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1. Introduction

The theory of degree has a long history which is a cascade of successive generalizations.
Presumably, the oldest notion is the degree of a (smooth) map u from S* into S* (S* =the
unit circle). The degree of u, also called winding number, counts “how many times u covers
its range taking into account the algebraic multiplicity.” More generally, a smooth (say
C1') map u from S? into C, such that u # 0 on S! has a degree which may be computed
through the very classical integral formula

1 .
(1.1) degu = — 4
21 Jg1 u

which measures the “algebraic change of phase” of u as the variable goes around S! once.
Similarly, if T is a simple curve in R? and u is a smooth map from I' into S, then its
degree can be computed as

1
(1.2) deg(u,I') = — / U X Up,
21 Jr

™

where x denotes the cross product of vectors in R? (here S! is viewed as a subset of R?,
not C) and u, denotes the tangential derivative of u along I".

Starting at the end of the 19th century people realized that the notion of degree
also makes sense in higher dimensions. To simplify the presentation I will consider only
(smooth) maps u from S™ into S™ (= n dimensional unit sphere in R™*1), but the theory
extends to maps u : X — Y where X and Y are smooth n-dimensional oriented manifolds
without boundary.

Here is the precise definition of degree. Fix any y € S™ which is a regular value of w,
ie.,
90_1(3J> = {1.17'7727 L 73717}

is a finite set and, for each i, the Jacobian determinant det.J,(z;) # 0. (Recall that,
by Sard’s theorem, almost every y is a regular value.) The degree of u is by definition

the number of solutions of the equation u(z) = y taking into account their algebraic
multiplicity:

P
(1.3) degu = Z sign detJ, (z;).

i=1
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In principle this number depends on the choice of the regular value y. A remarkable
property is that degu defined above is independent of y, so that one may talk about
deg v without specifying y.

A very important representation formula, which is the n-dimensional analogue of (1.1)
or (1.2) allows to compute the degree as an integral of the Jacobian determinant:

1
(1.4) degu = — detJ,
157 Jsn

where the Jacobian determinant is computed using geodesic normal coordinates (both in
the domain and the range) and |S™| denotes the measure (length, area, volume, etc...) of

S™. For the proof of (1.4) see e.g. L. Nirenberg [1] or H. Brezis and L. Nirenberg [3]. It is
sometimes convenient to observe that

(1.5) det J, = det(u, Uy, Ugyy - - 5 Ug,,)

(recall that u takes its values in R™*! and det on the righthand side of (1.5) refers to the
determinant of an (n + 1) x (n + 1) matrix); this follows easily from the fact that |u|? =1
and thus u - u,, = 0 for every i. (For example (1.2) corresponds to the form (1.5)).

There is a “cousin” of formula (1.4) where the “surface” integral in (1.4) is replaced by
a “volume” integral in the unit ball B"T! of R"*!. Let % be any extension of u to B!
with values into R™*!, then

1
(1.6) degu = B det J3.
(Note that, in (1.6), det refers to the determinant of an (n+1) x (n+ 1) matrix). It is easy
to pass from (1.5) to (1.6) by writing det J; in a divergence form and then integrating by
parts (see e.g. H. Brezis and L. Nirenberg [3]). For example, when n = 1 write

[(@ % )+ (T x ),

N —

det J; = Uy X uy =
Green’s formula allows us to replace the integral over B? by an integral over S' which

coincides with (1.2).

The next major step in degree theory came at the beginning of the 20th century, espe-
cially through the work of Brouwer. It was then realized that the C! assumption about u
used either in (1.3) or (1.4) is not necessary to define a degree. Continuity suffices. The
key observation is the following

Lemma 1. Assume u,v € C'(S™, S™) satisfy
lu = vl|pe <1,

then
degu = degwv.
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Using Lemma 1 we may now define degu for a general map u € C°(S™, S™). Clearly,
there is a sequence (u;) of C' maps from S™ to S™ such that u; — u uniformly. Hence

|luj —ugllpe <1 Vj,k> N. By definition we let

degu = degu; for j > N.

In this manner every map u € C°(S™, S™) has a well defined degree which belongs to
Z. Moreover the degree is stable (i.e., unchanged) under small C° perturbation:

Property 1. If u,v € C°(S™, S™) are such that
lu—vllp~ <1

then
degu = degw.

As a consequence the degree is constant under homotopy, i.e., if H(x,t) € C%(S™ x
[0,1],5™) then

Let us summarize the main properties of the degree (they were discovered during the
first part of this century):

Property 2. If u € C°(S™, S™) is such that
degu # 0

then
u maps S" onto S".

Property 3 (Borsuk). If u € C°(S™, S™) is odd, then

degu is odd.

Property 4 (Hopf). If u,v € C°(S™, S™) are such that
degu = degv

then there is a homotopy H(z,t) (as in Property 1) connecting u and v.

A variant of the above degree theory has also been developed for maps u : Q — R
where €2 is a bounded domain in R". Given a point y € R™ such that

(L.7) y ¢ u(99)

one defines deg(u, Q,y) provided u € C°(Q, R™).



The strategy is the same as above; namely one starts with a smooth map u and a
regular value y. The deg(u,2,y) is independent of y provided y stays in a connected
component of R™\u(9€2). This allows to define deg(u,$2,y) for any y satisfying (1.7).
Next one defines deg(u, (2, y) for any continuous map u by a variant of Lemma 1. The
two notions above are closely connected; for example if 2 = B™ the unit ball of R™ and

y ¢ u(09) = u(S™1), then

(18) de(u, 0, y) = deg ( it 2 s)

lu —y|

where the degree on the righthand side of (1.8) refers to the degree of a map from S™~1
to S"~1: see e.g. H. Brezis and L. Nirenberg [3].

A very important extension of degree theory to infinite dimensional spaces was
discovered by J. Leray and J. Schauder [1] in the thirties. It requires continuity and some
kind of compactness. It has many applications, in particular, in the study of nonlinear
partial differential equations (see e.g. H. Brezis and L. Nirenberg [3]).

In what follows I propose to describe some recent extensions of degree theory to a class
of maps in finite dimensional spaces, which are possibly discontinuous. This was first
done for Sobolev maps, in some limiting cases of the Sobolev imbedding.

2. Degree theory for maps in the Sobolev class H!(S5?, 5?)

In 1982 T was working with J. M. Coron on a problem raised by M. Giaquinta and
S. Hildebrandt [1] concerning harmonic maps. Let £ be unit disc in R? and consider maps
u: ) — R3 satisfying the system

—Au = u|Vul? in
(2.1) lu| =1 in Q
u=g on 0f2.

Solutions of (2.1) correspond to critical points of the functional [, [Vu|? subject to the
constraint

we HY(Q,8?%) = {ue HY(Q,R?), ju/ =1 ae. in Qand u = g on 99}

where H' refers to the usual Sobolev space, g : 92 — S? is a given (smooth) map. It is
easy to see that (2.1) has at least one solution, namely by considering

Min /\VuP.
u€H(Q2,52)

Call such a minimizer ug. If ¢ = C' is a constant then uy = C' is the only solution of
(2.1). The question of M. Giaquinta and S. Hildebrandt was whether (2.1) has at least 2



solutions whenever g £ Const. In support of their conjecture they considered the special
case

(2.2) g(z,y) = (Rz, Ry, (1— R>)Y?) with0< R < 1.

In this case one may write down explicitly two solutions of (2.1), namely

2\
Q(xvy) = m('x7y7)‘) + (0707 _1)
and
_ 2p
u(:(:,y) = W(maya _/J’) + (0707 1)
1 1 1 1
2 .2 2 _ 1/2 _ 1/2
where 7° = x +y’)\_}_2+(ﬁ_1>/ a,nd,u_E—(ﬁ—l)/.

(Note that uw and @ are simply rescaled stereographic projections from the north and
south pole respectively.)

We did answer positively the question of M. Giaquinta and S. Hildebrandt:

Theorem (see H. Brezis and J. M. Coron [1] and also J. Jost [1]). If g # Const,
then the system (2.1) has at least two solutions.

The starting point in our proof is the observation that the space H ;(9,82) is not
connected. In fact, it has infinitely many connected components and they are classified
using degree theory. Unfortunately, we cannot use the classical degree theory because
maps in H' need not be continuous in 2 dimensions.

We were first led with J. M. Coron to investigate the class of maps ¢ € H'(S?,8?) and
try to define their degree. The natural strategy is to consider the integral in (1.4) namely

1
2.3 — det J,.
( ) 41 S2 ¢ ¢

Note that the integral is well defined because ¢ € H' implies det J, € L' (recall that det
refers to the determinant of a 2 x 2 matrix). To have an interesting degree we would like
to know that the quantity in (2.3) is an integer (in Z). This is a direct consequence of the
following:

Lemma 2 (R. Schoen and K. Uhlenbeck [1]). Given any ¢ € H'(S?,S?) there is a
sequence (p;) in C1(S?,5%) such that p; — ¢ in H'.

I would like to sketch the proof, because it is quite interesting and plays an important
role in Section 4. Consider a smoothing process, by convolution or just by averaging for
simplicity, say

1

Pe(z) = B-(2)] o) o(y)dy
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where B.(z) is a geodesic disc on S? of radius ¢ centered at x. Clearly |p.| < 1, but @,
in general, does not take its values in S2. If we happen to know that ¢ is also continuous
then . — ¢ uniformly, as ¢ — 0, and then we may consider

which has all the required properties. Unfortunately, if ¢ € H' only, then ¢ need not
be continuous, and (2.4) does not even make sense because (in principle) @, could vanish.
The key observation is that ®, does not vanish (for ¢ small) and in fact we have

(2.5) [P ()] — 1 uniformly on S2.

The proof of (2.5) relies on Poincaré’s inequality

(2:6) [, e -m@uscm@re [ v

B.(z)

and thus

1
|B.(z)| B.(z)

Note that, for every v,

lo(y) — P.(2)] > dist(@.(z), S?) =1 — [@.(z)|

2.7) () — Pa()ldy < c[ / . rwr?] -

and thus

1/2
dist (@, (), %) < Cl/ \Vgpﬂ — 0 uniformly as ¢ — 0.
B

«(z)

In particular, |@_(x)| — 1 uniformly and then it is not difficult to prove that ¢. = @_/|P.|
converges to ¢ in H'.

Remark 1. One may ask a more general question: Is C'(M, N) dense in the Sobolev
space WLP(M, N) where M and N are compact manifolds (N has no boundary but M
may have a boundary). If p > dim M, the answer is positive (for every N ) and the proof
is the same as above. If p < dim M, a deep result of F. Bethuel [1] asserts that there is
density if and only if IIj,;(N) = 0.

Let me now explain briefly how the H! degree is used to decompose H gl (2, 5?) into its
components. Fix a “reference” map, for example ug (the absolute minimizer). Given any
ue Hj(Q,8%), we “glue” the two maps u and ug together and define a map ¢ € H'(S?,5?)
by ¢ = (u,up) (one copy of Q is identified with S%, the upper half-hemisphere, and the
other copy of € is identified with S?). One may then write

2(9,8%) = U Ex

k=—o0
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where &, = {¢ = (u,uq); degy = k}. These are the connected components of Hj (€2, 5?).
It is then natural to try to minimize the energy €2 on each &:

(2.8) Inf / |Vul?.
Q

u€&y

It is not clear at all that this infimum is achieved (because a minimizing sequence converges
weakly in H':; the classes &, are closed for the strong H' topology, but not for the
weak H' topology). Using a delicate analysis we were able to prove that the infimum in
(2.8) is achieved at least when k = +1 or k = —1. For more details see H. Brezis and
J. M. Coron [1], H. Brezis [1],[2].

Remark 2. In the case of the special boundary condition g given by (2.2) one can prove
that the infimum in (2.8) is achieved only when k£ = 0 and £ = —1 (and the corresponding
minimizers are given by u and @). It is a beautiful open problem to determine whether,
for this g, u and @ are the only solutions of (2.1).

The method described above for H!(S?,S?) easily extends to W"(S™, S™) and allows
to define the degree of any map ¢ € WHm(S™ S™). It is given by the formula

1
degp = \S”]/S det J,.

The fact that deg ¢ € Z is proved as above using the property that C*(S™, S™) is dense in
Whn(Sn Sm). Recall that W™ (S™ S™) is not contained in C°(S™, S™). This is again a
limiting case for the Sobolev imbedding.

3. Degree theory for maps in the Sobolev class H'/2(S', S')

In 1985 L. Boutet de Monvel and O. Gabber observed that maps in the Sobolev class
H'/2(S', S") have a well-defined degree. (Note that the space H'/2? in one dimension is
not contained in C°. Once more this is a limiting case for the Sobolev imbedding!) Their
motivation came from the Ginzburg-Landau model and their argument is presented as
an Appendix in A. Boutet de Monvel-Berthier, V. Georgescu and R. Purice [1] (another
application of the H'/2 degree, also connected to the Ginzburg-Landau theory is presented
in F. Bethuel, H. Brezis and F. Hélein [1]).

The original argument of L. Boutet de Monvel and O. Gabber was the following. If
p € C(St,81), then

1 %) 1
( ) 8 ¥ 21 Jg1 @ 21 Jg1 L

However, this last integral makes sense if one merely assumes that ¢ € H'/? because
¢ € H~'/2? and the integral viewed as a scalar product in the duality between H—1/2
and H'/? has a meaning. One may wonder whether the resulting number is an integer.
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The answer is again positive because C*(S*, S1) is dense in H'/2(S*, S1); the argument is
essentially the same as in the proof of Lemma 2, except that here one uses the fact that

p(z) — oY)l
(3.2) /S1 /51 P dxdy < oo

to deduce that |@.(z)] — 1 uniformly (see Section 4). Recall that (3.2) is one of the
definitions of the space H'/? (see e.g. R. A. Adams [1]).

There are two other approaches which lead to the fact that maps in H'/ 2(S81, 81 have
a degree—each one with a different flavor.

First, via the Fourier series. This grew out of a question of I. M. Gelfand. Given
a complex-valued function ¢ on S' let (a;) denote its Fourier coefficients. Then ¢ €
H'/2(S',C) if and only if

400
(3.3) loll2e = > il la]? < oc.

j=—00
On the other hand, if ¢ € C1(S!, S1), its degree, given by (3.1) takes the form

+oo
(3.4) deg ¢y = Z jlajl?.

j=—00

The fact that the sum of the series in (3.4) belongs to Z for any ¢ € H'/2(S', S is
established, as above, via a density argument. It would be good to have a direct and
simple proof of that property. More precisely, if (a;) is a sequence of complex numbers
satisfying (3.3),

+oo
(3.5) > ai)P=1

j=—00
and
+oo
(3.6) > a@ie =0 Vk#0,
j=—00
then
+o0
> jla? ez
j=—00

Note that (3.5) and (3.6) correspond to the fact that the map

+oo
p0)= ) aze’

j=—o0



takes its values in S'. (Indeed |¢| =1 is equivalent to the property that

/ lp|2e* =0 VE #0 and / lp|? = 2m,
St St

which may be written as (3.5) and (3.6).)

In view of the formula (3.4) it is now quite natural that maps in H'/2? have a degree.
But it is far from obvious that maps in CY have a degree! A general map ¢ in CY(S*, S1)
need not belong to H'/2(S*, S') and thus the series

“+o0
> il layl?

j=—00
may be divergent. If this happens
“+o00 —1
deggp: Z]‘CLJP—F Z ']‘CLJF:—}—OO—OO
j=+1 j=—00

has no clear meaning. Since deg ¢ makes sense for p € C°(S1, S1), there must be some
kind of cancellation of the two infinite quantities, leaving us with a “principal value”. In
fact it would be very interesting to understand what summation process (if any) may be

used to compute
+oo

> dlal?

j=—o0

for a general p € CY(St, S1). In particular can one use any of the standard methods, for

example,
+n
lim )~ jla;|”
n—oo
j=—n
or
“+o0
lim Flas|?rll 2
rTl |
j=—00

Here is still another approach which shows that maps in H'/? have a degree. It relies
on the characterization of H'/2? as trace space for H'. More precisely, given some ¢ €
H'/2(S',S") we consider it as a map in H'/?(S*,C) and then we may extend it to the
unit disc B? in R? by a map u € H'(B?, C). We then recall the formula (1.6) which here
takes the form

1
(3.7) deg ¢ = —/ det Jy.
B2

™

Formula (3.7) holds for smooth maps. But, again, we observe that the right hand side in
(3.7) makes sense provided u € H' and to have such u it suffices to assume that p € H/2,
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Finally, a density argument, as above, shows that the integral on the right hand side of
(3.7) belongs to Z for any o € HY/?(S*, S1).

This last approach also works in higher dimensions. Suppose ¢ € W*®P(S™ S™) for
some fractional Sobolev space. We may extend ¢ inside the unit ball B! by some
u € Wst/pp(Br+l R™1) and then use the formula (1.6)

1
3.8 degp= s | dete.
(3:8) T B Jpen

The integral on the right hand side of (3.8) makes sense when u € W1 ™! and so we

1 n
may take p =n+1 s=1—-—- = . We now reach the conclusion that maps
P n+1

@ € WaH "8 67) have a degree (in Z). This class falls again in the category of the
limiting Sobolev exponent and it is slightly larger than W"(S™ S™) (via the fractional
Sobolev imbedding). For example when n = 2, there is a well-defined degree for maps
¢ € W33(52,52); this class is a little bigger than the class H'(S2,52) considered in
Section 2.

At this stage the situation was becoming rather confusing and we decided, with Louis
Nirenberg, to investigate a suggestion of L. Boutet de Monvel and O. Gabber, namely, to
define a degree for VMO maps. Such a degree is not defined via an integral formula
but rather via approximation (in the same manner as one extends degree theory from
C! to CY). As we shall see in the next Section such a class includes CY maps as well as
all Sobolev maps in the limiting case of the Sobolev exponent.

4. Degree theory for maps in VMO(S™, S™)

Here, and throughout the rest of this paper we present our recent work with Louis
Nirenberg; see H. Brezis and L. Nirenberg [1],[2].

Let us first recall the definition of BMO; this is a celebrated space introduced by F. John
and L. Nirenberg [1].

An integrable function f : S™ — R belongs to BMO if

(1) Ifllasio = Suw f 11~ fl<ox

where the Sup is taken over all geodesic balls on B on S", with radius r < 1. Formula
(4.1) defines a semi-norm or a norm on BMO modulo constants. BMO is complete under
this norm. A very useful equivalent norm is given by

(12) I£1. = Sup f f 1£(5) - £(=)ldydz.
Bcs~ JB JB
In fact its easy to check that

(4.3) 1 fllemo < || fll« < 2[[fllBMmO-
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Sometimes it is convenient to take the Sup in (4.1) (or (4.2)) over all balls with radius
r < ro; this yields a norm which is equivalent to the original BMO norm.

Clearly,
L* c BMO

and
[ fllBmo < 2[| f][Le-

But the converse is not true: the well-known example is the log function. More precisely,
fix a point xg on S™ then

(4.4) f(x) = ((z)log |z — x| € BMO

where ( is a smooth cut-off function supported near xy. An important inequality, due to
F. John and L. Nirenberg [1] asserts that

BMO Cc L? V1 <p< .

More precisely,

(4.5 5= Flis < Cll v

where C' depends only on p and n. In fact, a sharper form asserts that e/l € L' whenever
| flleMo < 1, where ¢ depends only on n.

It turns out that CY(S™) is not dense in BMO(S™). Since we plan to define the de-
gree via approximation by smooth maps, it is essential to deal with maps which can be
regularized. Hence we will work with

VMO(S™) = the closure of C°(S™) in BMO(S™)

i.e., a function f € BMO(S™) belongs to VMO(S™) if there is a sequence (f;) in C°(S™)
such that || f; — fllBmo — 0; without loss of generality, using (4.5), we may also assume
that f; — fin L? Vp < oo and f; — f a.e.

The space VMO (for functions on R™) has been introduced by D. Sarason [1] who also
established a useful characterization.

Lemma 3. A function of f € BMO(S™) belongs to VMO(S™) if and only if

(4.6) |éi|r£of3 }f—fo] =0

or equivalently

(4.7) iim {17~ fC)ldydz =0,

|B|—0
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The fact that f € VMO(S™) = (4.6) is easy. Indeed we may write, for any function g,

f1i=f 1115 =glowor f lo— £ o

Given & we may choose a continuous function g such that || f — g||smo < €. Then we may
find a 0 > 0 such that

}g—f g| <e VB with |B| <é.

B B

The converse (i.e., (4.6) = f € VMO) is more delicate (see D. Sarason [1] or H. Brezis
and L. Nirenberg [1]).

Examples:

1) The function f in (4.4) does not belong to VMO(S™). However |f|* € VMO(S™) for
any 0 < a < 1. Hence, there are unbounded functions in VMO. Similarly, the function
¢(z)log|log |z — xo|| belongs to VMO(S™).

2) The Sobolev space W(S™) C VMO(S™). This follows easily from the Poincaré
inequality

(4.8) [1i-f si<cispm [

where C' depends only on n. From (4.8) we deduce that

(4.9) f}f ff} <c(/ \Vf!")

and we may then apply Lemma 3 to infer that f € VMO.

3) More generally, functions in the fractional Sobolev space W*P(S5™) with 0 < s < n and
sp = n belong to VMO(S™) (note that the condition sp = n is limiting for the Sobolev
imbedding). To prove this, it suffices to consider the case 0 < s < 1 (when s > 1,
WP Cc WH™ and we are reduced to the previous example).

Recall (see e.g. R. Adams [1]) that a function f belongs to W*P provided

z2)[P
11w = /n/n |y—z|8p+n dydz < o0.
We have, by Holder,

rw -l < ([ [1rw-rer) Bew
1.4, o ([, f i -ser)
\8112/10 (/ / S ’y_z‘gn |p) (2r)2n/P
<C(/B B \y—z\sp(szl‘p) ’
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(since |y — z| < 2r, for y,z € B = a ball of radius r). Applying Lemma 3 once more we
conclude that f € VMO(S™).

Finally, we say that a vector-valued function u : S™ — R* belongs to VMO(S™, R¥) if
all its component are in VMO. If ¥ is a closed subset of R* we say that u € VMO(S™, %)
provided v € VMO(S™, R¥) and u(z) € ¥ a.e. on S™.

Our main result is the following

Theorem 1. Any mapu € VMO(S™, S™) has a well-defined degree in Z. Ifu € C°(S™, S™)
or if u belongs to one of the Sobolev classes described in Sections 2 and 3, the new degree
coincides with the degree previously defined.

The properties of this new degree are very similar to the properties of the standard
degree:

Property 1. The degree is stable under small BMO perturbation, i.e., if u € VMO(S™, S™)
and (u;) is a sequence in VMO(S™, S™) such that

(4.10) luj — ullBmo — 0

then
degu; = degu for j sufficiently large.

As a consequence, the degree is constant under homotopy within VMO, i.e., if H(x,t) €
C([0,1], VMO(S™, S™)) then

deg(H(:, 0)) = deg(H (-, 1)).

Property 2. If u € VMO(S™, S™) is such that
degu # 0

then

(4.11) essR(u) = S™.

Note that since w is only defined a.e. it does not make sense to talk about the range of
u. Instead one considers the essential range which is the smallest closed set 3 C S™ such
that u(x) € ¥ a.e. on S™. Property (4.11) says that there cannot be a “hole” in the range
of u, i.e., there is no open ball B in S™ such that u(z) € S™\B a.e.

Property 3 (Borsuk). If u € VMO(S™, S™) is odd, then

degu is odd

Property 4 (Hopf). If u,v € VMO(S™, S™) are such that

degu = degv
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then there is a homotopy H within VMO (as in Property 1) connecting u and v.

Our definition of degree for VMO maps is extremely simple. Given u in VMO(S™, S™)
set

U () :f u, 0<e<l,
B (x)

where B.(z) is the geodesic ball on S™, with center z and radius . Note that u. €
C°(S™, B"*t1) and also that

(4.12) 1 — |t (x)| = dist(ue(z), S™) ng . lu(y) — e (x)|dy.

Since u € VMO the right hand side in (4.12) tends to 0 uniformly in x as ¢ — 0.
Therefore, as € — 0,
[t (x)] — 1 uniformly in z

and thus we may introduce, for € < g¢, the map

Since u. € CY(S™, S™) we may consider
deg u..

This number is independent of € for ¢ < gy since we may use € as a homotopy parameter
to connect u. and u.. By definition we let

deg u = deg u. for e < gg.

For the proofs of all the above results we refer to H. Brezis and L. Nirenberg [1]. They
are not very difficult, but, still, the VMO degree theory is more subtle than the usual C°
theory. Here are some delicate points:

Remark 3. In the C° case, Property 1 asserts that if u,v € C%(S™,S™) and
lu—v||p= <1

then degu = degwv. In the VMO case such a statement does not hold. More precisely,
there exists no uniform § > 0 such that if u,v € VMO(S™, S™) and

lu—vllBmo <6

then degu = degv. In fact we can construct (see Lemma 6 in H. Brezis and L. Niren-
berg [1]) sequences (u;) and (v;) in C*(S*, S') such that

lu; —vjllBMO — 0 as j — o0
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(even ||uj; — vj| g1z — 0 as j — oo0) and
|degu; —degv;| > 1 Vj.

The exact formulation of Property 1 in the VMO case is:

Given any u € VMO(S™,S™) there is some § > 0 depending on u such that if v €
VMO(S™,8™) and ||[v — ullpmo < 6, then degv = degu.

Remark 4. As we have already pointed out the degree counts “how many times” ¢ covers
its range (including algebraic multiplicity). If ¢ € C9(S!, S!) then ¢ covers globally St at
most a finite number of times; this follows from the uniform continuity: there is a 6 > 0
such that |z —y| < § = |p(x) —¢(y)| < 1 and so the number of times that ¢ may cover S*
is at most of the order of 1/5. When ¢ € VMO(S?, S!) it may cover S! infinitely many
times. Here is such an example. Consider a real-valued function f(#) on [0,27] which is
smooth on [0, 27] except at § = 7, with eliir:rf(G) = 400 and f(0) =0, f(2r) = 2w. We

may construct such an f which belongs to VMO, choosing, for example,
F(0) =0+ ¢(0)|log |0 — 7]
where ( is a smooth cut-off function supported near 8 = w. Set
p(f) =,

Then ¢ € VMO(S!, St) (it is easy to see, using (4.7) that the composition L o f of a
Lipschitz map L with a VMO map f lies in VMO). As 0 — 7, 6 < 7, ¢(6) turns around
S1 infinitely many times in the positive direction. As soon as  crosses m, ¢(f) turns
around S! infinitely many times in the negative direction! Again, the degree seems to
be a difference of two infinite quantities and we encounter the same kind of cancellation
phenomenon as in Section 3 with Fourier series. Here also the degree seems to be some
sort of “principal value”. It would be very interesting to clarify this point.

5. Further properties of VMO maps in connection with Topology
We present here various remarks and additional results.
A. Homotopy classes and VMO

At this moment it is not clear whether VMO is the “largest” natural class on which
a degree can be defined. What is certain is that bigger classes such as LP(S™, S™), 1 <
p < 0o, or BMO(S™, S™) do not have a degree. The reason is that the spaces LP(S™, S™),
1 < p < oo, and BMO(S™, S™) are arcwise connected; this is true even if S™ is replaced
in the domain space by a manifold X and in target space by a manifold Y’; see Section 1.5
in H. Brezis and L. Nirenberg [1].

When dealing with continuous maps, topologists consider the homotopy classes say
of C°(S™, S*). These are the connected components C; of C°(S™, S*). One may ask what
are the connected components of VMO(S™, S¥)? Tt turns out that they are of the same
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type as in the C¥ case. More precisely, they are the closures in BMO of the above C;; see
Section 1.5 and Lemmas A.18 - A.24 in H. Brezis and L. Nirenberg [1].

B. Lifting and VMO

Another topic of interest in Topology concerns lifting. For the sake of simplicity let
us consider maps from S' into S!. The question is whether a map ¢ : S — S! can be

written as

p=c’

for some f : S — R. When ¢ € C°(S, S), a classical result asserts that there is such
f € C°(SY,R) if and only if deg¢ = 0. Here is an extension to VMO:

Theorem 2. Assume ¢ € VMO(S!, S1), then ¢ may be written as
¢ = ¢ for some f € VMO(S!, R)

if and only if deg ¢ = 0.

The proof, which is much more elaborate than in the continuous case, is presented in
Section 1.6 of H. Brezis and L. Nirenberg [1]. It is related to earlier work of R. Coifman
and Y. Meyer [1]. We have more general results in the framework of 3 spaces X,Y, Z and
F'is a continuous covering map of Z to Y. Under the natural topological assumptions we
prove that a map ¢ € VMO(X,Y) can be lifted to Z, i.e.,

p=Fof

for some f € VMO(X, Z).

Remark 5. The question of lifting for Sobolev maps is more delicate than it seems and
has been settled only recently. Here is the problem in a simple situation. Let 2 C R™ be
a smooth bounded domain and let v € W1P(Q, S1) with 1 < p < co. Can one write

u=e  for some f € WHP(Q,R) ?

The answer is positive if p > 2 and negative if 1 < p < 2. This is a result of F. Bethuel
and X. Zheng [1]; a simpler proof, due to P. Mironescu is given in H. Brezis [3].

C. Toeplitz operators and VMO

Let me recall briefly the notion of Toeplitz operators. Consider the Hilbert space
L?(S*,C) and the closed subspace

H2 = {f € L*(S,C); [ f(B)e™dd =0 vn=1,2,...}.
Sl

Let P be the orthogonal projection from L? onto H?. Given a function ¢ € L>°(St, C)
consider the multiplication operator, defined on L? by

Myf =pf.
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By definition the Toeplitz operator T.,, with symbol ¢, is
T =PM,

considered as a bounded operator from H? into itself.

A very classical result in the theory of Toeplitz operators (see e.g. R. Douglas [1])
asserts that if ¢ € C°(S',C) and ¢ # 0 on S', then T, is Fredholm and

index(T,) = — deg (‘—ﬂ) :
¥

Here is an extension to VMO.

Theorem 3. Assume ¢ € VMO(SY, C) N L>(S*, C) satisfies
| >a >0 ae onS'.

Then T, is Fredholm and

index(T,) = — deg (ﬁ) .
]

Of course, the degree is to be understood in the sense of degree for VMO maps. The
proof of Theorem 3, which is joint with P. Mironescu, is presented in Appendix 2 of
H. Brezis and L. Nirenberg [2]. It uses a deep result: the Fefferman-Stein duality of H1
and BMO (see C. Fefferman and E. Stein [1]).

6. Degree theory for VMO maps on domains

As we have mentioned in the Introduction there is a classical notion of degree for
continuous maps on domains of R™. Such a concept can be extended to VMO maps. We
have first to define precisely what is meant by BMO and VMO on domains.

Let 2 C R™ be an open (connected) bounded set. A function f € Ll () belongs to
BMO(€2) provided

(6.1) 1 llmaro = Supr if—/B 7] < o,

BCQ

where the Sup in (6.1) is taken over all balls B whose closure is contained in 2. This
notion depends (in principle) on the choice of norm in R"—a different norm gives rise to
a different geometry of balls. A deep result of P. Jones asserts that two different norms on
R™ yield two equivalent BMO norms. This is proved in H. Brezis and L. Nirenberg [2],
using the methods of P. Jones [1]. The main idea is to show that if in (6.1) we consider

1
balls B “well-inside” (i.e., B = B,(x) with r < idist(x,ﬁQ)) we obtain a smaller norm,
which is equivalent to the BMO norm.
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Now VMO((2) is the closure of C°(Q) for the BMO norm. The analogue of Lemma 3
holds provided B C Q. As above, the Sobolev space W*P(Q2) C VMO(£2) when 0 < s <n
and sp = n.

We wish to define
deg(u,Q,y)

for a map v € VMO(Q, R"*!) such that y ¢ w(9Q). This last condition does not make
sense since VMO maps do not, in general, have a trace on the boundary. We make instead
the following assumption:

there exist constants > 0 and rg > 0 such that

1
(6.2) f u(x) —yl 28 Vo€ Qwith r = dist(z,09) < ro.
B, (z)

Note that, if u € C°(Q,R**1), assumption (6.2) is equivalent to the condition that
y ¢ u(09). Of course, we could also have made the stronger assumption that

(6.3) |lu — y| > § a.e. on some neighborhood of 9f2.

However, such a condition would be too restrictive in our framework. For example, if
ueWhn let ¢ = Ulag and assume that

lp—yl>v>0 a.e. on 0},

then (6.2) holds, but (6.3) does not hold.
Our main result is

Theorem 4. Assume u € VMO(Q, R"*!) satisfies (6.2) then
deg(u, Q,y) is well-defined (in Z).

This new degree has all the properties that one expects for a degree. Here are some:

Property 1. Assume u € VMO(Q, R"™!) and (u;) € VMO(Q, R"*!) are such that u; — u
in BMO and in L, and (6.2) holds for u and for u; uniformly in j (i.e., with the same §
and rg). Then

deg(uj, Q,y) = deg(u,Q,y) for j large.

Property 2. Suppose u € VMO(Q, R"*!) satisfies (6.2) and deg(u,,y) # 0. Then
y € essR(u) and more precisely

B;(y) C essR(u).

In the classical theory, with u € C°(Q, R"*1), assuming also ) is smooth, we have

(6.4) deg(u, Q, y) = deg (% o9, S”“) .
u—y
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Formula (6.4) does not make sense for maps u in VMO-—again because they do not have
a trace on 0.

To get around this difficulty we were led to introduce a new class of functions f in
VMO(£2) which does have a trace ¢ on the boundary, with ¢ in VMO(9€2). Our definition
is the following: Let ¢ be a function in VMO(0Q). Let ¢ be the extension of ¢ in a
neighborhood of 0f2, constant on normals.

Definition. A function f € VMO() belongs to VMO, () if

lim f |f —@| =0.
r—0 BT(CC)

r=1dist(z,00)

There are many natural examples of functions in VMO,. Any function f in win
belongs to VMO, where ¢ = trace of f (in the sense of Sobolev spaces). The harmonic
extension in 2 of a function ¢ € VMO(99Q) belongs to VMO, (€2). Etc. ... . For such
maps we have

Theorem 5. Assume u € VMO, (Q,R"*!) and
lp—y| >8>0 ie., ondQ.

Then (6.2) holds and

deg(u, Q, y) = det (ﬂ,aﬂ, 5”1) .
lo —

The proof is given in Section I1.4 of H. Brezis and L. Nirenberg [2].
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