maps from X toY, depending
continuously in the BMO topology, on the parameter t. Then

deg H(-) is independent of t.

Corollary 7. deg(u, X,Y) is independent of the choices of Riemannian metric on X and
of the embedding of Y .

Proof. Suppose we have another metric on X and a smooth embedding of Y in some RP.
We then obtain another family @, mapping X — Y. There is a corresponding degree d.
By Corollary 4, 4. — u in BMO(X,Y) as ¢ — 0. Applying Theorem 1 we obtain the
desired conclusion.

In the proof of Theorem 1 we shall use

Lemma 5. Consider u € VMO(X,Y). Suppose that for some constant vector £ € RY,
u(z) +£€Y  ae.

Then
deg(u + &) = degu.

Proof of Lemma 5. We need only consider £ # 0, and, in fact, in this case we will also
prove that both degrees are zero. We may suppose £ = (£1,0,0), & > 0 and also that
0 €Y, and that y; <0 Vy € Y. Then

up(z) < =&, ae. on X.
Consequently for € < rg, the first component of @.(x) < —&;. It follows that for ¢ small,
the first component of Pu.(x) = u.(z) is less than —&; /2. This implies that the image of

u. does not cover Y, and so degu. = degu = 0.
Reversing the roles of u and u + &, we conclude that deg(u + &) =0. O

Proof of Theorem 1. Suppose the assertion of the theorem is false. Then there exists a
sequence (vj) such that

|lv; —ullBMo — 0 and |degv; — degu| > 1.
Since the (v;) are compact in VMO, we know by Lemma 4 and (7) that
dist(0j,.(2),Y) =0 ase—0
uniformly in j and in « € X. Hence there exists €y > 0, such that

Vje = PUj.
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is well defined for all j and all € < gg. By definition,

(16) degv; =degv;. Vj, Ve <ep.

& fo(vj —u).

[ 1oy = u=&1 < Cll ~ ulmaro — 0.
X

Fix some ¢ < gq. Set

By Lemma 1,

For a subsequence, we may assume &; converges to some vector £, since Y is bounded.
Hence v; — u+ ¢ in L' and a.e. Therefore u+ ¢ € Y a.e. and also

Vje — Ue +& uniformly on X as j — oo,

—recall that ¢ is fixed. Hence v;. — (u+ &) as j — oo uniformly on X. For j large it
follows that degv; . = deg(u + £). and consequently

degv; = deg(u +¢§)

by (16) and by definition of deg(u + &). By Lemma 5 the proof is complete.

Remark 5. We have defined degu with the aid of particular approximations of u by
continuous functions tending to w in BMO, namely the u. (see Corollary 4), and we set
degu = deg u.. The preceding theorem shows that we could have used any approximation
by continuous maps, tending to u in BMO. Theorem 1 is somewhat subtle for various
reasons:

1) BMO convergence is weaker than uniform convergence but stronger than any LP,
p < oo (modulo constants). Degree is not preserved under small perturbations in LP,
p < oo. For example, the following maps u; of S! to S', have degree one, but their L?
limit is a constant—and thus has degree zero:

u;j(0) = elei(0)
where ¢;(0) =0 on (0,27 — %) and ¢; goes linearly from 0 to 27 on 27 — %, 27).
2) Recall that when working with the C° norm, there is a uniform 6 > 0 such that
lu —v|co < 6 = deg(u, X,Y) = deg(v, X,Y).
For then, u is easily deformed to v via
P(tv+ (1 —t)u).

Surprisingly, in Theorem 1, the ¢ really depends on u. Here is an example for X =Y =
S' showing that if v and v are maps of S* to S which are close even in H'/2, they need
not have the same degree.
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Lemma 6. Given ¢ > 0 there are two smooth maps, u,v of S' to S* with

(17) HU—UHHl/z <e
such that

(18) degu =0 and degv = 1.
Proof.

Step 1. We first construct u,v € C°(S', S') with v — v in H'/2, satisfying (17) and (18).
Recall that there is a continuous function p defined on R with support, in [r—§, 7+4d],p > 0
in (m—0,m+9), p symmetric about 7 nondecreasing on (7 — 6, ), p(7) = 2, and such that

ol e <e.

Here 6 depends on ¢ (see Example 6 in Section 1.2).

Using p, we construct v and v of the form

w=e", v= e(f+9)

on [0, 27] such that
f(0) = f(2m),  g(2m) — g(0) = 2m.

Thus we will have degu = 0,degv = 1.

We first define g as a continuous nondecreasing function on (0, 27), with

{o on [0,7 — 4]

9 p—
9(0) 27 on [+ 0,27,

and such that ‘
€9 — 1| = p(#) on [0,2n].

This defines ¢ in a unique manner.

Next we define f on (7 — 6,7+ 6) as f = —arg(e’¥ — 1). Note that
7r
f(6) — -5 a8 6\, (m—9),
f0) — —3?7 as 0 / (m+6).

We then extend f to [0,27] continuously so that f(0) = f(27). Any such extension will
do.
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The point is that
v—u=e’l(e9—1)=p.

This is clear on (7 — §, 7 + ), and even clearer outside.

Step 2. We may approximate v in C° by smooth functions, and may approximate u — v
by smooth functions in the C° N H'/2 topology. The sum of these approximates is an
approximation of v in C°. O

Remark 6. By a slight modification we may even construct two smooth maps u,v of S*
to S* with
Hu — ’U||H1/2 <e€

such that
degu =0 and degv =k

(for any given integer k and any given & > 0).

Remark 7. We have defined the degree for VMO maps of X to Y. The degree can, in
fact, also be defined for v € BMO(X,Y), with u “close” to VMO. More precisely, there is
a 6 > 0 such that if w € BMO(X,Y), and

dist(u, VMO(X,Y)) := Clorg( Y)d(u,v) <0,
ve s

then u has a well defined degree. The distance d, and hence the number §, depend on a
particular choice of Riemannian metric on X and on the embedding of Y.

Section I.4. Some properties of degree

The setting is the same as in the previous section. We consider VMO maps from X to
Y and show that standard properties of degree carry over. Here are some:

Property 1. If degu # 0 then
essR(u) =Y.

Here, essR(u), the essential range of u, has to be explained.

The notion of the range of a measurable map is not well defined, since the map may
always be modified on a set of measure zero, keeping the new map in the same equivalence
class. It is important to introduce a notion of the range of u which is independent of the
choice of representative in the class of equivalent maps.

Definition (essR). The essential range of a map u, essR(u), is the smallest closed set ¥
in Y such that

u(z) € ¥ a.e.
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Claim. This is well defined.
Proof. Let (X4)aca be the family of all closed sets (3,) in Y, such that Va,

u(x) € Xy, ae.

Set X = [ X,. We assert that
acl

u(z) € ¥ a.e.

This follows easily from the general fact that there is a countable subset J C A such that

Y= ﬂza.

aed

To see this, let O, = £%; O = |J O, = £¢. The open set O may be written as a
a€EA
countable union of increasing compact subsets, K;,i = 1,2,.... Each K; is covered by a

finite number of the O,. Hence O is the countable union of these. ¥ is the intersection of
their complements. [

The notion of essential range for a complex-valued measurable function f is commonly
used in the theory of Banach algebras (see e.g. R. G. Douglas [1]). There it is defined as
the set of all A € C for which {z € X;|f(z) — A| < €} has positive measure for every € > 0.
It is easy to see that this notion is equivalent to our definition when C is replaced by Y.

Proof of Property 1. We argue by contradiction. Suppose essR(u) omits a point yg. Then,
for some r > 0,
essR(u) N B (yo) = ¢.

Setting
%= Y\B: (o),

we clearly have u(z) € ¥ a.e. Since u € VMO,

lim |lu — te(x)] =0 uniformly in z.
e—0 Bs(x)

Therefore

dist(ue(z),%) — 0 uniformly in z,
which implies

dist(ue(z), %) — 0 uniformly in z.

Consequently, for € small, degu. = 0, contradicting the assumption that
degu. = degu # 0.

Property 2 (Hopf). If u,v € VMO(S™,S™) and have the same degree, then they are
homotopic within VMO(S™, S™).
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Proof. By our construction, degu. = degu = degv = degwv.. The well known re-
sult of Hopf says that u. and v. are homotopic within C°(S™,S™) and therefore within
VMO(S™,8™). On the other hand, u. is homotopic to v within VMO(S™, S™) (via ).

Property 3 (Borsuk). Let U and V be symmetric open bounded neighbourhoods
of the origin in R"™, with smooth boundaries OU, 0V —each of which is connected. Let
u € VMO(0U,0V') be an odd map. Then degu is odd.

Proof. One may simply apply Borsuk’s theorem to u. which is also an odd map.

Property 4. We return to the setting of Section 1.3. Let u € W1™(X,Y) so that
u € VMO(X,Y)—see Example 1 in Section 1.2. Then

(19) degu/,u:/,uou
Y b's

where 4 is any smooth n-form on Y.

Observe that in local coordinates, the integrand involves the determinant of the Jacobian
of the map, and hence is integrable. Formula (19) is well known for smooth maps (see e.g.,
L. Nirenberg [1]).

The proof relies on the following:

Lemma 7. Given u € WY (X,Y), there is sequence (u;) of smooth maps from X to'Y,
converging to u in WHH",

Lemma 7 follows R. Schoen and K. Uhlenbeck [1], and is proved in the Appendix—see
Lemma A.11.

Remark 8. In general, if p < n, smooth maps from X to Y are not dense in W1P(X,Y).
However, F. Bethuel [1] has shown that they are dense iff the homotopy group 7, (Y) is
Zero.

Assuming the lemma we give the

Proof of Property 4. Let (u;) be the sequence of Lemma 7. Then, by convergence in W™,

/,uouj—>/uou,
X X

On the other hand u; — w in BMO, by Example 1 in Section 1.2, and so, by Theorem 1,
degu; = degu for j large.

Property 5. Let 2 be a bounded domain in R™ with smooth connected boundary 0f).
Suppose u € W1 (Q,R™) (so its trace is defined on 92) and suppose that

w: o0 — S™ L
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Then

1
(20) deg(uyq, 00, ") = —/ det J,,.
1B1l Jo

Formula (20) is a well known formula for the degree in case u is smooth. In the more
general situation, the right hand side makes sense because u € W™, The left hand side

makes sense because u/,, belongs to Wlfi’”(aQ) which, by Example 2 in Section 1.2, is
contained in VMO(092).

Corollary 8. Let 2 be a bounded domain in R™ with smooth connected boundary 0S). If
u € WhH™(Q, 8" 1) then
deg(u,,, 09, 5" 1) = 0.

Returning to Property 5, we shall prove (20), as expected, via approximation; namely,
using the following—which we formulate more generally (see Lemma A.13):

Lemma 8. Let 2 C R™ be a domain with smooth connected boundary 0. Let Y be a
compact manifold without boundary, smoothly embedded in RY. Let u € W1(,RY) such
that

u(0)) C Y.

Then there is a sequence (uj) of smooth maps of Q into RN such that

u;(0Q) C Y, Vi, and u; — u in WH™.

Assertion (20) is a simple consequence of Lemma 8, for the ujsn converges to usq in
W1=wm(90) and hence in BMO. Thus

deg(ujja0, 0, Y) — deg(u|pn, 0Q,Y)
by Theorem 1. Furthermore, the integrals on the right of (20) for the wu; tend to that for
u.

We use Corollary 8 to prove a stronger result:

Theorem 2. Let 2 and Z be smooth bounded domains in R™ with 0) and 0Z connected.
Let u € WHn(Q,R™) be such that

u(002) C 0Z
and
(21) deg(u,,,00,07) # 0.
Then

essR(u) D Z.
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Proof. Since essR(u) is closed it suffices to show that essR(u) D Z. Suppose not, i.e.,
suppose that some zp € Z is not in essR(u). Then a closed ball B,(z) lies in Z and is
disjoint from essR(u). Let P be the nearest point projection onto B, (zp). Set

v = Pou.

Clearly v € W1 (Q,R"™) and v(Q) C S,(20), the sphere of radius r centered at zg.

Hence, by Corollary 8,

(22) deg(vy,,, 09, S,) = 0.
Next we claim that
(23) deg(uwg,@Q,E)Z) = deg(v|897897 ST)

The conclusion of the theorem is then an immediate consequence of (21-23).

Proof of (23). We reduce it to the smooth case. Namely, by Lemma 8, with Y = 07, we
know that there is a sequence (u;) of smooth maps from Q into R™ such that u;(9Q) C 87,
and w; — u in W™, Since ujjpq — ujaq in W% "(dQ) it also converges in VMO(9Q).
Set v; = Pu;. Applying Lemma A.8 we find that v;jpq — vjaq in VMO(9Q). By Theorem
1 and Example 2 of Section 1.2, for j large,

deg( 00,07) = deg( 00, 02)

Ujl o0 s Ulpas

and
deg(vj|,,, 0, Sy) = deg(vjpa, 082, S,.).

However, it is well known that

deg(uﬂaﬂ, 00,07) = deg(uj,Q, zo)

and

deg(vjjan, 09Q, S,) = deg(vj, Q, 2o).
Finally, the two degrees on the right hand sides are the same by the following homotopy
Hi(z) = tuj(z) + (1 —t)vj(z), tel0,1].
This completes the proof of (23). O
Remark 9. The assumption that u belongs to W™ in Theorem 2 is sharp in that it

may not be replaced by u € WP with p < n—even if u is smooth near 9, so that the
degree of u|pn makes sense. Namely, for n > 2 and Q = B;(0) the map u(z) = z/[z[ is in
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WLP(Q,R") for any p < n; moreover ujpn = Id and so has degree one, but the conclusion
of Theorem 2 does not hold since essR(u) = S™~1.

The reader may ask if in Theorem 2, the condition v € W1 (Q, R™) may be replaced
by u € VMO(Q2,R™). This is a delicate issue, since maps in VMO(£2) do not in general
admit a trace on 9€). We will be led in Part II, Section 3, to the notion of a special class
of maps in VMO(Q?) admitting a trace on 02, which belongs again to VMO(0f2). For such
a class, which includes W1(Q), we will have a generalisation of Theorem 2 (in Part II,
Section 4).

Section 1.5. Further comments

1. One may discuss BMO and VMO maps from compact X to compact Y even if their
dimensions are different, say maps of S™ to S¥. The space of continuous maps from X
to Y decomposes naturally into its components C; namely, maps u and v are in the same
component if there is a homotopy within C°(X,Y") of u to v. Similarly, the space of VMO
maps from X to Y also decomposes into components via homotopy. There are two natural
notions of homotopy for maps in VMO:

a) Two maps u,v € VMO(X,Y) are said to be homotopic within VMO N L! if there is
some deformation H € C([0,1], VMO N L) such that H(0) = u and H(1) = v.

b) Two maps u,v € VMO(X,Y") are said to be homotopic within VMO if there is some
deformation H € C([0,1], VMO) such that H(0) = u and H(1) = v.

Clearly, the first notion is stronger and, in general, it is strictly stronger (see Remark
A.6). Surprisingly, the two notions are equivalent in the special case where Y = S* k > 1,
(see Lemma A.23).

Homotopy classes of VMO(X,Y") in the sense of definition a)—homotopy within
VMO N L'—are in one-to-one correspondence with the homotopy classes of C°(X,Y).
They are simply the closures of the above C; in VMONL! (see Lemma A.21).

In contrast, the spaces LP(X,Y), 1 < p < 0o, and BMO(X,Y") are arcwise connected.
It suffices to prove this for p = co. We sketch a proof.

Step 1. Denote by PC(X,Y) the set of measurable maps from X to Y taking on only a
finite number of values in Y. Given any measurable map f: X — Y and any € > 0, there
exists g € PC(X,Y) such that ||f — g||r~ < e.

Step 2. For t € [0,1], tf(x) + (1 — t)g(z) lies within € of Y. Hence hi(z) = P(tf(z) +
(1 —t)g(x)) lies in Y and connects g to f continuously in ¢, within L*>°(X,Y).

Step 3. Given go,g1 € PC(X,Y), they may be connected by a continuous arc within
L>*(X,Y). Namely, we may always assume that go and g; have the form

90 = XXw; Wiy g1 = XXw; bi
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for some finite partition (w;) of X, with a;,b; € Y. For each i let ¢;(t),0 <t < 1, be a
continuous arc in Y connecting a; to b;. Then the maps

gi(w) = Xxw, (v)pi(t) 0<t <1

connect gg to gj.

A continuous map from X to Y naturally induces a map from homology in X to ho-
mology in Y. The same is true for a VMO map u—rvia approximation by wu..

2. A. Granas pointed out that several authors have previously considered fixed point
properties, and degree theory, for some classes of maps which are not continuous (see
O. H. Hamilton [1], J. Stallings [1], H. A. De Kleine and J. E. Girolo [1]). A class which
plays an essential role in their considerations is one introduced by J. Nash [1] called “con-
nectivity maps”. By this is meant that the graph of such a map f over every connected
subset of X, is a connected set. H. A. De Kleine and J. E. Girolo [1] developed a degree
theory for a somewhat more general class (“almost continuous” maps). However, their
degree is a collection of integers. We do not see how our degree is related to theirs.

We point out, however, that if u € VMO(X,Y) and A is a connected subset of X then
¥ = essR(uja) is connected. This may be seen as follows: If ¥ is not connected then
Y =¥ UXs where 31, 35 are nonempty disjoint closed sets. Recall that since u € VMO,

dist(us(A),X) — ase — 0.

On the other hand, u.(A) is connected. Therefore for € small, dist u.(A) to either 3

or Mg is < g = %dist(Zl, ¥.5). Consequently, using a sequence &; — 0, we conclude that

essR(u|4) is contained either in ¥; or in ¥5. Impossible.

3. Our degree theory holds in particular for a map u € H'/?(S1, S'). As remarked earlier,
L. Boutet de Monvel and O. Gabber previously defined a degree for such maps, given by

1 27

24 d = — udu.
( ) egu o . uau

This integral makes sense since & € H'Y? and @ € H-Y/2. That u is in H'? may be
expressed in terms of its Fourier coefficients. If

o0
_§ ’ o190
U = aje
— o0

then

oo
laliFpe =D 1l lay .
—oo
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I. M. Gelfand raised the question: what is degu in terms of its Fourier coefficients?
More generally, for maps v : S™ — S™, what is degu in terms of its expansion coefficients
in spherical harmonics? It is easily seen from (24) that

(25) degu =Y _ jla;|*

From the fact that |u(6)| = 1 it is not a priori clear that the right hand side of (25) is an
integer. The condition that |u(#)] = 1 on S! is equivalent to

D lal?=1
o

Z ajajyr =0 for all integers k # 0.

j=—o00

For a continuous map (or VMO map) u : S — S?, its Fourier coefficients are defined.
But the series in (25) need not be absolutely convergent.

Open Problem: What summation process makes it summable so that (25) holds?

When working with maps from S™ to S™ one would use the formula that

degu = det(u, ugy, ... Uy, )do

1
157 Jgn

computed using normal geodesic coordinates (x1,... ,x,). If one represents u via spherical
harmonics, this leads to some complicated expressions.

4. Recently, M. Giaquinta, G. Modica and J. Soucek [1] introduced a notion of degree for
rectifiable currents and for approximately differentiable maps with Jacobian determinant
in L' (see also a related work by M. Esteban and S. Miiller [1]). We do not know if it is
related to our degree.

5. To every function ¢ € L*(S!,C) corresponds a Toeplitz operator T, in the Hardy
space H?; see e.g. R. G. Douglas [1], Chapter 7. When ¢ € C°(S*,C), T}, is Fredholm if
and only if |¢| > « > 0; moreover

ind(T,,) = —deg(%,Sl,Sl).

A similar result holds assuming only ¢ € L>(S1,C)NVMO(S*,C) ; see Theorem 7.36 in
Douglas [1] (where it is stated in different terms). We will return to this topic in Part II.

Section 1.6. Lifting of BMO maps
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This section is largely inspired by an interesting result in R. Coifman and Y. Meyer [1].

One form of their result asserts that there exist constants 6,C' > 0 such that every
u € BMO((0,1), S') with

(26) ullBaro < 6

may be lifted as

27) { u=e"% e BMO((0,1),R)

el Brmo < Cllullamo-

We present variants of this result, in that we replace the interval (0,1) by our compact
n-dimensional manifold X without boundary. In addition, we will see that (26) is not
needed when working with VMO, as opposed to BMO.

Here is a first result:

Theorem 3. Anyu € VMO(X, S') which is homotopic within VMO(X, S') to a constant
map may be uniquely written as

(28) u =" with ¢ € VMO(X,R), ng p < 2m.
b'e

Furthermore, the map u — ¢ is continuous from VMONL' (respectively VMO) into
VMON L' (respectively VMO).

Remark 10. (i) Note that we give no estimate of ||¢|/smo- (ii) The converse of Theorem
3 also holds, namely, any u of the form in (28) is homotopic to a constant within VMO—
because of Lemma A.8, via the homotopy e, 0 < t < 1. (iii) As a consequence of
Theorem 3, and Property 2 in Section 1.4, we may assert that any map v € VMO(S!, S1)
with degree zero, may be written as e'? with ¢ € VMO(S!,R), and conversely. More
generally, any v € VMO(S1, S1) may be written as

’LL(Q) — eik9+i<p(0)

where k = degu, and ¢ € VMO(S!,R). This is easily seen by considering e~*%y(f).
(iv) If m1(X) = 0, then every map u € VMO(X, S*) may be written as in (28). This is
a consequence of the corresponding fact for continuous maps: one repeats the argument
used in proving Theorem 3.

A variant which is closer to the result above of Coifman-Meyer is

Theorem 4. There exists § > 0 (depending only on X ), such that if u € BMO(X,S1)
and

(29) lullBaro <6,



H. BREZIS AND L. NIRENBERG 29

then '

u=e"? with p € BMO(X,R),
and
(30) lellBro < 4llullBaro-

The central idea in the proof of Theorem 3 and 4 is the same. We proceed as follows:
(i) We approximate u by our u. (using averaging, #., and projection on S1); (ii) We lift
u. as u. = €'?<, and derive estimates for ¢.—in case of Theorem 4 we prove (30) for o.;
(iii) Finally, we show that . converges as ¢ — 0 to the desired function ¢ € BMO(X,R).

Our proof of Step (ii) is very different from that in R. Coifman and Y. Meyer [1]. It relies
on the John-Nirenberg inequality, in the form described in Appendix B, while they used
estimates of commutators. We have been informed that L. Carleson, in a personal com-
munication to Y. Meyer in 1979, also proved Step (ii) using the John-Nirenberg inequality
rather than commutators.

There is a result which includes Theorem 3 and part of Theorem 4; it involves
u € BMO(X, S1) with small distance to VMO(X, S')—see Theorem 5.

Proof of Theorem 3. Since u € VMO(X, S1), there exists some g9 > 0 such that for every
e < g9, us = P, is well defined, and converges to u in BMO N L' as ¢ — 0. In what
follows, we always take € < ¢g, and sometimes restrict € further.

Step 1. There is some €1 < g such that for every € < €1, u. may be written as
(31) U = e'¥e

with . € C%(X,R) and

(32) 0< f 0. < 2.
X

Proof. We rely on Lemma A.23 according to which u is homotopic to a constant within
VMO N L. Denote the homotopy by H(t),0 <t <1, with H(0) = u, H(1) = a constant.
Since H([0,1]) is a compact set in VMO, by Lemma 4, there is some ¢; < gy such that
for every ¢ < ey, H(t). is well defined. It yields a homotopy of u. to a constant within
C°(X,S'). Here we use the fact that t — H(t) is continuous in L!. We are therefore
reduced to the classical continuous case, yielding (31). By adding an appropriate integral
multiple of 27 to ¢., we may achieve (32).

From now on, ¢ < ¢;.
Step 2. There is a constant C' depending only on X such that

(33) Mi(ps) < 2Mi(u.) + CMZE(p.) VYt <rg, Ve<e.
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Proof. Since

(34) e —1 —it| < %R vt € R,
one easily finds that, for a, 3 € R,

(35) o~ 8] < e — ] + S (a— )"

To verify (33) we recall that

<supf f ke - eelol
mEX B, (x)J B, ()

Applying (35), with o = . (y), 5 = p:(z) we find, as in (1”), that

(36) Mi(pe) < 2Mi(ue) + = Sup/ / e (2 )|2
l‘GX B,(z)J B, (cc)

We now use Lemma B.4 to see that the last term in (36) is
< 6Mt2(§0£);
(33) is proved.

Step 3. There is some a > 0 such that
(37) Mi(pe) < AMi(us) VYVt <a, Ve<e.
Proof. Since for ¢ < e, the family (u.) is compact in VMO, there is some a > 0, by

Lemma 4, such that

M (ue) < Ve <1

Ne)
al =

1
We now claim that for such a, M;(¢:) < el Vt < a—which yields (37) via (33).

1
Indeed, since M;(¢.) tends to zero as t — 0, we see by (33), that M;(p.) < PYei in some

neighbourhood of ¢t = 0. If the claim were false, then since M;(p.) is continuous in t—see
Lemma A.15—there would be a first value of ¢ < a such that

1
My(p:) = ﬁ
But then by (33), for that ¢,

= My(pe) < 4My(ue) <

&l =

1
2C
Impossible.

Step 4. Existence of . We make use of an elementary, but very useful, observation of
G. David (which simplifies our original presentation).
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Lemma 9. Let f € C°((0,a),R), for some o > 0, and assume that limef(¢) exists. Then

e—0

lim f(e) ewists.
e—0

The proof of Lemma 9 is obvious and relies on the connectedness of the range of f.

Since u. € C°((0,e1) x X, S') we may lift it as u. = €'?= with ¢. € C°((0,1) x X,R).
Recall that lir% u(x) exists at every Lebesgue point x of u. By Lemma 9, p(z) = lir%goe(a;)

exists at every such z, hence a.e. on X. Moreover u = e'?.

We now prove that ¢ € VMO. From (37) we deduce that, for every x € X

f f loe(y) — e (2)| < 8My(ues) Vr<a, Ve<e.
B, (z) v B(x)

Recall (see Corollary 3) that
M, (us) < C(My(u) + M (u)).

We may then pass to limit as ¢ — 0, using Fatou’s lemma, and conclude that

Jof e - e <50Mw) <
B’"(m) Br(m)

It follows, by Sarason’s Lemma 3, that ¢ € VMO.

1
Step 5. Uniqueness. Suppose ;1 and @9 are solutions of (28). Then n = 2—(901—902) €7
7y

a.e. On the other hand, since n € VMO, ess R(n) is connected, see Item 2 in Section I.5.
Hence essR(n) is reduced to a point, i.e., n is constant; by (28), n = 0.

Step 6. Claim: There exists a > 0 depending only on X such if a < ry and
MCL (u> S «,

then

Mo(p) < 4AM,(u).
Here u is as in the theorem, and ¢ is the unique solution of (28).
Proof. We may take a = 1/(9C) of Step 3 and repeat the arguments of Steps 2 and 3,
deleting € everywhere.
Step 7. Continuous dependence of u — .

At first, let (u;) be a sequence converging in VMO to u, each homotopic to a constant.
We have the corresponding ¢;. By Lemma 4, we know that there exists some ag such
that—for o in Step 6—

Mg, (uj) <a V.
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Hence for a < ag,
(38) M, (p;) < 4Mo(uz) Vj.

Since M,(u;) — 0 as a — 0, uniformly in j, the same is true for M,(y;). Consequently by
Lemma 4, again, the (p;) lie in a compact set in VMO. A subsequence, still called (¢;),
converges in VMO to .

In view of the fact that 0 < f ¢; < 27 we may assume that
X

J oi—v) -t

By Lemma 1, ¢; — ¥ +/{ =: ¢ in L'. For a further subsequence, still denoted P, Pj — @
a.e.

1. Continuity from VMO N L' into VMO N L. We suppose, then, in addition that u; — u
in L'. Consequently
u=e'.

Convergence of the full sequence (¢,) follows from the uniqueness of ¢.

2. Continuity from VMO to VMO. We established above that for a subsequence

v, — ¢ InVMON L'

We can no longer infer that u = €'¥; we can only say that
u=e%+c

for some constant c. We need only consider the case ¢ # 0. In this case, u takes its values
in S1 N (S! + ¢), which consists of one or two points. Since essR(u) is connected (see
paragraph 2 in Section 1.5), v must be a constant, thus also ¢. Since ¢; — ¢ in BMO it
follows that ||¢;|| aro — 0. Continuity is proved. O

We turn now to the

Proof of Theorem 4. Given u € BMO(X,Y), recall that . is defined for every ¢ < r¢; by

(7),
dist(uc(z),Y) < M. (u) < ||u||Bpmo, Ve X.

Thus if ||u|| papro < some small § (depending only on X ), we may define u. = P, for every
e <ry.

Now consider u € BMO(X, S) with ||u| garo < 8. We will show that for § sufficiently
small, u = €*?, with ||¢|lBmo < 4|lullBmo-
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Step 1. According to Lemma A.18 there is a § depending only on X such that if
|ullrpro < 6, then for each € < rg, u. is homotopic (within C°(X,S!)) to a constant.
Hence we lift u. and write it as

(39) Ue = ewsa Pe € CO(X7 R)?
with
(40) 0 gf 0. < 2.

X

By Step 2 in the proof of Theorem 3, we have
(41) M;(p.) < 2Mi(ue) + CMZE(p.) VYt <rg, Ve <.

Now
M (ue) <||uellBmo < Cllus|Bro

by Lemma 2, for some constant C.

Using Corollary 2 we conclude that
(42) M;i(ue) < CHlullppo < C*6 Vit e < ro.

Next, arguing as in Step 3, we find that if

1
(43) C* < —,
9C
then
(44) Mi(p:) < AMi(ue) Vte < ro.

In particular, by (42),

(45) l¢ellBrmo < 4C*||lullppro < 4C™6.

Step 2. Existence of ¢. We see, as in the proof of Theorem 3 (Step 4), that
o(z) = lin%goE (x) exists a.e., and that u = ¢’?. From (45) we deduce that, for every B, (x),
e—

(40 o te) - el <80 fullao.
B,.(z) J B,(x)

Using Fatou’s lemma we conclude that ¢ € BMO and

(47) el Bro < 8C™||ullBmo-



34 A DEGREE THEORY FOR BMO MAPS

Finally, we get rid of the factor C* in (47). Namely, as in Step 2 of the proof of Theorem
3, applied to u and ¢, we find

lellro < 2llullsmo + Clielibao
< 2|jul| prro + 8C*Cd| ¢l Bro
by (47). Assuming 16C*Cd < 1 we obtain the desired conclusion. [

Remark 11. The reader may think that the space S' plays a special role in Theorems 3
and 4. However this is not the case. One considers, in addition to the target space Y, a
covering space Z. For Y = S', 7 is R.

We denote by F' the covering map of Z to Y, i.e., F' is onto, and every point in Z has
a neighbourhood U such that F is a diffeomorphism of U onto F(U).

The proof of Theorem 3 extends to give the following:

Theorem 3'. Any u in VMO(X,Y) which is homotopic within VMO(X,Y) N L' to a
constant map may be written as

u=Foy forsomepe VMO(X,Z).
In the proof the following inequality replaces (35); here we use a Riemannian metric on
Y (and its lift to Z): For o, € Z,
dist(a, B) < dist(F(a), F(B)) + Cdist*(a, 3).

Similarly, one has an extension of Theorem 4:
Theorem 4'. There exists § depending on X,Y and Z such that if u € BMO(X,Y) and
|u|lBMmo < 9, then uw may be lifted to a map ¢ € BMO(X, Z), i.e., u = F o ¢ such that

lellearo < 4||ullBrro-

Remark 12. We have carried out lifting for VMO or BMO maps. Can one do the same
for Sobolev maps, say u € W*P(X,S!)? Some partial results are known (see F. Bethuel
and X. Zheng [1], F. Demengel [1], P. Mironescu in H. Brezis [1]), also for X with boundary.
If X is a bounded domain in R™ then the answer is positive in the following cases: (a)
sp > n (by Sobolev embedding) and (b) s = 1,p = 2, in any dimension. However if s =1
and p < 2, the answer is sometimes negative.

Remark 13. We now present a lifting result related to both Theorems 3 and 4. In doing
so we consider the class G5 of maps u € BMO(X, S') such that

(48) do(u) = dist(u, VMO(X,R?)) <6
and such that there is continuous deformation h(¢, z),
h € C([0,1], BMO(X, S*) N L') satisfying
(49) h(0) = u, h(1) = constant and
do(h(t)) <6 Vtelo,1].
Recall that dy is equivalent to My (see Lemma 3'); in fact My < dy < AMj.



H. BREZIS AND L. NIRENBERG 35

Theorem 5. There ezist 6,C > 0 depending only on X (and a Riemannian metric on it)
such that for every u € Cgs, there is a lifting ¢ € BMO(X,R) of u, i.e.,

(50) u= e,
satisfying
(51) do(p) < Cdo(u).

Here, do(p) = dist(¢, VMO(X,R)).

We do not include the proof here. It follows the lines of that of Theorem 4, but there
are some additional technical points which the reader is spared.

APPENDIX A. Some useful estimates on BMO, et al.

We present some simple facts about BMO and Sobolev maps on manifolds. These are
well known to people working on the subject, but are not all easily found in the literature.
Unless stated otherwise, X is always assumed to be a connected compact Riemannian
manifold without boundary.

Lemma A.1. There exists a constant C' depending on X, such that for every
u € BMO(X,R),

(A1) fullsco) < Cllulmro +| [ .

Proof. We may suppose that / u = 0. We argue by contradiction; suppose there is no
X

such C. Then there is a sequence u; with / u; = 0, such that
X

(A2) ||Uj||BMO — 0 and ||uj||L1 =1.

Cover X by a finite number of balls B; = B, /s2(x;). It follows from the definition of
BMO that a subsequence of the u; converges to a constant a.e., and in L', on each B;.
Necessarily, the constant is the same for all B;. Since / u; = 0, the constant must be
zero. This contradicts the second assertion in (A.2). O

Lemma A.2. Let u € BMO(X,RY) and let F be a uniformly continuous mapping from
RN to RP. Then F ou € BMO(X,RP).

We shall make use of
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Lemma A.3. Let F be a uniformly continuous map of RN to RP. Then F has a concave
modulus of continuity w.

Proof. For t > 0, set
a(t) = sup |F(a)— F(b)|.

la—b|<t

It is easy to verify that Vto > 0, 3A = A(to) such that
a(t) < At for t > tp.

(A depends on the function F'). Hence a(t) < At + a(ty) V¢t > 0. Thus we may introduce
the concave hull w(t) of «a(t), namely the least concave function > «. Since w(t) <
A(to)t + a(to) it follows that

li <
t{%w(t) < a(to),

and consequently this limit must be zero. U

Proof of Lemma A.2. We use (1') and (1”). For any B.(z) in X, & <ro,
F - F B
fBe(@fBg(@ ety = ) SfBe(m)st(m) w(luly) —ul2)))

<w (fw fw Juy) — u<z>|>

[F o ullparo < [[F o ulls <w([lully) < w 2]lullzrmo) -

by the concavity of w. Hence, by (1”),

We shall often make use of the following simple

Lemma A.4. Given two measurable sets A C B in a measure space, for any integrable

function f
B
fo-fa<fle-fa<if -1
A B A B 1AlT B B
|B|
(A.4) I I AT SR AT
A A B A |Al] B B
We often refer to this as Lemma A-B.
Proof. Inequality (A.3) is obvious. The first term in (A.4) is bounded by

AN AR RIEE AR AL

(A.3)
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by (A.3). Finally, the second term in (A.4) is bounded by
|B|
f‘ (1 + —
| Al

We now restate and prove Sarason’s Lemma 3. Recall that for u € BMO(X,RY) and
O<a< TQ(X)

RN

Aal

M, = M,(u) = supf lu — . (7)| < |lullBpo,
eg; B.(z)
Tre

MO = MQ(U) = il{‘% Ma(u).

Lemma A.5. There is a constant A depending on X (and its metric) such that if
u € BMO(X,RY), then

(A.5) My(u) < dist(u, VMO(X,RN)) < AMy(u).
In fact
(A6> ||’lL — asHBMO < AME(U) Ve < 1.

Proof. To prove the first inequality in (A.5), note that Vu,v € BMO(X,RY),
My(u) < My(v) + My(u—v) Va € [0,7).
For v € C%(X,R¥Y), My(v) = 0 and thus
Mo(u) < Mo(u —v) < |lu—v|[Bmo-
This yields the first inequality in (A.5).

The other inequality in (A.5) is an obvious consequence of (A.6). The proof of (A.6)
relies on the following simple

Lemma A.6. There is a number B depending only on X such that for any given numbers
£,0, 0 <e < <rp, any ball Bs(z) in X may be covered by a finite number of balls B.(x;),
x; € Bs(x),i=1,...,K, such that dist(z;,x;) > ¢ for i # j, and

K
(A7) > |Be(w:)| < B|Bs(x)|.
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Proof of Lemma A.6. Let B /s(x;),i =1,..., K, be a maximal collection of disjoint balls
with centres x; in Bs(z). From the maximality, it follows easily that

UBc:(z;) D Bs(x).

Since
Bs/g(l‘i) C B5+€/2(1') C Bg(s(l'),

> Beja(wi)| < |Bas(x)].
Therefore
D IBo(@:)| < C Y |Beyalas)]

< C|Bss(z)| < C|Bs(z)]. O

We now return to the

Proof of (A.6). We first claim that
(A.8) lus(y) — ue(2)] < CM(u) Ve < 1o, Yy,z € X with d(y, z) < /2,

where C' depends only on X.
Indeed, by Lemma A-B (i.e., Lemma A.4), the following inequalities hold:

(A.9) |te/2(y) — ue(2)] < OM(u),

(A.10) |t j2(x) — Ue(z)] < CM(u) Ve <rg, VrelX.

Their combination yields (A.8).

For € < ry we have to estimate ||u — @.||gapro; more precisely we want to show that for
any Bs(z) C X, 0 < 1o,

(A.11) sz
B(;(x)

We distinguish two cases.

Case (i): § < e/4. We have

1<) ef ol f S ) -l
Bs(x) Bs(x) Bs(z)J Bs(z)

< Ms(u) + CMc(u) by (A.8),
< CM(u) since § < €.

< AM,(u).

(u— ) —/Bé(z)m—as)
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Case (ii): 0 > ¢/4. We now use the covering of Bs(x) by B, s(z;), i =1,... , K given by

Lemma A.6. Then
Ko
I1<2 —/ lu — ag|,

so that
9 K
L (1 02 oy ) = ] ) = el + )~

< C
~ [Bs(x)]

K
M.(u) ) " |Bejp(wi)| by (A.10) and (A.8).

Using Lemma A.6 we conclude that

I<CM.(u). O

A simple consequence of (A.8) is the following: For any two points y,z in X, with
d = dist(y, z) > ¢/2,

dist(y, z
(412) i) — e2)] < 0P g,
where C' depends only on X. Indeed there is a chain of points v, y1,¥y2,... ,Yr_1, 2, with
E=1+ [%d], such that the distance of any two successive ones is bounded by £/2. Adding
the corresponding inequalities (A.8) we obtain (A.12). O]

Returning to Lemma A.2 we know that F' o u is in BMO whenever ©u € BMO and F is
uniformly continuous. The same holds in VMO:

Lemma A.7. Let u € VMO(X,RY) and let F be a uniformly continuous map from RN
to RP. Then
Foue VMO(X,RP).

Proof. Recall—see the proof of Lemma A.2—that

fBE@fBE@ |F(u(y) — F(u(2))] < w (fBE@fBEm u(y) — u(z)!) :

Since the right hand side goes to zero as € — 0, we conclude by Sarason’s characterization
of VMO that F ou € VMO(X,RP). O

We now take up a more delicate property, namely the continuity of the map u — F'(u).
The map F' induces a map ¥ from BMO(VMO) into BMO(VMO). We show that ¥ is
continuous at every point u € VMO. We show also that ¥ need not be continuous outside
VMO.
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Lemma A.8. Let F be a uniformly continuous map from RN to RP. Then W is continuous
in the BMO N L' topology at every point u in VMO(X,RY).

Proof. Let u be in VMO(X,RY). Given € we shall show that there exists 7 > 0, depending
on ¢ and u, such that if v € BMO(X,RY) and ||v| aro + ||v]|z1 < 7, then

[1F(u+v) = F(u)|Bmo <,

i.e., we show that for any ball Bs(x) in X, 6 < o,
S = F(u v — F(u
/Bg(x) st(w) ‘ ( (y) + (y)) ( (y))
) — (F(u(z) +v(z)) = F(u(2))) | <e.

For £ € X, p € RY, set

G(&,p) = F(u(§) +p) — F(u(f)).

Given a measurable set A in X, we wish to estimate
(A.14) Ii=  f 16 0) = Glz,o(2))| dedy.

We make use of the concave modulus of continuity w of F' of Lemma A.3 and establish
two estimates for I:

(A.15) I<2 (fA |v|>

and

Since G(§,p) < w(|p|), we have

1<2f 1Gly.ow)| < 2/ w(lo(y)))
A A

caf )

To prove (A.16), we rely on an obvious inequality:

(A.17) 1G(&,p) = G(n,q)] < 2w(|u(§) —u(n)]) +w(lp — ql).

by concavity of w. We have proved (A.15).
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Using (A.17) in (A.14) we find

1< ff 2w(july) — u(=)]) +w(lo(y) — v(z)))] dedy

<2 (f frut - w@) 4o (f f 1o - o1).

This yields (A.16) (as in (1")).

Recall now that ¢ is fixed and we wish to find 7. Since u € VMO, there exists dg < 7o,
such that for every 6 < dp and every z € X,
<&
5"

2w Qf u—f U
Bs(z) Bs(x)
+ w(2|lvllBmo)-

Hence, taking A = Bj(x), we see from (A.16) that

(A.18) I§£+w 2/ U—/ vl | <
2 Bs(z) Bs ()

Now we explain how to choose 7. We first require that

DN ™

(A.19) w(27) <¢/2,

so that, by (A.18), I < e whenever 0 < dp. It remains to consider the case where § > dy.
Here we use (A.15) to conclude that

1< () < 2etan)

-

| Bs, (2)]

where a = Sup|B @ Choosing 7 > 0 such that 2w(at) < €, we obtain the desired
%0

conclusion, I § g, in both cases (§ < §p and & > dg).

Remark A.1. The following example shows that the map ¥ of Lemma A.8 need not be
continuous at a point u in BMO(X,RY). Here we take X = R,—it is not compact, but
our functions will all have support in [—1,1].

Let o be a positive function in VMO with support in [—1, 1], even in x, decreasing and
continuous on (0,1) and

lirr%J o(x) = oo.

Consider
0 forz<O

u(x) =4 —1 for0<z< i
0 form>%.
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Set F(s) = s, so that u™ = F(u) = 0. F is clearly Lipschitz but we claim that for
Uj = O'/j,

(A.20) |F(u+v;) — F(u)|lBmo > for j large.

AN

To see this, observe that there is a unique 0,0 < 6; < 1, such that o(d;) = j. Then

v for x < 0,
F(U+Uj)= Uj—l f01“0<117<5j,
0 for z > ¢;.

Set

9
F(U+Uj)—f F(u+wvj)

05 o &

J 1 J 1 J 1
f F(u+vj):—,f 0——2% v; — =
-y JJo 2 J, 2

5j 5j 1

J:f vj—i—u—f v+ =
5 6. 2
s

7 1
> lu + 5! — |JvjllB7moO
—5;

1
=5~ v;ll Baro

One checks that

Hence

which yields (A.20).

By a small modification of the F' above, we may prove that ||F(u+v;) — F(u)||gmo > &
for j large—for a smooth function F' for which the Lipschitz constant is 1. Namely, take
F' to be any smooth nondecreasing function on R with F' < 1 such that

s fors>0
F(s) = 1
(5) ~3 for s < —1.

Later we shall have need of an extension of Lemma A—-B—where some averages are
taken with respect to a positive weight function w satisfying

1
— < w <O,
Cp =W =0

for some constant Cy > 0. For any measurable set 3, and integrable function f on 3 we
denote

Lo () o
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Lemma A.9. Let A C B be measurable sets in X. Then

A. _ Q‘B‘ _

(A.22) Li-f s =azfli-fa.

and

A23 — sc2!Bl — ‘

(A.23) fouf nsacigf -4

Proof. Using Lemma A-B repeatedly we find

fo_fA,wf‘g f‘+ Awf‘
Dbl Lo ()
<2w £+ L/ oA

AR AR AR A

This proves (A.22).

Turning to (A.23), we have

f—fAwa'é

Aw
< 03/
A

Ak

1

A,

Al

f—/Af]wéfAf

as above,

2| B
<4CO|A|

fo'. O

Next we establish the fact that the BMO notion is invariant under C*! diffeomorphism.
It is a simple but essential fact.
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Lemma A.10. Let ¢ : X; — Xy be a C! diffeomorphism of a smooth compact n-
dimensional Riemannian manifold without boundary onto another Xo. If f € BMO(X53)
then f oy € BMO(X;) and

(A.24) I.f o ellBrox,) < CllfllBmocxs)-
Here C depends only on the Riemannian manifolds X1, X5.

Proof. Tt is not difficult to verify that there are constants €g, K > 0 depending only on X;
and X5 such that for every x € X, and every € < g

(A.25) B,k (p(x)) C ¢(B:(z)) C Bk (¢(x)).

Here ¢ is less than the injectivity radius of X; and oK is less than that of Xo.

For f € BMO(X3), set g = f op. To prove that g € BMO(X}) it suffices, by Remark 1
in Section 1.1, to show that V&€ € X7, Ve < gg

(A.26) sup /B l9= 301 < Clfllsvo

e<€o
feX
We proceed to estimate

J = — 0=
fm 19— 3:(6)|

by changing variables; we require € < £¢. Setting A. = p(B:(§)) we see easily that

1 i} B -
J= e /A = 5u(O)lw —/A F=3.0),

g, w

where w is a smooth positive function obtained by the change of variables.
On the other hand

5:(6) :fBg(g)g _ ﬁ/fi fuwdn =fA /

/Af“: B.()].

Using Lemma A.9 and (A.25) we obtain the desired conclusion. O

since

Here is another proof of Lemma A.10. In view of (1’) and (1”) we estimate

- fw fBE(@ F(o) — F(o(2))]
C
= |B:(x)]? /w(BE(x)) /wBE(x)) ) = 718!

=¢ —F©)], by (A25),
fBEK(sam))stK(so(@) () = F(OI, by (A.25)

< C| fllBmo-
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O

Next we take up the proofs of two approximation lemmas of Section I.1: Lemmas 7 and
8. We restate them.

Let X,Y be our usual compact connected manifolds without boundaries. X has a
Riemannian metric, dimX = n, and Y is smoothly embedded in RY. (Here, Y need not
have the same dimension as X.)

Lemma A.11. Given u € W(X,Y) d.e., u € WH( X, RY) and u(x) € Y a.e., there
exists a sequence (u’) of smooth maps from X to Y tending to u in Wi™,

Proof. We first construct a sequence (u’) C Wim(X,Y) N C°X,Y) tending to u in
Wn(X,RY). Cover X by a finite number of balls By, 4(a;) = B;. Let (; be a sub-
ordinate partition of unity on X. Set u; = (u; clearly u; € WH™(X,R¥Y). Let ¢ be the
smooth diffeomorphism (given by geodesic normal coordinates) from the Euclidean ball
B,,(0) onto B,,(a;),¢(0) = a;. Denote by v; the transplant of u; to B,,(0), i.e.,

0i€) = wi(p(€)) for € € By, (0).

v; has its support in B, ,4(0) and belongs to W', Denote by v; - (§) the Euclidean average

of v; in B.(§)
rele) = fBE(@ .

It has support in B, /2(0) if € < ro/4, which we always assume. It is well known that
Ui — v; in WHm(R™). Carrying back 7; . to X, we set

Ui e () = Ti e~ (2)).

It has support in B, 2(a;), and converges to u; in Whn(X,RY). Set
(A.27) U = Zuw

Clearly u. € C°(X,R¥)n W™ and u. — u in W™ as e — 0.

Claim.

(A.28) dist(us(z),Y) — 0 ase — 0, uniformly in x € X.
The main ingredient in proving the claim is the assertion that for every i,

(A.29) J(7) ::f |ui(y) — u;e(x)|do(y) — 0 uniformly in x € X.
B.(z)
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Assuming (A.29), the claim follows easily because

ng . lui(y) — ui e (x)|do(y) — 0.

The left hand side majorizes

f u(y) — ue(@)ldo(y) > dist(us(z), Y).
B.(z)

Then (A.28) holds.
Proof of (A.29). Note that J.(z) = 0if ¢ B, /2(a;).
We may write

1
u; e (x) = | w;w

Be(§)| Ja. )
where A.(z) = p(B:(£)) and £ = o~ (z).

Here w is a smooth function coming from the change of variables, and

1
— < w < C
Co_w_ 05

with Cy depending only on X. Recall that

/ w=|B.(6)],
Ac(x)

so that, using the notation (A.21),
(A.30) Ui e () :f .
Acw

As in the proof of Lemma A.10, there are constants 0 < &1 and K > 1, such that
B./k(z) C Ac(x) C Beg(z) Vo € By ja(a;), Ve <e,

and we require that 1 K < r(/4.

Returning to J., we have

J:(z) :/
B (z)
< Cf
B.k(z)

ui(y) — (o) Ui

U; —f U;
A (z),w
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Applying (A.22) of Lemma A.9, we find

Bek (z) B.k(z)

By Example 1 of Section 1.2, J.(z) — 0 as ¢ — 0 uniformly in z € X

To summarize, we have a family u. € W1 (X, RY) N C%(X,RY) such that as ¢ — 0,
ue — w in W™ and dist(uc(x),Y) — 0 uniformly.

Using the projection P onto closest point in Y, the functions
u. = Pu,

take values in Y and tend to u in W1 since in general, as is well known, u — F(u) is
continuous in W17 if F is Lipschitz and smooth. Letting ¢ — 0 through a sequence ¢;,
the functions

W = Ue,
belong to C°(X,Y) N W1m(X,Y) and tend to u in WhH™.

For each fixed j there is a smooth map u’ from X to Y with

1

lw? =@ [[wrn + [u? =@ oo < ;

—by standard smoothing and projection on Y. U

Remark A.2. R. Schoen and K. Uhlenbeck [1] use a slightly different, but natural,
approach in their proof (for n = 2). Namely, they embed X in some R and extend u to
a tubular neighbourhood of X as constant on normals to X. They then mollify the above
extension .

Remark A.3. In Lemma A.11 if u is merely in W'P(X,Y), 1 < p < n and also in
VMO(X,Y), then there is a sequence (u’) of smooth maps of X into Y, tending to u
in WP and in BMO. This is proved in essentially the same way as the lemma, using in
addition Lemma B.8 below. The latter is used to ensure that u; = (;u € VMO.

Essentially the same argument as in the proof of Lemma A.11 yields the following more
general form:

Lemma A.12. Assume u € WP(X,Y) with sp =n, 0 < s < n (s may or may not be an

integer). Then there erists a sequence (u’) of smooth maps from X to 'Y tending to u in
WP,

We use here Example 2 of Section 1.2 instead of Example 1, and standard properties of
W#P_ A special case of Lemma A.12 occurs in F. Bethuel [2].
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Lemma A.13. Assume Q C R"™ is a smooth bounded domain with connected boundary
0Q. Let u € WE™(Q,RY) be such that

u(0) CY

where Y 1is, as usual, a compact connected manifold smoothly embedded in RN. Then there
exists a sequence (u;) of smooth maps from €2 to RN such that

and
wj —u in WH(Q,RY).

Proof. Set ¢ = u)pq, so that ¢ € Wl_%’”(aﬂ,Y). Applying Lemma A.12 with X =
9Q,s =1—21 p=n (note that dimX = n—1), we obtain a sequence (¢7) of smooth maps
from 02 to Y such that

ol = in W90, RY).

Let v; be the harmonic extension of ¢/ in . It is well known that
v; — v in WH(Q,RY),

where v is the harmonic extension of ¢ in 2.

Since u — v € Wy ™(Q,RY) there is a sequence (w;) in C2°(Q, RN) such that
w; — (u—wv) in WH(Q,RY).
The sequence u; = v; + w; has the required properties. [l

Remark A.4. The same argument as in the proof of Lemma A.13 shows that if
ue WhP(Q,RY) with 1 < p < n and

wdQ) C Y

with ujpq € VMO(0),Y), then there exists a sequence (u;) of smooth maps from Q to
RY such that u;(0Q) C Y Vj and u; — u in WP,

If we do not make the assumption that ujso € VMO(JS,Y") then the conclusion may
fail. Here is an example. Let Q = B; C R3, let Y = S! and take p = 2. We use coordinates
x = (x1,x2,23) = (', 23). Consider the map

o(z) = L defined on 09, with values in S*.
x
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It is smooth except at the north and south poles. Near there, it belongs to W14(982) for
any ¢ < 2: in particular, it belongs to H'/ 2(09,R?)—by Sobolev. Hence ¢ admits an
extension u into 2, belonging to H'(2, R?). Suppose there is a sequence of smooth maps
u; — uin H'(Q,R?) and u; : Q — S'. Then on some discD = {z3 = constant} N,

u; — u in H'(D), and therefore u — u in H/2(9D).

By Theorem 1,
deg(u;,0D, S) = deg(u,dD, S') for j large.
Clearly the right hand side equals 1. On the other hand the left hand side is zero because
0D is the boundary of a spherical cap on 952, which is mapped by u; into S*.

The argument is related to one of R. Schoen and K. Uhlenbeck [1], in which they prove
that the map x/|z| of Q above into S?, cannot be H!-approximated by smooth maps into

S2.
Returning to the function M; defined before Lemma 3’, we prove a useful fact:

Lemma A.14. There is a constant A depending only on X, such that for
u € BMO(X,RY),
Moy(u) < AMi(u) YVt <ry/2.

Proof. In view of (1’), (1”) we estimate, for ¢ < § < 2t,

- fw) fw) uy) — u(2)].

Using Lemma A.6, with ¢ = ¢, we cover Bs(x) by balls By(z;), with dist(z;,x;) > t for
i # j, and
> Bi(i)] < C|Bs(x)].

Thus

A0 N N CORCIES B A R

1£]

The last sum is bounded by

2M, (u Z|Bt (z:)|? < OM,(u)|Bs(z)|?

while the first sum is bounded by

S [ = ) ) ) - )

i#£]
<2My(u) Y | Bi(i)| | Bl + Y (@) — wlwy)| | Bi(wi)| | Bi(zy)].

i#] i#]
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Since dist(z;, z;) < 2§ < 4¢, we find using (A.12) that the expression above is bounded by

CMy(u) Y |Bi(wi)| [Be(z;)] < CM(u)|Bs() .
i

Thus we conclude that
I < C Mi(u). O

Lemma A.15. For anyu € BMO(X,RY) the function t — M;(u) is continuous in [0,70).
The proof is left to the reader.

We now turn to the proof of Lemma 4 (the characterization of compact sets in VMO),
which we restate

Lemma A.16. A set F in VMO(X,RY) is relatively compact if and only if

lir% M. (u) holds uniformly in u € F.
e—

After the statement of Lemma 4 we proved =. Now, we prove <.

It suffices to show that for any given 6 > 0, F may be covered by a finite number of
balls in BMO of radius §. We may assume that

/u:O Yu e F.
X

We denote by u. the e-averaging iterated twice. Applying Lemma 3’ repeatedly we find

|u — el Brmo < ||u — el Brmo + |4 — Ue|BMO
< AM.(u) + AM(t: —u) + A M (u)
< 2A M. (u) + Allte — ullpro < (24 + A?) M (u).

By our hypothesis there exists €, 0 < ¢ < rg such that
llu — ue|lBmo < 3AM:(u) <d§/2 Yue F.
Fix this €. In view of Remark 1,
|lullByo < C YueF

and then by Lemma 1,
lullpr <C YueF.
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(Here, and in what follows, all the constants C' depend on e, which has been fixed.)
Consequently,

(A.31) ||| e + |GelLe < C Vue F.

We now claim that the family (u.), u € F, satisfies the conditions of the Arzela-Ascoli
theorem; more precisely, there is a constant C' such that

(A.32) J = lus(z) —uc(y)| < Cdist(z,y) Vz,ye X, VYuelF.
Proof of (A.32). We distinguish two cases:
Case 1: dist(z,y) > £/100. In this case

J < 2|~ < C

Case 2: dist(z,y) < €/100. Then

e
[B-(2)]  [B-()]

’ < C dist(z, y).
Thus
1

_ 1 1 B )
7% o =N~ il * B o™~ ™=

We have only to estimate the last term, K. Let S be the symmetric difference of B.(x)
and B.(y), i.e., S = (B:(x) U B:(y))\(B:(x) N B:(y)). Clearly,

S C (Bs—l—dist(m,y)(w)\B&(x)) U (Bs+dist(m7y)(y)\BE (y)) :

Hence
|S| < C dist(z,y)

and therefore
K < C|S|||te||p < C dist(z,y) by (A.31).
The desired inequality (A.32) follows by combining this with the earlier estimate.

Returning to the proof of Lemma A.16, we may now assert that the family (u.), u € F,
is relatively compact in C°(X,RY) and thus in BMO(X,RY). We may cover the family
(G.) by a finite number of balls in BMO(X,RY) of radius §/2. The concentric balls of
radius ¢ then cover F. O

We mention a simple application of Lemma 3 to the sequence of truncates. Given a
real-valued function f on X and an integer k, set

k if f(z) >k
)= f@) k< f() <k
—k if f(z) < —k.
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Lemma A.17. For every f € VMO(X,R) the sequence (f*) converges to f in BMO.
Proof. Given any 6 > 0 we will show that there exists kg such that

||f — kaBMO <6 for k > k.
Consider any B.(z) in X. We have

f f R () |<f f — )| ks
B.(x) J B.(x) B.(x) J B.(x)

It follows, with the aid of Lemma 3, that there exists g > 0, such that
f |(f_fk)—f (f—fk)]<5 for e < g9, VEk.
Be(x) BS(IL‘)

Since f¥ — f in L', the same inequality holds for ¢ > &y provided k > ko, for some kg
depending on &g.

Remark A.5. If f € BMO(X,R) then (f*) need not converge to f in BMO. (It is easy
to construct an example using f(z) = log|z|; recall that this f belongs to BMO, but not
VMO—see Example 3 in Section 1.2).

We now present various results concerning homotopy properties for BMO and VMO
maps. They are used in the proofs of Theorems 3 and 4, as well as in paragraph 1 of
Section I1.5. Let X,Y be our usual compact connected manifolds with X Riemannian (X
and Y need not have the same dimension.)

Lemma A.18. There exists § > 0 (depending on X,Y ) such that for everyu € BMO(X,Y)
with ||ul|pymo < § and every € € (0,7¢),u. is homotopic within C°(X,Y) to a constant.

Proof. First observe that
(A.33) dist (u-(z),Y) < ||u|lpmo Vr e X, Vee (0,rg)

and thus u. = Pu. is well defined for every € € (0,7y), provided |ullgpo < 0 < o,
with g sufficiently small. Moreover, u. is homotopic to u., within C°(X,Y) for every
g,&" € (0,79), using the deformation w4 (14,0 <t < 1.

Fiz any ¢ € (0,rg) - for example € = r9/2. We have, by Lemma A.1,

(A34) s (z) — /X ul < ,B—l(z)' /X u — fX ul < Cllullavo:

here C' also depends on €, but € has been fixed and we do not stress the e-dependence.
Combining (A.33) and (A.34) we obtain

dist ((1 — t)ﬂa(x) —f—tf Uu, Y) < (C—|— 1) ||uHBMO Vee X, Vte [0, 1].
X

P((l—t)uathf u),ogtgl,
X

is well defined provided ||u|| pypro < § < §; with d; sufficiently small. Hence u. is homotopic
within CY(X,Y) to a constant, via t € [0, 1].

Thus



H. BREZIS AND L. NIRENBERG 53

Lemma A.19. Given u € VMO(X,Y) there exists § = 6(u) > 0 such that every
ve VMO(X,Y) satisfying

|lv —ullBrro + |lv —ullpr <9

is homotopic to u within VMONL'. Moreover § is uniform when u lies in a compact
subset F of VMONL'.

Proof. We argue by contradiction and assume that there is a sequence (u;) in VMO(X,Y)
such that u; — w in VMO N L' and each u; is not homotopic to u within VMO N L'

In view of Lemma 4 and (7) we know that there is some ¢y > 0 such that u; . is well
defined for every j and every € < g¢. Fiz any € < &¢. Since u; — u in L', we deduce that
uj e — ue uniformly, as j — oo. In particular, for j large, u; . is homotopic to u. within
CY(X,Y)—and thus within VMON L!.

On the other hand, u. is homotopic to v within VMO N L* (through uy., by Corollary
4), and similarly u; . is homotopic to u; within VMO N L!. Therefore u; is homotopic to
u within VMO N L. A contradiction.

The fact that § is uniform when u € F is easy to establish by contradiction. If not,
there would exist equences (u;) in F and (v;) in VMO such that

lv; —wjllBaro + l|v; — ujllpr — 0

and, for each j,u; is not homotopic to v; within VMO N L?.

Since F is compact we may assume, for a subsequence, that u; — v and v; — u in
VMO N LY. From the first assertion in the lemma we deduce that u; and v; are homotopic
to u within VMO N L', for j large. A contradiction. O

Lemma A.20. Assume u,v € C°(X,Y) are homotopic within VMON L. Then they are
homotopic within C°(X,Y).

Proof. Let H(t) be a homotopy connecting u and v within VMO N L. Since F = H([0, 1])
is compact in VMO, we know by Lemma 4 that H(t). is well defined for all € < ¢ and all
t € [0,1]. Fix any € < 9. Since H € C([0,1]), L") we deduce that H(t). is a homotopy
connecting u. to v. within C°(X,Y). On the other hand, u. is homotopic to u within

C°(X,Y) (via ug), and similarly for v and v.. Thus, u and v are homotopic within
CO(X,Y).

Given a homotopy class C in C°(X,Y) we denote by C its closure in the VMO N L!
topology.

Lemma A.21. If u,v € C, then u is homotopic to v within VMONL'. Conversely, if
u,v € VMO(X,Y) are homotopic within VMON L, then there exists a unique homotopy
class C in C°(X,Y) such that u,v € C.
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Proof. The first assertion is clear from Lemma A.19. We turn to the proof of the converse.
Let (u;) be a sequence in C°(X,Y’) such that u; — v in VMONL! (we may for example
take u. with e = 1/5). Similarly, let (v;) be a sequence in C°(X,Y) such that v; — v in
VMON L. Applying Lemma A.19 we see that u; is homotopic to u within VMO N L for
all j > N. Similarly, v, is homotopic to v within VMO N L' for all K > N. Hence uj is
homotopic to vy for all j,k > N, within VMO N L*. We deduce from Lemma A.20 that u;
and vy, are also homotopic within C°(X,Y’). Consequently there is a homotopy class C in
CY(X,Y) such that uj,v; €C Vj > N. Thus u,v € C.

Finally we prove the uniqueness of C. It suffices to show that if C; and Cs are two
homotopy classes in C°(X,Y) such that C; NCy # ¢, then C; = Cy. Let u € C;1NCs and let
(u;) C C1,(vj) C C2 be sequences such that u; — v in VMONL!,v; — u in VMON L™
In view of Lemma A.19, we may assume that u; and v; are homotopic to u within
VMONL! for all j. By Lemma A.20 we know that u; and v; are homotopic within
C°(X,Y), i.e., C; = Cs. O

In what follows we consider the special case where Y = S* k > 1, and we show that
some of the properties concerning homotopy can be improved. One suprising fact is that
the notion of “homotopy within VMQO” is equivalent to the notion of “homotopy within
VMO N LY (see Lemma A.23).

Throughout the rest of Appendix A we take Y = S¥ k > 1. A basic ingredient is

Lemma A.22. Let u € VMO(X,Y) be such that for some constant ¢ # 0, u+c € Y
a.e. Then u is homotopic to a constant within VMONL!. In particular, u is homotopic to
(u + ¢) within VMON L.

Proof. Set ¥ =Y N (Y — ¢); since ¥ # Y, it is contractible to a point in Y, i.e., there is
a continuous map h(t,o) : [0,1] x ¥ — Y such that h(0,0) = o Vo € ¥ and h(1,0) is a
constant.

Set
H(t,x) = h(t,u(x)).

It is easy to verify (using Lemma A.7) that
H e C([0,1,VMONLY);
moreover H(0,z) = u(x) and H(1,z) is a constant.

Next, an improvement of Lemma A.19.

Lemma A.19'. Given u € VMO(X,Y) there exists § = 6(u) > 0 such that every
ve VMO (X,Y) satisfying
lv —ullprro <6

is homotopic to u within VMONL'. Moreover & is uniform when u lies in a compact
subset F of VMO.
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Proof. We argue by contradiction and assume that there is a sequence (u;) in VMO(X,Y)
such that u; — w in VMO and each u; is not homotopic to u within VMO N L*.

cj:fx(uj—u).

Passing to a subsequence we may assume that ¢; — c¢. Then, by Lemma 1, u; — u + ¢ in
LY.

In view of Lemma 4 and (7) we know that there is some ¢y > 0 such that u; . is well
defined for every j and every € < 9. Fir any € < €9. Since u; — (u + ¢) in L' we deduce
that u; . — (u + ¢). uniformly as j — oo.

Set

In particular, for j large, u; . is homotopic to (u+c). within C°(X,Y)—and thus within
VMON L.

On the other hand, (u + ¢). is homotopic to (u + ¢) within VMONL! and similarly u; .
is homotopic to u; within VMONL!. Therefore u; is homotopic to (u + ¢) within
VMONL! for j large.

Finally, we apply Lemma A.22 to assert that (u + ¢) is homotopic to u within
VMONL! (this is also true when ¢ = 0!). Hence u; is homotopic to v within VMO N L?
for 7 large. A contradiction.

The fact that  is uniform when v € F, a compact subset of VMO, is derived as in the
proof of Lemma A.19. O

Lemma A.23. Assume u,v € VMO(X,Y) are homotopic within VMO. Then u,v are
homotopic within VMONL'.

Proof. Let H(t) be a homotopy connecting u to v within VMO. Let F = H(][0, 1]), so that
F is compact subset of VMO. Let § be as in Lemma A.19’ (relative to F). There is a chain
U = U, UL, - ., Uk, U+, = v In F such that |Ju;r1 — ui|lpmo < 6 for i = 0,1,...,k. Thus
ui41 is homotopic to u; within VMO N L! for i = 0,1, ..., k. Consequently v is homotopic
to u within VMO N L.

Remark A.6. The conclusion of Lemma A.23 may fail for a general manifold Y. Consider,
for example, a manifold Y lying in R3 diffeomorphic to a 2-d torus T?. Assume that ¥
contains a circle ¥ contractible to a point in Y and another circle ¥ = ¥ + ¢ (for some
constant ¢) such that ¥ in not contractible to a point in Y. Let X = 3; the map u(z) =z
is homotopic to a constant within VMO N L' and the map v(z) = z + ¢ (viewed as a map
from X into Y) is not homotopic to a constant within VMO N L! (by Lemma A.20). On
the other hand w and v are clearly homotopic—in fact they are the same—within VMO.

Lemma A.24. Let C be a homotopy class in C°(X,Y). Then its closure C in VMON L
coincides with its closure C in VMO.
Proof. Clearly C C C. To prove the reverse inclusion, consider some u € C. There is a

sequence (u;) in C such that u; — w in VMO. By Lemma A.19, u; is homotopic to u
within VMO N L! for j sufficiently large. Applying Lemma A.21 we conclude that u € C.
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APPENDIX B. John-Nirenberg inequality on manifolds, et al.

We begin by stating of the John-Nirenberg inequality on a cube Qo in R™ (with edges
parallel to the axes). It is inequality (3)” in John-Nirenberg [1]:

There exist 3, A > 0 depending only on n such that if u € BMO(Qq,RY) and
HuHBMO(QO) <1, then

(B.1) / (eﬁlu—%ol - 1) < A/O u — g, |

where ug, :f u.
0

Here, || ||paro(q,) refers to the sup in (1) taken over all parallel subcubes rather than
balls.

An immediate consequence is: for p an integer > 2,

A i
OIU_UQ0| —@p |U—UQ0’.

The scaled version of this is

Ap! 1 _
/Qo ‘u_qu‘p< 51) H ‘pBMO(Qo) /Qo ‘u_qul
(B.2) < cvpl HUHBMO(QO)/O fu — gy|.

with C' depending only on n. It follows directly that, for a different C', depending only on
n,

(B.3) /O/O 2)[P < CPp!|ull, BMO(QO) /QO /QO u(y) — u(z)].

We wish next to present corresponding inequalities on a compact manifold X, without
boundary. Here is a form of (B.3) on X.

Lemma B.1. There exists a constant A depending only on X, such that ¥Vt < ro/\/n,
Ve e X,

(B.4) / / )~ u(z)P < APpl MP~ () / / u(y) — u(2)|
Bi(z) Bt(m) Byt (x) Bkt(ﬂf)

where k = /n.
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Proof. We use geodesic normal coordinates in B;(x). Then one easily sees that

= /B . /B NCORTCIELe /Q /Q aly) — a2

where in the right hand side @ is a cube centred at the origin (in our coordinate patch)
with side length 2¢, and @(y) represents the transplanted function. Here C' comes from the
change of variables, and depends only on X. By (B.3),

(B.5) 1<l o /Q /Q aly) — a(2)|.

Claim. There is a constant C' depending only on X such that

(B.6) @) Brrocgy < C My(u).

Assuming that (B.6) holds, the proof of (B.4) is easily completed, since @ is contained
in the transplant of Bj:(x) so that

/Q /Q i)~ <C [ » / ) ()

Proof of (B.6). We have to estimate for any parallel subcube Q of Q, centred at &, of side

length 27,
J :ﬁ ' Jily) — a(z)
QJIQ

in terms of M, (u). Q is contained in a ball By, (). Its transplant to X is contained in
a ball Bg-(Z) and contains B,k (%) where Z is the transplant of £ and K is a constant
depending only on X (see Proof of Lemma A.10). Hence

(B.7) J < CfBKT(i)éKT(j) lu(y) — u(z)| < 2C Mg, (u).

where C' depends only on X.
By Lemma A.14 applied a number of times, we find that
J < C M, (u).

Inserting this in (B.7) we obtain (B.6).

Lemma B.1 is proved.

The next result is a more global form of Lemma B.1.
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Lemma B.2. For every t < ro/\/n, and for every integer p > 1, there is a finite number

of balls By(x;) in X, i=1,... ,m, depending on t, such that
/ U
Bf(xz)

P
P PP P
(B.3) [t < gy /Wm+2§h3 ST=
Before proving Lemma B.2 we present some more civilized corollaries.

where A depends only on X.

Lemma B.3. There is a constant A depending only on X such that for p > 1, an integer,

Jlu= ol < amtllyio = £l
X X

Proof. We may assume [, v = 0. In (B.8) we choose t = ry/y/n. Then we have

(Amvsmmm%mﬂwﬂ+Aww$

The desired conclusion follows with the aid of Lemma 1.

Another consequence is

Lemma B.4.

Supf f w(z)|P < APp!MF (u), Vit <rp.
z€XJ By(z)J Bi(x)

Proof. For t < ro/y/n, the claim follows immediately from Lemma B.1 with the aid of
Lemma A.14. Suppose 9//n <t < r9; we may assume that [, u = 0. Then the desired
result follows easily from Lemma B.3.

Another simple consequence of Lemma B.3 is

Lemma B.5. Given 6 > 0, there is a number  depending on 6 and on X such that if

|lu|lBMo < 1, then
/ <6ﬁlufa| _ 1> < 9/ e — @
X X

where u :/ Uu.
X

We point out that Lemmas B.3 and B.5 may be proved in a more direct fashion, not via
Lemma B.2. Namely, one starts by proving, directly, Lemma B.5 using (B.1) locally and
summing, as we did in the proof of Lemma B.1. Lemma B.3 follows from Lemma B.5.

We now turn to the proof of Lemma B.2. We shall make use of the following covering
lemma:
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Lemma B.6. Given t,0 <t <rg and k > 1, there is a covering of X by a finite number
of balls By(z;), i =1,... ,m = m(t) with the property that every y € X belongs to at most
i balls Byi(x;), where o depends only on k and X. p is independent of t.

Proof. Consider a maximal family of disjoint balls in X of radius t/2 : B /o(z;),
i=1,...,m. Clearly the B;(z;) cover X. Suppose y € X belongs to p of the By(x;), say
fori=1,...,p. Since dist(y,z;) < kt, i =1,...,u, it follows that

By o (x4) C B(;H%)t(y), i=1,...,u.

Since the balls By /o(x;) are disjoint, we find on adding their measures, that

m
Z | Bty2 ()| < [Bey 1y ().

=1

Using the fact that
ar™ < |By(z)| < pr* Vv,

for some positive constants «, 3 depending only on X, we deduce a bound for p which
depends only on k and X.

Now the
Proof of Lemma B.2. Observe first that for any ball B = B(x),

(£, ) i (f o) 7 @)
<[} f 1w -] s e

by the triangle inequality. Hence
Jrar < [ ) - uep+ o2
ulf < — u(y) —u(z)|” + / U
B Bl Js JB |BIP~t| Jp
By Lemma B.1, we find, with a different A:
APpl o
< ) [ [ ) )+
/B B] Bri(z) J Bri () |B[p—1
. 9 P
< APpIMP () / uf + /B u

B () | Bl
Using the preceding covering lemma, and this last inequality, with B = By(z;), and
summing, we obtain the desired conclusion. O

p

p

[
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Lemma B.7. There are constant 3,C depending only on X such that for any measurable
set A C X, and every u € BMO(X,RY)

ﬁfA ul < Jullsao (0+1og %) +ﬁ’fxu

Proof. We may assume [, u =0 and ||u|[pymo < 1. Recall Young’s inequality: For
t>0,a>1,

(B.9) at < el +aloga — a.

We apply this with

| X
a=— and t = [lu(x

with § as in Lemma B.5, where we take § = 1. Integrating the inequality over A we find

X
ﬁ|X|f ] < / eIl 4 x 10 X x].
= A

Hence

Blul _ 1X]
8f i< f (@ = 1)+108 51

The desired conclusion follows with the aid of Lemmas B.5 and 1. U
Next, a lemma on the effect of multiplying a BMO function by some function.

Lemma B.8. Let a be a Lipschitz function on X and let f be in BMO(X) (respectively
VMO). Then af is in BMO (respectively VMO), and
fol
X

lafllBro < C (|al o + lalluip) £l Bao + llallzao

where C depends only on X.

Proof. We may assume that [ /= 0. We then have to evaluate

J= st(x) /Bem a(9)f(y) — a(2) £(2)]
< fB B fB (6) a1 6) + e 6) ~ 1))

< 2e||a||mpf 1] + 2laleo | fl aro-
xT

<(
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Using Lemma B.7, with A = B.(z), the desired estimate follows. The VMO assertion
follows easily from Lemma 3.

Remark B.1. Note that in Lemma B.8, instead of assuming that a is Lipschitz continuous,
we could have assumed that a is Holder continuous or even merely that

C

la(z) —a(y)l < 1 | log dist(z, y)]

Vo # y.

D. Stegenga [1] has obtained necessary and sufficient conditions for a function a to be a
multiplier preserving BMO.

We conclude this Appendix with a lemma asserting that if u € BMO, then u. is “almost”
Lipschitz.

Lemma B.9. For u € BMO(X,RY) and € < ro, there is a constant C. such that

, diam X
J = |t (x) — ue(y)| < Ce|lu||Bmodist(z,y) (1 + log ) :

dist(x,y)

Proof. We may suppose that [, u =0 and ||ul[pmo = 1. Then by Lemma 1, [, |u| < C.
Case 1. dist(z,y) > €/100. In this case

1 1
Jg—/ u—l——/ W < Co
B T B

Case 2. dist(z,y) < €/100. Then

1 1
- < C. dist(x, ).
‘!Bs(fﬂ)! IBa(y)\‘

Thus

= /Be(m) N 5 B ‘ * B ‘ /BE@ ul#) = /BE@) “e)

As in the proof of Lemma A.16 we introduce the symmetric difference S of B.(x) and
B.(y) and we have

|S] < C.dist(z,y).

Applying Lemma B.7 we see that

\[Su@)\ <C8| <c+1og%)_
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The desired inequality follows by combining this with the earlier estimate.
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