Fractional Harmonic Maps

Francesca Da Lio*

Abstract
The theory of a-harmonic maps has been initiated some years ago by the author
and Tristan Riviere in [8]. These maps are critical points of the following nonlocal
energy

2 = [ 18T uw)Pdet, (1)

where u € H*(R¥, '), N € R is an at least C? closed (compact without boundary)
n-dimensional smooth manifold. In a recent paper [10] we also introduce the notion
of horizontal a-harmonic maps. Precisely, given a C! plane distribution Pr on all
R™, these are maps u € H“(Rk,Rm), a > 1/2; satisfying

{ Pr(u)Vu=Vu  in D'(RF)
Pr(u)(=A)*u =0 in D'(RF).

If the distribution of planes is integrable, then we recover the case of a-harmonic
maps with values into a manifold. We will concentrate here to the case o = 1/2
and k = 1 which corresponds to a critical situation. Such maps arise from several
geometric problems such as for instance in the study of free boundary manifolds.
After giving an overview of the recent results on the regularity and the compactness
of horizontal 1/2-harmonic maps, we will describe the techniques that have been
introduced in [8, 9] to investigate the regularity of such maps and mention some
relevant applications to geometric problems.
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1 Overview

Since the early 50’s the analysis of critical points to conformal invariant Lagrangians has
raised a special interest, due to the important role they play in physics and geometry.

The most elementary example of a 2-dimensional conformal invariant Lagrangian is
the Dirichlet Energy

Lu) = /D Vu(z, y)Pdedy. 2)

where D C R? is an open set, u: D — R™ and Vu is the gradient of u .

We can define the Lagrangian (2) in the set of maps taking values in an at least C?
closed n- dimensional submanifold N' C R™. In this case critical points u € WH(D, N)
of L satisfy in a weak sense the equation

—Au 1L TN, (3)
where TeN is the tangent plane a A at the point £ € N, or in a equivalent way
—Au = A(u)(Vu, Vu) := A(u)(0,u, 0yu) + A(u)(0yu, Oyu), (4)

where A(€) is the second fundamental form at the point £ € N (see for instance [17]).
The equation (4) is called the harmonic map equation into N .
In the case when A is an oriented hypersurface of R™ the harmonic map equation

reads as
—Au = v(u)(Vv(u), Vuy , (5)

where v is the unit normal vector field to N .

The key point to get the regularity of the harmonic maps with values into the sphere
S™=1 was to rewrite the r.h.s of the equations as a sum of a Jacobians. More precisely
Hélein in [17] wrote the equation (5) in the form

—Au = V+B - Vu, (6)

where VB = (V*+B;;) with V*B;; = u;Vu; —u;Vu,, (for every vector field v: R? — R™,
V+v denotes the 7/2 rotation of the gradient Vv, namely V+v = (—9,v,d,v)).
The r.h.s of (6) can be written actually as a sum of Jacobians:

VLBH‘VU]‘ = @Cuj@yBij — 8yuj8$B,~j .
This particular structure permitted to apply to the equation (6) the following result

Theorem 1.1 /28] Let D be a smooth bounded domain of R*. Let a and b be two mea-
surable functions in D whose gradients are in L?(D). Then there exists a unique solution
e WD) to

Ja 0b  Oa Ob

A = 22 er D
7 Ordy Oyoxr’ " (7)
p=20 on 0D .



Moreover there exists a constant C' > 0 independent of a and b such that
lelloe + Vo]l < ClIVal[L2][ V]| >
In particular ¢ is a continuous in D . O

In the case of an oriented hypersurface ' of R™ by using the fact that Vu is orthogonal
to v(u) the equation (5) can be reformulated as follows

m

A =3 () V((u); — vlu); V(v(w)) Vil ®)

J=1

Unlike the sphere case there is no reason for which the vector field

v(w)' V(v(u); — v(u); V(v(w)'

is divergence-free. What remains true is the anti-symmetry of the matrix
Q= (v(w) V(v(w); - v(w); VW), . - 9)

Actually Riviere in [20] identified the anti-symmetry of the 1-form in (9) as the essential
structure of equation (5) and he succeeded in writing the harmonic map system in the
form of a conservation law whose constituents satisfy elliptic equations with a Jacobian
structure to which Wente’s regularity result (Theorem 1.1) could be applied.

Let us now introduce Pr(z), Py(z) the orthogonal projections respectively to the tan-
gent space T,N and to the normal space (T,A):. Then the equation (3) can be re-
formulated as follows

Pr(u)Au =0, in D'(D). (10)

We are going to release the assumption that the field of orthogonal projections is
associated to a sub-manifold N and to consider the equation (10) for a general field of
orthogonal projections Pr and for horizontal maps u satisfying

Py(u)Vu =0, in D'(D). (11)
We will assume that Pr € C'(R™, M,,,(R)) and Py € C*(R™, M,,(R)) satisfy
(PTOPT:PT PNOPN:PN

Pr+ Py =1,
(12)
VzeR™ VUV eT,R™ < Pr(2)U, Py(z)V >=0
where < -,- > denotes the standard scalar product in R™. In other words Pr is a C*

map into the orthogonal projections of R™. For such a distribution of projections Pr we
denote by
n = rank(Pr).

3



Such a distribution identifies naturally with the distribution of n-planes given by the
images of Pr (or the Kernel of Pr) and conversely, any C! distribution of n-dimensional
planes defines uniquely Pr satisfying (12).

For any a > 1/2 and for k > 1 we define the space of H*-Sobolev horizontal maps

9°(R") = {u € HY(RF,R™); Pyx(u)Vu=0 inD'(RF)}.

Observe that this definition makes sense since we have respectively Pyou € HY(R*F, M,,(R))
and Vu € H* 1(R¥ R™). Next we give the following definition.

Definition 1.1 Given a C* plane distribution Py in R™ satisfying (12), a map u in the
space H(RF) is called horizontal a-harmonic with respect to Pr if

Vi=1---m zm:P%j(u)(—A)auj =0  inD'(R") (13)

j=1
and we shall use the following notation

Pr(u) (=A)*u=0  in D'(R").

O

When the plane distribution Py is integrable that is to say when
VX,Y € C'(R™,R™) Py[PrX,PrY]=0, (14)
where [, -] denotes the Lie Bracket of vector-fields, using Frobenius theorem the plane

distribution corresponds to the tangent plane distribution of a n—dimensional foliation
F. A smooth map u in $H%(R™) takes values everywhere into a leaf of F that we denote
N™ and we are back to the classical theory of harmonic maps into manifolds. Observe that
our definition includes the case of a-harmonic maps with values into a sub-manifold of the
euclidean space and horizontal with respect to a plane distribution in this sub-manifold.
Indeed it is sufficient to add to such a distribution the projection to the sub-manifold and
extend the all to a tubular neighborhood of the sub-manifold.
In [10] we have proved the following result

Theorem 1.2 (Theorem 2.1, [10]) Let Pr be a C' distribution of planes (or projec-
tions) satisfying (12). Any map u € $H'(D)

Pr(u)Au=0 inD'(D) (15)

is in Ns CL (D). O



The main idea to prove Theorem 1.2 is to show that u satisfies an elliptic Schrodinger
type system with an antisymmetric potential Q € L*(R*, R*®so(m)) (whose construction

depends on Pr) of the form
—Au=Q-Vu. (16)

Hence, following the analysis in [20] the authors deduced in dimension 2 the local existence
on a disk D of A € L*NW"(D,Gl,,(R)) and B € W'?(D, M,,(R)), depending both
on Pr(u), such that

div(AVu) = V*B - Vu (17)

from which the regularity of u can be deduced using Wente’s Theorem 1.1.

Now we turn our attention to an analogous fractional problem in dimension 1. We
consider the following Lagrangian that we will call L—energy (L stands for “Line”)

LY (u / [(—=A)Y4ul? do (18)

within

H'(R,N) = {U e HY*(R,R™) ; u(x) € N fora. e. x € ]R} .
The operator (—A)® on R is defined by means of the Fourier transform as follows
(—A)u = |g]*a,

(given a function f, both f and F[f] denote the Fourier transform of f).
The Lagrangian (18) is invariant with respect to the Mdbius group and it satisfies the
following identity

/| Ay \dx—mf{/
R2

+

\Va|’dz : @€ WH(RZ,R™), trace @ = u} :
In [8] we introduced the following Definition:
Definition 1.2 A map u € HY2(R,N) is called a weak 1/2-harmonic map into N if for

any ¢ € HY2(R,R™) N L®(R,R™) there holds

d
dtﬁl/Q(ﬂN(u +19)),_o = 0,

where Iy is the orthogonal projection on N . O

'We denote by so(m) the space of antisymmetric matrices of order m and by GL,, the space of
invertible matrices of order m.



In short we say that a weak 1/2-harmonic map is a critical point of £L/? in Hl/Q(R,N)
for perturbations in the target.
Weak 1/2-harmonic maps satisfy the Euler-Lagrange equation

v(u) A (=A)2u=0  in D'(R). (19)

Let IT_;: S'\ {—i} = R, TI_;(§{ +in) = lfr—n be the stereographic projection from the
south pole, then the following relation between the 1/2 Laplacian in R and in S* holds:

Proposition 1.1 (Proposition 4.1, [7]) Givenu: R — R™, we setv := uoll_; : ST —
R™. Then u € L%(]R)2 if and only if v € L'(S"). In this case

AV (e
1v(ei6) _ (( A)1R+)S<E92< )) in D/(sl \ {—i}), (20)

Observe that (1 + sin(0))~! = |II"_;(0)|, and hence we have

1
2
S

(=4)

| R ol d0 = [ (~A)hue) ol @) do - for every i € CF(S\ {1}
st R
From (20) and the invariance of the Lagrangian (18) with respect to the trace of
conformal maps in C it follows that a map u € H'/?(R, N) is weak 1/2-harmonic in R if
and only if v = uoIl_; € H/?(S', N) is weak 1/2-harmonic in S*.
Indeed v € H'Y?(S*, N) satisfies

v() A (=AY =0 inD'(S'\ {-i}). (21)

Consider now the stereographic projection from the north pole II;: S1\ {i} — R, IL;(§ +

1 1
in) = ﬁ and @ = voll;! =uo-—. Since ;:C\{O} — C\ {0} is a conformal map,

@ € H'Y?(R,N) is weak 1/2-harmonic in R \ {0}. By applying Proposition 2.2 in [5] (a
singular point removability type result on R) we deduce that @ is weak 1/2-harmonic in
R and in particular continuous in R. Therefore not only v is weak 1/2-harmonic in S*
but we deduce that

lim u(zx) = lim wu(x) and lim o(z) = lim o(2).
T—+00 z—r+00 z——it z——1i~
zes!t zest

Fractional harmonic maps appear in several geometric problems and we mention below
some of them.

1. The first application is the connection between weak 1/2-harmonic maps and free
boundary minimal disks. The following characterization of weak 1/2-harmonic maps of
St into sub-manifolds of R™ holds, (see [7] and [18]).

%We recall that Li(R) := {u €L}

loc

(R) : fy 2ldo < oo}
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Theorem 1.3 Let u € H'Y/?(S', N), where N is a n-dimensional closed smooth sub-
manifold of R™. If u is a nontrivial weak 1/2-harmonic map, then its harmonic extension
u e Wh(D,R™) is conformal and

ou

viuyA— =0 inD'(S"). O (22)

or
From Theorem 1.3 it follows that @ is a minimal disk whose boundary lies in N
and meets N orthogonally, namely its outward normal vector % is othogonal to N at

each point of @(S!). Moreover we can deduce the following two characterizations of 1/2-
harmonic maps in the case where A/ = S! and N = S2.

Theorem 1.4 i) Weak 1/2-harmonic maps u: S' — S with deg(u) = 1 coincide with
the trace of Mobius transformations of the disk B*(0,1) C R?.

i) If u: S' — S? is a weak 1/2-harmonic map then u(S') is an equatorial plane and it
is the composition of weak 1/2-harmonic map u: S* — S with an isometry 7: S* — S?.

2. Another geometrical application concerns the so-called Steklov eigenvalue problem that
is the first eigenvalue oy of the Dirichlet-to-Neumann map on some Riemannian surfaces
(M, g) with boundary OM. In [14] the authors show the following

Theorem 1.5 ( Proposition 2.8, [14]) If M is a surface with boundary, and gy is a
metric on M with
71(90) Lgy (0M) = max o1(g) Ly (M),

where Ly(OM) is the lenght of OM, the maz is over all smooth metrics on M in the con-
formal class of go. Then there exist independent eigenfunctions uy, ..., u, corresponding
to the eigenvalue o1(go) which give a conformal minimal immersion u = (uq,...,u,) of
M into the unit ball B" and u(M) is a free boundary solution. That is, u: (M,0M) —
(B™,0B™) is a harmonic map such that w(OM) meets OB™ orthogonally. Hence u|gps is
1/2-harmonic.

3. 1/2-harmonic maps appear in the asymptotics of fractional Ginzburg-Landau equa-
tion, (see [18]) and in connections with regularity of critical knots of Mobius energy (see
[2])-

The theory of weak 1/2 harmonic maps with values into a closed n-dimensional sub-
manifold A has been initiated some years ago by the author and Tristan Riviere in [8].
Since then several extensions have been considered (see [4, 12, 9]). The main novelty
in the regularity of 1/2-harmonic was the re-formulation of the Euler-Lagrange equation
in terms of special algebraic quantities called 3-terms commutators which are roughly
speaking bilinear pseudo-differential operators satisfying some integrability by compensa-
tion properties.

As in the local case we can consider a plane distribution Pr satisfying (12) and solutions
of

Pr(u) (=A)?u =0 in D'(R) (23)
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under the constraint Py (u) Vu = 0 in D'(R). Maps u € H'/%(R) satisfying (23) are called
horizontal 1/2-harmonic maps. One of the main result in [10] is the following Theorem.

Theorem 1.6 Let Pr be a C' distribution of planes satisfying (12). Any map u €
531/2(R)

Pr(u) (=A)Y2u =0 in D'(R) (24)
is in Ns<1C2° (R). O

In [10] conservation laws corresponding to horizontal 1/2-harmonic maps have been
discovered: locally, modulo some smoother terms coming from the application of non-local
operators on cut-off functions, we construct out of Pp(u) A € L™ N HY?(R, Gl,,(R)) and
B € H'Y?(R, M,,(R)) such that

(=A)Y4(Av) = J(B,v) + cut-off, (25)

r (—A)Y4u, R(Py(—A)Y%u)), R denotes the Riesz operator defined by

Where = (P
R f &) = i f and J is a bilinear pseudo-differential operator satisfying

1T (B, )l =172y < CI(=2)"*Bll 2@y [[v]]z2(x)- (26)

As we will see later, the conservation law (25) will be crucial in the quantization analysis
of sequences of horizontal 1/2-harmonic maps.

By assuming that Pr € C*(R™) and by bootstrapping arguments one gets that every
horizontal 1/2-harmonic map u € $'/2(R) is C2%(R), for every a < 1 (see [11]).

We would like to mention that in the non-integrable case it seems not feasible to get
the regularity of the horizontal 1/2-harmonic maps by the techniques in [23] or [18] which
consist in transforming the a-priori non-local PDE (19) into a local one and in performing
ad-hoc extensions and reflections.

Also in the nonintegrable case the following geometric characterization holds.

Proposition 1.2 An element in $H/? satisfying (23) has a harmonic extension i in
B?(0,1) which is conformal and hence it is the boundary of a minimal disk whose ex-
terior normal derivative 0,1 1s orthogonal to the plane distribution given by Pr. a

Example : We consider the following field of non-integrable projections in C?\ {0}.
PT(Z) Z =7 — ‘Z|72 [Z . (21, Z2) (21, 22) + Z (izl, iZQ) (izl, iZQ)] . (27)

An example of u satisfying (24) is given by solutions to the system

g—r/\u/\zu—o in D'(S1)
au : / 1
U - %:0 in D'(S') anatleast (28)
8u_ . Vol
\ iu %—0 in D'(S")



where % denotes the harmonic extension of u which happens to be conformal due to
Proposition 1.2 and define a minimal disk. An example of such maps is given by
w(0) = - (e =) where (%) = ——(2,%) (29)
= \/5 5 ) - \/§ ) <)
Observe that the solution in (29) is also a 1/2-harmonic map into S® and it would be
interesting to investigate whether this is the unique solution.

From a geometrical point of view to find a solution to (24) means to find a minimal
disk whose boundary is horizontal and the normal direction is vertical.

One natural question is to see if this problem is variational. A priori if @ is a critical
point of the Dirichlet energy whose boundary is horizontal, then its exterior normal deriva-
tive 0,4 does not belong necessarily to Im(Py). Despite the geometric relevance of equa-
tions (13) in the non-integrable case, it is however a-priori not the Euler-Lagrange equation
of the variational problem consisting in finding the critical points of [|(—A)*/2u||2, within
$H* when Pr is not satisfying (14). This can be seen in the particular case where av = 1
where the critical points to the Dirichlet Energy have been extensively studied in relation
with the computation of normal geodesics in sub-riemannian geometry. We then introduce
the following definition:

Definition 1.3 A map u in H is called variational a—harmonic into the plane dis-
tribution Pr if it is a critical point of the ||(—A)*?u||2, within variations in $H i.e. for
any us € C1((=1,1),9H%) we have

d e}
S8 w7 =o0. (30)
t=0
O

Example of variational harmonic maps from S! into a plane distribution is given by the
sub-riemannian geodesics.

A priori the equation (23) is not the Euler-Lagrange equation associated to (30). The
main difficulty is that we have not a pointwise constraint but a constraint on the gradient.
In order to study critical points of (30) we use a convexification of the above variational
problem following the spirit of the approach introduced by Strichartz in [27] for normal
geodesics in sub-riemannian geometry. We prove in particular for the case o = 1/2 that
the smooth critical points of

. —-1/4 u 9
g = [ 1OV,

Sl

- [ {0 e, 23 (P ) ) @ (3)
- [ (a5 s 2 (Pew G ) ) ao
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in the co-dimension m Hilbert subspace of H'/?(S',R™) x H~'/?(§',R™) given by?

( (u, &) € HY2(SY, R™) x H Y?(SY, R™) s. t.
du
— Py(u), — =0
. (P2 5)
_ _ d
(80 (Pr)g) € (Y and (-, (PG ) € 2(S")
\ Vs
at the point where the constraint (PN(u),Z—Z)HI/Q ;12 = 0 is non-degenerate are

“variational 1/2-harmonic” into the plane distribution Pr in the sense of definition 1.3.
It remains open the regularity of critical points of (31) or even of the 1/2 energy (18) in
$/2 in the case when the constraint (PN(u), %)HW’HA/Q = ( is degenerate.

In a joint paper with P. Laurain and T. Riviere we investigate compactness and quanti-
zation properties of sequences of horizontal 1/2 harmonic maps u;, € $'/2(R) by extending
the results obtained by the author in [5] in the case of 1/2-harmonic maps with values

into a sphere. Our first main result is the following:

Theorem 1.7 [Theorem 1.2 in [6]] Let u, € HY2(R) be a sequence of horizontal 1/2-
harmonic maps such that

il e < C (=A) Pl < C (32)
Then it holds:

1. There exist uss € HY2(R) and a possibly empty set {ai, ..., a;}, £ > 1, such that up
to subsequence

Up = tse i WPPR\ {ag, ..., a}), p>2 ask — oo (33)

loc

and

Pr(us)(=A)uy =0, in D'(R). (34)

2. There is a family @5 € $'*(R) of horizontal 1/2-harmonic maps (i € {1,...,0},j €
{1,...,N;}), such that up to subsequence

— 0, ask— +oo. (3H)
Li, ()

||(—A)1/4 (uk — Upo — Zﬂg((:p - x%)/r%))

for some sequences rfj — 0 and xfj € R.

3Given f € HY?, g € H=/? we denote by (f,9) g1/ j7-1,» the duality between f and g.
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As we have already remarked in [6] the condition ||(—A)Y2uy |1 < C is always satisfied

in the case the maps wuy take values into a closed manifold of R™ (case of sequences of
1/2 harmonic maps) as soon as ||ug|| g2 < C. This follows from the fact that if u is a
1/2-harmonic maps with values into a closed manifold of A" of R™ then the following
inequality holds (see Proposition 5.1 in [6])

1(=2)ull 11wy < CI(=2) " ullEm)- (36)
Hence in the case of 1/2-harmonic maps defined in S! we have the following corollary.

Corollary 1.1 [Corollary 1.1 in [6]] Let N be a closed C?* submanifold of R™ and let
up € HY2(SY, N) be a sequence of 1/2-harmonic maps such that

[kl 1251y < € (37)

then the conclusions of Ttheseheorem 1.7 hold. In particular up to subsequence we have
the following energy identity

lim |
k?—)-‘rOO Sl

(-8 d = [0l 0+ 3 [ -y ade (39)

where U are the bubbles associated to the weak convergence.

For the moment it remains open to know whether the bound (36) holds or not in the
general case of horizontal 1/2-harmonic maps.

The compactness issue (first part of Theorem 1.7) is quite standard. The most delicate
part is the quantization analysis consisting in verifying that there is no dissipation of the
energy in the region between uy, and the bubbles @'} and between the bubbles themselves
(the so-called neck-regions). Such an analysis has been achieved in [6] by performing a
precise asymptotic development of horizontal 1/2-harmonic maps in these neck-regions,
that was possible thanks to the conservation law (25) and an application of new Pohozaev-
type identities in 1-D discovered in [6]. We refer the reader to [6] for a complete description
of compactness and quantization issues of horizontal 1/2-harmonic maps.

We conclude this section by mentioning that the partial regularity of 1/2-harmonic
map in dimension k& > 2 with values into a sphere has been been deduced in [18] from
existing regularity results of harmonic maps with free boundary. Schikorra [25] has also
studied the partial regularity of weak solutions to nonlocal linear systems with an anti-
symmetric potential in the supercritical case under a crucial monotonicity assumption on
the solutions which allows to reduce to the critical case.

It still remains open a direct proof of the partial regularity without an ad-hoc mono-
tonicity assumption.
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2 3-Commutators Estimates

As we have already mentioned in the previous section, when the notion of 1/2-harmonic
map was introduced in [8], one of the main novelty was the re-formulation of the Euler-
Lagrange equation in terms of three-terms-commutators which have played a key role in
all the results that have been obtained later.

In this section we will introduce such commutators and recall some important estimates
and properties. Such properties will be crucial to get regularity results of 1/2-harmonic
maps and to re-write the system (satisfied by a horizontal 1/2-harmonic map)

Pr(u)(=A)Y2u =0
(39)
Py(u)Vu =0

in term of a conservation law.
We first introduce some functional spaces.
H!(R™) denotes the Hardy space which is the space of L' functions f on R"satisfying

/sup|¢t*f|<a:> iz < 400 |
R

n teR

where ¢;(z) := t™™ ¢(t"'x) and where ¢ is some function in the Schwartz space S(R")
satisfying fRn ¢(x) dv = 1. For more properties on the Hardy space H' we refer to
(15, 16, 26].

The L?»*(R) is the space of measurable functions f such that

sup M {z € R :|f(x)] > A\}"Y? < +00.
A>0

L*Y(R) is the Lorentz space of measurable functions satisfying

/+OO {z € R :|f(z)] > \}Y2d) < 400 .
0

In [8] the following two three-terms commutators have been introduced:

T(Q,v) == (—A)"*(Qu) — Q(—=A)*v + (=A)*Qu (40)
and
S(Q,v) = (—A)*Qu] — R(QR(—=A)Y*v) + R((—A)/*QRv), (41)

where R is the Riesz operator.
In [8] the authors obtained the following estimates.

Theorem 2.1 Let v € L*(R), Q € HY*(R) . Then T(Q,v),S(Q,v) € H V(R) and
1T(Q, V)l g-12m) < C Q2 |Vl 1220 5 (42)
1S(Q, ) lz-172) < C QI 72wy vl 200 (w) - (43)
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We observe that under our assumptions v € HY?(R,R™) and Q € HY?*(R, Myxm(R))
each term individually in 7" and S - like for instance (—A)Y4(Q(—A)Y4u) or Q(—A)Y?u
.. - are not in H~2 but the special linear combination of them constituting 7" and S are
in H='2. In a similar way, in dimension 2, J(a,b) := 929 _ 9a9 qatisfies as a direct

ox Oy Oy Ox
consequence of Wente’s theorem 1.1

17 (a, )l -1 < C lallga 1Bl 2 (44)

whereas, individually, the terms 2292 and 229
) ) Ox Oy Oy Oz

Actually in [5] we improve the estimates on the operators T', S.

are not in H~ 1.

Theorem 2.2 Let v € L*(R), Q € H'*(R). Then T(Q,v),S(Q,v) € H'(R) and
IT(Q, )@ < ClRN 2wy vl 2 - (45)

15(Q, V)l < CllQI g/2@llvll2@ - O (46)

We refer the reader to [8] and [5] for the proof of respectively Theorem 2.1 and Theorem
2.2. We just mention that the above estimates is based on a well-known tool in harmonic
analysis, the Littlewood-Paley dyadic decomposition of unity that we briefly recall here.
Such a decomposition can be obtained as follows. Let ¢(&) be a radial Schwartz function
supported in {£ € R™ : |¢] < 2}, which is equal to 1 in {€ € R™: || < 1}. Let ¢(&) be
the function given by

»(§) = (&) — o(26)
¥ is then a "bump function” supported in the annulus {£ € R" : 1/2 < [¢| < 2}.

Let o = ¢, ¥;(§) = ¥(277€) for j # 0. The functions 1;, for j € Z, are supported in
{€eR: 271 <|¢] <2771} and they realize a dyadic decomposition of the unity:

> i) =1.
jez
We further denote

$;(&) = > w(&).

k=—o0

The function ¢; is supported on {£, [§] < 2711},
For every j € Z and f € §'(R) we define the Littlewood-Paley projection operators
Pj and PSJ by

Pf=v,f ﬁs]‘\fzcbjf-

Informally P; is a frequency projection to the annulus {2771 < |¢] < 27}, while Pc; is a
frequency projection to the ball {|¢] < 27} . We will set f; = P;f and f/ = P, f.
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We observe that f7/ = Zi:_oo feand f =52 fi (where the convergence is in

k=—o00
S'(R)).
Given f,g € §'(R) we can split the product in the following way
fg=1(f,9) +1(f, 9) + M(f, 9), (47)
where

+oo +o0
W(fig) = D0 >, =2 fid "

—0o0 k<j—4

+oo +o0
Mo(fig) = D f D, o= 9"

—00  k>j+4

I3(f,9) = ij Z 9k -

—00  |k—j|<4
We observe that for every j we have
suppF [f7g;] C {2772 < [¢] < 22

suppF[S_10 s figr] € {1€] < 2775}

The three pieces of the decomposition (47) are examples of paraproducts. Informally the
first paraproduct II; is an operator which allows high frequences of f (~ 27) multiplied
by low frequences of g (< 27) to produce high frequences in the output. The second
paraproduct Il multiplies low fequences of f with high frequences of g to produce high
fequences in the output. The third paraproduct IIs multiply high frequences of f with
high frequences of g to produce comparable or lower frequences in the output. For a
presentation of these paraproducts we refer to the reader for instance to the book [16].

The compensations of the 3 different terms in 7'(Q,v) will be clear just from the
Littlewood-Paley decomposition of the different products. With this regards to get for
instance the estimate (45) we shall need the following groupings

e i) For I1;(T(Q, v)) we proceed to the following decomposition
(T(Q,v)) = IL((=A)"*(Qv)) + ILQ(=A)*v + (=A)/*Qu) .

J/

e ii) For II1(R(Q,u)) we decompose as follows

5(T(Q.v)) = Ma((=4)"4(Qu) = Q(=A)"v) + I,((=A)VQu) .

J J/
—~ ~~

e ii) Finally, for II3(R(Q, u)) we decompose as follows
M(T(Q, 0)) = T((—A)V4(Qu)) — Ty (Q(—A)4v) + Ty ((~A)1Qu)

(.
~~ ~~ ~~
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The following 2-terms commutators have also been used in [9, 10]:
F(Q,v) = RIQIRIY] - Qu. (48)
(@, v) = Qu+ RIQR[]. (49)
Theorem 2.3 [Theorem 3.6 in [10]] For f,v € L? it holds

IECf o)l =12y < Cllf 2@l 2 @), (50)

and
1E(f, )l < Cllifllewllvllzem - B (51)

Theorem 2.4 [Theorem 3.7 in [10]] For Q € H'?(R), v € L*(R) it holds

I(=2)4AQ, ) @) < ClQN 2 V] 2w - O (52)

Actually the estimate (51) is a consequence of the Coifman-Rochberg-Weiss estimate
3].
From Theorem 2.4 we deduce that under the same assumptions it holds A(Q,v) €
L*Y(R) with
IAQ, V)l 22 @) < ClIQU /2 llv] 2wy

We finally remark that we can simply write the operator S as follows:
S(Q.v) = RT(Q, Rv) — R(—A)/[A(Q, Rv)]. (53)

Therefore the estimate (46) for S can be deduced from the estimate (46) for the operator
T and Theorem 2.4.

In [10] we have proved a sort of stability of of the operators T',.S with respect to the
multiplication by a function P € HY2(R) N L=(R). Roughly speaking if we multiply
T(Q,v) or S(Q,v) by a function P € H'?(R) N L>(R) we get a decomposition into the
sum of a function in the Hardy Space and a term which is the product of function in L?*
by one in L2.

Theorem 2.5 [Multiplication of T by P € HY?(R) N L=(R)] Let P,Q € H'/*(R) N
L*(R) and v € L*(R). Then

PT(Q,v) = Jr(P,Q,v) + Ar(P, Q)v, (54)

where
Ar(P,Q) = P(=A)MQ] + (=A)Y[PIQ — (=A)*[PQ] € L'

with
AT (P, Q)21 < CI(=A)A [Pl 2| (=2) Q]| 2, (55)
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and
Jr(P,Q,v) := T(PQ,v) — T(P,Qu) € H'(R)
with

172(P, Q. v)llsa@) < CUIPllz + 1@ =) (I(=A)/[PYllz2 + [|(=2)[Q]l|2) [[v]l 2.

(56)
Proof of Theorem 2.5. We have
PT(Q,v) = P(=A)"'[Qu] — PQ(=A)""[v] + P(=A)"[Qv
= {P(=2)"*[Q] = (=A)"*[PQ) + (- )1/4[ Qv
+ (- >1/4[P@v] PQ(=A)"v + (=A)[PQv
—  ((=A)"*[PQu] + P(=A)"*(Qu) — (—A)*[P]Qu)
= [P(=2)Q] + (=AM [PIQ — (—A)*[PQ]Jv
+ T(PQ,v) = T(P,Qu).
Finally the estimates (55), (88) follow from Theorems 3.2 and 3.3 in [10]. a

An analogous property holds for the operator RS. We just state the Theorem and we
refer for proof to Theorem 3.10 in [10].

Theorem 2.6 [Multiplication of RS by a rotation P € H'/?(R)NL>*(R)] Let P,Q €
HY2(R) N L>®(R) and v € L*(R). Then

PR[S(Qv U)] = AS(P7 Q)U + JS(P7 Qv U) (57)
where As(P,Q) € L*', Js(P,Q,v) € HY(R) with
s (P, Q)2 < Cll(=A) A [P|[22[[(=2) Q] 2,

and

175(P, @, v)lls @y < CUIPlI Lo + QU ) (I(=2)V* [Pz + 1(=2)"*[Q]ll2) [[v]] 2. O

We just mention that the operators Ag(P,Q), Js(P,Q,v) and Ar(P,Q), Jr(P,Q,v)

can be expressed in turn as a combinations of the operators F, T, S.

Remark 2.1 We remark without entering into the details that in 2-D the Jacobian
J(a,b) = V(a) V*(b) satisfies a stability property enjoyed by the operators (40), (41),
(48) with respect to the multiplication by P € W12(R?)N L>(R?) as well. More precisely
we may define the following two zero-order pseudo-differential operators: Grad(X) :=
Vdiv(=A)"1(X), Rot(Y) = Vteurl(—A)"1(Y). If a,b € WL2(R?) and P € WH2(R%) N
L>(R?) then
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J(a,b) = V(a) V(b) (58)
= Grad(V(a)) Rot(V*+(b)) — Rot(V(a)) Grad(V*(b));

and

P J(a,b) = PV(a)V*(b) (59)
= [PGrad(V(a)) — Grad(PV(a))] Rot(V*(b))

(- J

GLQTII(RQ)
+ Grad(PV(a)) Rot(V*(b)) — Rot(PV(a)) Grad(VL(b))J.

-~

EHL(R2)

3 Regularity of horizontal 1/2-harmonic maps and
applications

In this section we describe the regularity results we have obtained respectively in [8, 9, 10].

3.1 Case of 1/2-harmonic maps with values into a sphere

In [8] we started the investigation of weak 1/2-harmonic maps v € HY?(R,S™ ') with
values into the sphere S™ 1 which are critical points of the Lagrangian

£ (u) = / (—A) u(z) (60)

The main novelty in [8] is the rewriting of the Euler-Lagrange equation. To this
purpose we recall the following equivalent relations.

Theorem 3.1 All weak 1/2-harmonic maps u € H'?*(R, S™ ') satisfy in a weak sense
i) the equation

/(—A)l/Qu -vdr =0, (61)

for every v € HY2(R,R™) N L>®(R,R™) and v € Ty, S™ 1 almost everywhere, or in a
equivalent way
i1) the equation
(=AY Punu=0 inD, (62)
or
iii) the equation
(=AY (u A (=A%) = T(Q,u) in D, (63)

with Q = u A .
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Proof of Theorem 3.1
i) The proof of (61) is analogous of Lemma 1.4.10 in [17].
Let v € HY2(R,R™) N L>®(R,R™) and v € Tp,»)S™'. We have

Mgm—1(u + tv) = u + tw,,

where ITgm-1 is the orthogonal projection onto S™ ! and

1

8]:[577171 .

wy = (u+ tsv)v’ds.
t /0 Iy,

Hence
LY2(Mgm-1(u + tv)) = / [(—A)Y4udx + Qt/(—A)l/zu ~wedx + o(t)
R R

as t — 0.
Thus to be a critical point of (60) is equivalent to

lim [ (—A)Y2u - w,dz = 0.
=0 Jp

Since Igm-1 is smooth it follows that w; — wy = dllgm-1(u)(v) in HY2(R,R™) N
L>*(R,R™) and therefore

/R(—A)l/‘lu Al gm-1(u)(v)dx = 0.

Since v € Tp,(,)S™ ! a.e., we have dllgm-1(u)(v) = v a.e. and thus equation (61) follows
immediately.
ii) We prove (62). We take p € C°(R, A,,_,(R™)). The following holds

/ch/\u/\ (=AY dz = (/R*(cp/\u) : (—A)Wudx> eiA.. Nem.  (64)

Claim : v =*(p Au) € HY2(R,R™) * and v(z) € Ty S™ ! ace.

Proof of the claim.

The fact that v € HY2(R,R™) N L>(R, R™) follows form the fact that its components
are the product of two functions which are in HY/?(R,R™) N L®(R,R™), which is an
algebra .

We have

veu=x(uNp) - u=x(uNpAu)=0. (65)

4the symbol * we denote the Hodge-star operator, *: A, (R™) = A, _,(R™), defined by *8 = (e1 A
... Nep) e 3, the symbol e is the first order contraction between multivectors, for every p = 1,...,m,
A, (R™) is the vector space of p-vectors.

18



It follows from (61) and (64) that
/gp AuA (=AY 2y de=0.
R

This shows that (—A)Y2u Au =0 in D', and we can conclude.
iii) As far as equation (63) is concerned it is enough to observe that (—A)Y2uAu =0

and (—A)Y4u A (=A)V4u =0. O

The Euler Lagrange equation (63) will often be completed by the following “structure
equation” which is a consequence of the fact that u € S™ ! almost everywhere:

Proposition 3.1 All maps in H'/2(R, S™ 1) satisfy the following identity
(=) u- (=A) ) = S(ur, u) = R((=A)Y*u - R(=A)Y*u), (66)

where, in_general for an arbitrary integer n, for every Q € H'2(R™ Myym(R)), € > 1
and u € HY2(R™,R™), S is the operator defined by (41).

Proof of Proposition 3.1. We observe that if v € H'/2(R,R™!) then the Leibniz’s
rule holds. Thus
Viul> =2u-Vu in D. (67)

Indeed the equality (67) trivially holds if u € C5°(R,R™1). Let u € HY/2(R,R™!) and
u; € CF(R,R™) be such that u; — u as j — 400 in HY2(R,R™). Then Vu; — Vu as
j — 4ocin H-Y3(R,R™ ). Thus u; - Vu; — u - Vu in D" and (67) follows.

If w € HY2(R,S™ 1), then V]u[?> = 0 and thus u - Vu = 0 in D’ as well. Thus u
satisfies equation (66) and this conclude the proof. O

We remark that in the sphere case the term R((—A)Y4u-R(—A)Y4u) is in the Hardy-
Space H'(R) as well (see Corollary 3.1 in [8]). The estimates (42) and (43) imply in
particular that if u € HY/?(R,S™ 1) is a 1/2-harmonic map then

(=2 ull 2@y < Cl(=A)" 7o) - (68)

where the constant C' is independent of u.
From the inequality (68) it follows that if g9 := ||(—A)"*ul|;2(r) is small enough so
that
080 <1 (69)

then the solution is constant. This the so-called bootstrap test and it is the key observation

to prove Morrey-type estimates and to deduce Holder regularity of 1/2-harmonic maps.
Indeed by combining Theorem 3.1, Proposition 3.1 and suitable localization estimates

obtained in Section 4 in [8] we get the local Holder regularity of weak 1/2-harmonic maps.

Theorem 3.2 [Theorem 5.2, [8]] Let u € H/?*(R, S™ ') be a weak 1/2-harmonic map.
Then u € CY%(R, S™ 1), for all a € (0, 1).

loc
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Sketch of Proof of 3.2. The strategy of proof is to show some decrease energy estimates.
From Proposition 4.1 and 4.2 in [8] by using the fact that u A (—=A)Y4u and u - (—A)Y4u
satisfy respectively (63) and (66) one deduces that there exist C' > 0 depending on
[(—=A)Y4u|| 12(g), k € Z depending on &, in (69), such that that for every zo € R, for all
k < k the following estimate holds

[e.9]

(=) ul[F2gp,,) < Z )72 4 (70)
h=k

where Bor = B(wg,2%), A, = Bont1 \ Bon-1. On the other hand one has

270 Y A ulFaa,y < A ulFas, ) < D0 I1=2) ullfaa,)- (T1)

h=—o0 h=—o0

By combining (70) and (71) we get

k—1 00
STI=A) Ao,y < C Y@ =)l 4, -
h=—oc0 h=k

This implies by an iteration argument (see Proposition A.1 in [8], or Lemma A.1 in [24])

sup 1P / [(—A)Y4u)2de < O, (72)
z€B(z0,p) B(z,r)
0<r<p/8

for p small enough, for some 0 < § < 1 independent on xy and C' > 0 depending only on
the dimension and on ||(—A)1/4u||%2(R)

Condition (72) yields that u € 03)5/2( R), (see for instance [1] or [11] for the details).

By bootstrapping into the equations (63) and (66) we can deduce that u € C*(R) for
all € (0,1). O

We mention that Schikorra in [24] and the author and Schikorra in [12] extended the
local the Hélder continuity of respectively k/2-harmonic maps (k > 1 odd) and k/p-
harmonic maps (p € (1,00), k/p € (0,k)) from subsets of R* into a sphere.

k/p-harmonic maps with values into a sphere are defined as critical points of the
following nonlocal Lagrangian

(—A)Zuf da*
k

where u(x) € S, ae. and [g, [(— A)Zul? dz* < +oo.
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3.2 Case of 1/2-harmonic maps into a closed manifold

We consider the case of 1/2-harmonic maps with values into a closed C? n-dimensional
manifold N' € R™. Let IIx be the orthogonal projection on N'. We denote by Pr and
Py respectively the tangent and the normal projection to the manifold N.

They verify the following properties: (Pr)' = Pr, (Py)! = Py (namely they are sym-
metric operators), (Pr)? = Pr, (Py)? = Py, Pr+ Py = Id, PyPr = PrPy = 0.

In this case the Euler-Lagrange equation associated to the energy (60) and the struc-
tural equation can be expressed as follows:

{ Pr(u)(—A)Y2u =0 in D'(R)

PyVu =0 in D'(R). (73)

The second step is to reformulate the two equations in (73) by using the commutators
introduced in the previous section. The Euler equation (63) and structural equation (66)
become in this case respectively

(—A)H(PT(=A)*u) = T(PT,u) — £(—A)1/4Pi)(—ﬁ)l/4lg : (74)
(1)
and
(—A)HR(PY(=A)*u)) = R(S(PN, u)) —g(—A)l/‘lPNﬁR(—A)W‘UZ : (75)

(2)

Unlike the sphere case the term (1) in (74) is not zero and term (2) in (75) is not in the
Hardy Space.

The main idea in Proposition 1.1 in [9] is the re-writing of the terms (1) and (2) and to
show that v = (Pr(—A)Y*u, RPy(—A)Y4u)! satisfies a nonlocal Schrodinger type system
with a antisymmetric potential. Precisely we got the following result.

Proposition 3.2 [Proposition 1.1, [9]] Let u € H'/*(R,N) be a weak 1/2-harmonic
map. Then the following equation holds

1/4 1/4 Pr(—A)Y 4 A Pr(=A)Y4y
(—A)y = (—A)Y < R;N(_>A)1/4u ) - a0+ ( R;N(_)A)l% ) (76)

PT<—A)1/4U
+ Q ( RPN(_A>1/4U )

where Q = Q € L*(R,s0(2m)), Q = Q1 € L>Y(R, Myxm) with
190l 2z, |0 llz20 < CUPrN gz + 1Pl 2),

—2F (wy, (PvAY4)) 4+ T(Prp, (—A)Y4u)

jon
Il

_2F(R((_A)1/4PN), R((—A)l/4u)) — QF(WQ, PN((—A)1/4u) + R(S(PN, (—A)1/4u))
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wi,wy € L2(R, Myysm) and
lwnllze, lwallzz < CUPRN gz + 1 Prllfs).> O

We would like to make some comments on Proposition 3.2.
In [20] and [21] the author proved the sub-criticality of local a-priori critical Schodinger
systems of the form

Vi=1---m —Aut =)0V (77)

J=1

where u = (ul, -+ ,u™) € WH2(D,R™) and Q € L*(D,R?*® so(m)), or of the form
Vi=1---m —Avi:ZQé-vj, (78)
=1

where v € L2 (B" R™) and 2 € L'2(B", s0(m)). In each of these two situations the
antisymmetry of €2 was responsible for the regularity of the solutions or for the stability
of the system under weak convergence.

One of the main result in the paper [9] was to establish the sub-criticality of non-local
Schrodinger systems of the form

(=AY = Qu+ Qo+ Z(Q,v) + g(x) (79)

where v € L2(R), Q € H*(R), Z: H'*(R) x L*(R) — H!(R) is a linear combination of
the operators (48), (40) and (41) introduced in the previous section, Q € L*(R, so(m)),
0, € L*'(R). Precisely we prove the following theorem which extends to a non-local
setting the phenomena observed in [20] and [21] for the above local systems.

Theorem 3.3 [Theorem 1.1, [9]] Let v € L*(R) be a weak solution of (79). Then
ve Ll (R) for every 1 < p < 400.

loc

From Theorem 3.3 it follows that (—A)Y4u € LP (R), for all p > 1 as well, (u as in

Proposition 3.2). This implies that u € C>* for all 0 < o < 1, since I/Vl}f’p(R) < CP%(R)
if p > 2 (see for instance [1]).

The main technique to prove Theorem 3.3 is to perform a change of gauge by rewrit-
ing the system after having multiplied v by a well chosen rotation valued map P €
HY2(R,SO(m)). ¢ In [20] the choice of P for systems of the form (77) was given by the
geometrically relevant Coulomb Gauge satisfying

div [P~'VP+ P7'QP] = 0. (80)

5The matrices €, 1, w; and wsy are constructed out of the projection Pr.
650(m) is the space of m x m matrices R satisying R'R = RR! = Id and det(R) = +1
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In this context there is not hope to solve an equation of the form (80) with the operator
V replaced by (—A)Y4 since for P € SO(m) the matrix P~!(—A)'4P is not in general
antisymmetric. The novelty in [9] was to choose the gauge P satisfying the following

(maybe less geometrically relevant) equation which involves the antisymmetric part of
PY(—A)Y/4PT:

Asymm (P™H(=A)Y4P) == 27 [P7H(=A)*P — (=A)Y/*P7IP] = Q. (81)
The local existence of such P is given by the following theorem.

Theorem 3.4 There exists ¢ > 0 and C > 0 such that for every Q € L*(R;so(m))
satisfying [, |Q*dx < e, there exists P € HY/*(R,SO(m)) such that

(i)  PY=A)YP - (=A)VPIP=2Q;

(i) /|(—A)1/4P\2d:c < c/ 1%z .
R R

The proof of this theorem is established by following an approach introduced by
K.Uhlenbeck in [29] to construct Coulomb Gauges for L? curvatures in 4 dimension. The
construction does not provide the continuity of the map which to Q € L2 assigns P € H/2.
This illustrates the difficulty of the proof of Theorem 3.4 which is not a direct consequence
of an application of the local inversion theorem but requires more elaborated arguments.

Thus if the L? norm of € is small, Theorem 3.4 gives a P for which w := Puv satisfies
(—A)V*w = — [POP™H — (=A)Y*P P w+ T(P, P~ 'w) + PP w + PZ(Q, P~ w)
= —Symm (((=A)Y*P) P w + T(P, P~ 'w) + PL P 'w+ PZ(Q, P~ 'w). (83)

The matrix Symm (((—A)Y*P) P~') belongs to L*!(R) and this fact comes from the
combination of the following lemma according to which

(=A)4(Symm ((-8)*P) P71)) € H'(R)

and the sharp Sobolev embedding ® which says that f € H!(R) implies that (—A)~4f ¢
L?!. Precisely we have

"Given a mxm matrix M, we denote by Asymm (M) and by Symm(M) respectively the antisymmetric
and the symmetric part of M, namely Asymm(M) := M_QMt and Symm(M) = M+TMt, M? is the
transpose of M .

8The fact that v € H! implies (—A)~'/%v € L*! is deduced by duality from the fact that (—A)/4v €
L?°° implies that v € BMO(R). This last embedding has been proved by Adams in [1]
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Lemma 3.1 Let P € H'Y*(R,SO(m)) then (—A)Y*(Symm ((—A)Y*P P7Y)) is in the
Hardy space HY(R) and the following estimates hold

I(=2)"H(=2)AP P71 4 P (=) P [ < O P17

H1/2
where C' > 0 is a constant independent of P. This implies in particular that
1Symm (=2)*P) P7") [[121 < C|IP|Fye - (84)

The proof of Lemma 3.1 is a consequence of the Theorem 1.5 in [9].

By combining the different properties of the commutators (40), (41), (48) mentioned
in section 2, in [10] we proved that the system (79) is “equivalent” to a conservation law.

Theorem 3.5 Let v € L*(R,R™) be a solution of (79), where Q € L*(R, so(m)), , €
L*(R), Z is a linear combination of the operators (48), (40) and (41), Z(Q,v) € H' for
every Q € HY?, v € L? with

12(Q, )l < ClQl gr2lv]l 2.
There exists eg > 0 such that if
U2z + 0l 2x + 1@l r1/2) < 0,

then there exist A € H'?(R,GL,(R))) and an operator B € HY?(R) (both constructed
out of (2,Q4,Q)) such that

[All g2 + 1Bllzne < CUIQUIz2 + 120 + [|Ql gr1/2) (85)
dist({A, A7}, 50(m)) < C(I1 2 + llz2r + 1@ 1/2) (86)

and
(—A)*[Av] = J(B,v) + Ag, (87)

where J is a linear operator in B,v, J(B,v) € H'(R) and
|T (B, 0) @ < CliBllgslvlle. O (88)
We mention that the case of k/2-harmonic maps (k > 3 odd) with values into a closed

manifold has been considered in [4].

3.3 Case of horizontal 1/2-harmonic maps

We release the assumption that the field of orthogonal projection Pr is integrable and
associated to a sub-manifold N and to consider the equation (73) for a general field of
orthogonal projections Pr defined on the whole of R™ and for horizontal maps u satisfying

Pr(u)Vu = Vu.
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Precisely we consider Pr € C'(R™, M,,,(R)) and Py € C*(R™, M,,(R)) such that
(PTOPT:PT PNOPNIPN
Pr+ Py =1,

(89)
VzeR™ YU,V eT,(R") < Pp(2)U, Py(2)V >=0

L H@ZPTHLoo(Rm) < +00
For such a distribution of projections Pr we denote by
n := rank(Pr).

Such a distribution identifies naturally with the distribution of n—planes given by the
images of Pr (or the Kernel of Pr) and conversely, any C'! distribution of n—dimensional
planes defines uniquely Pr satisfying (89).

We will present here the proof of the Cj. of horizontal 1/2-harmonic maps which
directly uses the conservation law (87) and which is a refinement of the arguments used
in Theorem 3.3 (Theorem 1.1 in [9]). We premise the following result.

Theorem 3.6 Letm € IN*, then there exists § > 0 such that for any Pp, Py € H'/?(R, M,,,)

satisfying
ProPr=PFPr, Py=1I,—Pr
(90)
VXY €eR™ foraexeR < Pr(x)X,Py(z)Y >=0
and
/ (AP do < § (91)
R
then for any f € H-Y/%(R)
Proof of Theorem 3.6.
We first set f := (—A)Y2u. From (92) it follows that
Pr(—=A)Y?2u =0
(93)

PyR(—A)Y?2u =0

Then set v = (Pp(—A)Y4u, R(Py(—A)Y4u))t. Therefore v satisfies a system of the form
(79) with Q € L*(R,so(R™)) ©; € L>!, (2 and € depend on Pr), Z(Pr,v) is a linear
operator in Pr,v, Z(Pp,v) € H' with
19202 = (|92 < CllPrli g
[20flz2r = € llz2s < ClPr g
|Z(Pr,o)lba < ClPrllalloll
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~ From Theorem 3.5 it follows that if § is small enough then there exist A € L> N
HY?(R,GL,,(R)) and B € H'?(R, M, xm(R)) such that

(—A)*[Av] = T (B, v) (94)
and
[A a2 + 1Bl gz < Cl[Prll g2
dist({A, A7}, 50(m)) < < C|Prllg (95)
1T (B, )@ < ClBllguellvllz.
From (94) and (95) it follows that
lolle = [|A Avllze < CIA™H [z || Av]l 2 (96)

< CI(=2)" 1T (B, v)llz2a < ClIBllgselvll12
< ClPrllgzllvllze < Collv]| 2.

Again if § is small enough then (96) yields v = 0 a.e. and therefore f = 0 a.e. as well. O

Proof of Theorem 1.6. The proof of Theorem 1.6 follows by combining Theorem
3.6 and localization arguments used in [9]. O

3.4 Applications

In this section we mention two geometric applications related to 1/2-harmonic maps. We
start by proving Theorem 1.4 .

Proof of Theorem 1.4 . 1) (see [5, 14, 18] ). If N' = S, then its harmonic extension
@, which is conformal thanks to Theorem 1.3, maps the unit disk B?(0,1) into itsself
because of the maximum principle. On the other hand it turns out that every conformal
transformation with finite energy from B?(0, 1) into B%(0,1) and sending S! into S! has
to be a finite Blaschke product, namely there exist d > 0,6, € R, ay,...,aq € B*(0,1)

such that .

- . iy © — Qi
u(z) = ge .
Since deg(u) = 1 then d = 1 and @ coincides with a Mdbius transformation of the disk.
2) We are going to use the following result by Nitsche [19]: if ¥ is a regular minimal
immersion in B3(0,1) C R? that meets B3(0,1) orthogonally then 9% is a great circle.
Let w: B*(0,1) — B3(0,1) be the harmonic extension of u. In [11] it has been shown
that u € CH*(S1), therefore & € C%*(B?). Moreover @ is conformal in B?(0,1) (see
Proposition 3.3 below)? and by Maximum Principle @ takes values in B3(0,1). We set

9We refer to the book [22] for an overview of the the regularity of minimal disks up to the boundary
(solution of the Plateau problem)
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h = |u|?>. We have —Ah < 0, and h = 1 on S%. By Hopf Boundary Lemma we have
% # 0 on S!. Since @ is conformal up to the boundary, this implies in particular Vi # 0
on S' and therefore @ is a minimal immersion up to the boundary. Since it meets B3(0,1)
orthogonally then by Nitsche’s result [19] @(S') = w(S!) is an equatorial circle. Let
T: S? — S? be an isometry,'® ¢ := {az + by + cx = 0,a,b,c € R} be a plane in R? such
that u(S') = 0 N S?%. Define 7 = T|,ns2: 0N S? — St Let v:=71ou: S* — S and we
show that it is 1/2-harmonic in S*.

A(Tou)=0 in B?
{mzrou in 0B? (97)
Since 7 can be identified with a rotation in R?, we have
Ot ou ot
= T—
v ov.
It follows that
0 ou
(-0 (Fou) = = =T
- 7-(—A)1/2u | 7ow.
We can conclude the proof. O
Proposition 3.3 [Proposition 1.1, [10]] An element in $'/? satisfying
Pr(u) (=A)Y?u=0 in D'(S") (98)

has a harmonic extension @ in B2(0,1) which is conformal in B*(0,1) and hence it is
the boundary of a minimal disk whose exterior normal derivative 0,4 is orthogonal to the
plane distribution given by Pr.

Proof of Proposition 3.3. We prove the result by assuming that Pr € C*(R™). In
that case we have that u € C'*(S1), (see [11]). Denote @ the harmonic extension of u. It
is well known that the Hopf differential of u

|a$1a|2 - |a$2a|2 - 21 <8x1ﬂ78x2a> = f(Z)
is holomorphic. Considering on S! = 9B?
2 (0,1, Oput) = — sin 20 (|05, 0f* — 05, 0f*) — c0820 (=2 (0,1, Oy, 0)) = =S (2% f(2)) .

Since 0 = Pr(u) (—A)Y2u = Pr(u) 0,7 and 0 = Py(u) pu = Py (u) Opti on S* we have
that

S (2 f(2)) =0 on S
Hence the holomorphic function 22 f(z) is equal to a real constant. Since f(z) cannot
have a pole at the origin we have that 2%f(z) is identically equal to zero and thus @ is
conformal. O

0The isometry group of the sphere S? is isomorphic to the group SO(3) of orthogonal matrices.
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