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Abstract

In this thesis, we contribute to various critical (non-local) Partial Differential Equations by employing
a variety of methods often connected to compensation phenomena to account for criticality of the
PDEs. Generally speaking, this thesis consists of two main parts: The first part treats the so-called
half-harmonic gradient flow, the natural L?-gradient flow associated with the 1/2-Dirichlet energy as
first introduced by Da Lio and Riviere in [2I]. We establish existence, uniqueness, regularity and
bubbling results for this flow for arbitrary target manifolds and thus generalise the existing theory for
harmonic maps to the non-local case ([102], [103], [104]). This generalisation is not unexpected, as the
general theory of fractional harmonic maps greatly parallels the developments of the classical harmonic
map theory. As as a result, while employing different techniques to account for the intricacies of non-
local interactions, the broad ideas are often quite similar. To briefly summarise, we show that existence
of solutions with non-increasing energy (which is a property to be expected for smooth solutions) is
ensured for a short amount of time and such solutions are even smooth and unique among the set
of strong competitors, i.e. there does exist only one solution for which we may make sense of the
derivatives in the L?-sense. We also see that energy might concentrate at specific points characterised
by a lower bound on the limes inferior of the localised 1/2-Dirichlet energy, resulting in the formation
of a half-harmonic bubble, but at most at finitely many times and one may extend solutions for all
times by gluing. This immediately leads us to concentration-compactness-type phenomena typical in
the context of conformally invariant PDEs. Indeed, among the most important tools in our proof is a
control on the energy concentration for short times. Therefore, it is not surprising that for sufficiently
small initial energies, the solutions exist globally, remaining smooth everywhere and uniqueness may
be extended to the set of weak competitors. In fact, if the initial energy is sufficiently small, bubbling
cannot occur due to the fact that the bubble which would be formed has to absorb a quantum of
energy strictly larger than 0.

The second part of the thesis explores critical chirality, a concept explored in Da Lio-Riviere
[23] and generalising improved regularity properties that are usually linked to the emergence of anti-
symmetric potentials to situations, where such a structure is a-priori not available. The paper Da
Lio-Riviere [23] inspired two quite different kinds of compensation results: A Bourgain-Brezis-type
inequality leading to a characterisation of Bergmann spaces ([25]) as well as a regularity result for Dirac
equations which may be phrased in such a way that it applies to certain systems of divergence-type
PDEs ([26]) related to the Clifford derivative. The former relies on revealing improved regularity for a
specific iterated operator, using Clifford algebras in order to study such inequalities on arbitrary tori.
The latter follows in the footsteps of Da Lio-Riviere [23] and again uses Clifford algebras as a natural,
albeit not immediately evident extension of the inclusion R C C C H to reveal the possibility for a
gauge-approach to the regularity theory in spirit of Riviere [70]. The technique employed, especially
regarding the introduction of a suitable gauge operator, forces us to assume that the domain has
dimension < 8 due to the properties connected to parallelisability of spheres in dimensions 0,1, 3,7,



but not for higher dimensional spheres.
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Zusammenfassung

In dieser Dissertation tragt der Autor zur Untersuchung verschiedener (nicht-lokaler) Partieller Dif-
ferentialgleichungen bei, indem eine Vielzahl an Methoden im Zusammenhang mit Kompensations-
Effekten zur Diskussion kritischer PDEs ausgenutzt werden. Diese Arbeit ldsst sich grob in zwei
Teile separieren: Im ersten Teil wird der sogenannte halb-harmonische Gradientenfluss behandelt,
der natiirliche L?-Gradientenfluss im Zusammenhang mit der 1/2-Dirichlet Energie, welche erstmals
von Da Lio und Riviere in [21] eingefithrt wurde. Wir zeigen Existenz, Eindeutigkeit, Regularitét
sowie erste Bubbling-Resultate fiir diesen Gradientenfluss mit Bild in einer beliebigen Mannigfaltigkeit
und verallgemeinern somit die existierende Theorie fiir harmonische Abbildungen ([102], [103], [104]).
Diese Verallgemeinerung ist nicht unerwartet, zumal die allgemeine Theorie der gebrochenen harmonis-
chen Abbildungen in groben Ziigen der Entwicklung der klassischen Theorie harmonischer Abbildun-
gen folgt. Folglich, obschon die verwendeten Techniken sich zwangslaufig aufgrund des nicht-lokalen
Charakters der Gleichung oberflachlich unterscheiden, bleiben die zugrundeliegenden Ideen mehr oder
weniger gleich. Kurz zusammengefasst zeigen wir, dass die Existenz von Losungen fiir den Fluss
mit nicht-wachsender Energie (eine Eigenschaft, welche man von glatten Losungen erwartet) wahrend
eines hinreichend kleinen Zeitfensters garantiert ist und dass diese Losungen sogar glatt sowie eindeutig
unter starken Kompetitoren sind, d.h. eindeutig unter Funktionen, welche ein schwaches Differential in
L? besitzen. Zudem sehen wir, dass sich die Energie in einzelnen Punkten akkumulieren kann, welche
durch eine untere Schranke an die lokale 1/2-Dirichlet Energie charakterisiert werden kénnen. Diese
Konzentration fiihrt zur Formierung einer sogenannten halb-harmonischen Bubble, wobei solche nur
an endlich vielen Punkten entstehen und sich daher die lokalen Losungen durch ”Zusammenkleben”
zu einer globalen ergénzen lassen. Das fithrt uns direkt zu Konzentration-Kompaktheit-Phéanomenen,
welche typisch fiir unter konformen Transformationen invarianten PDEs sind. Tatséchlich ist eines
der wichtigsten Hilfsmittel in unseren Beweisen eine Abschétzung, welche uns Kontrolle iiber die En-
ergiekonzentration fiir kurze Zeiten gewédhrt. Natiirlich zeigt dies auch direkt, dass mit hinreichend
kleiner Anfangsenergie auch globale Existenz ohne Singularitdten sowie Eindeutigkeit sogar unter
schwachen Kompetitoren gilt. Dies begriindet sich in der Tatsache, dass Bubbling unmoglich ist, weil
die Formierung einer Bubble ein nicht-verschwindendes Energiequantum konsumieren wiirde.

Der zweite Teil des Dissertation beschéaftigt sich mit kritischer Chiralitdt, einem Konzept un-
tersucht in Da Lio-Riviére [23] und ein Hilfsmittel in der Verallgemeinerung von verbesserten Regu-
laritatseigenschaften, welche gewthnlich mit anti-symmetrischen Potentialen assoziert werden, darstellt,
man jedoch auf allgemeinere Situationen iibertragen méchte. Das Paper Da Lio-Riviere [23] inspiri-
erte zwei ziemlich verschiedene Kompensations-Resultate in diesem Zusammenhang: Eine Bourgain-
Brezis-Ungleichung, welche eine Charakterisierung von Bergmann-Rdumen erlaubt [25], sowie ein
Regularitatsresultat fiir spezielle Dirac-Gleichungen welches sich mittels geeigneter Formulierung auf
gewisse PDE-Systeme bestehend aus Erhaltungsgleichungen im Zusammenhang mit der Clifford-
Ableitung anwenden lésst [26]. Ersteres baut auf der verbesserten Integrabilitit eines Faltungskerns



X

im Zusammenhang mit einem iterierten Operator auf und verwendet dazu Clifford-Algebren um die
Ungleichungen auf Tori zu beweisen. Letzteres hingegen folgt starker dem Ansatz aus Da Lio-Riviere
[23] und verwendet abermals Clifford-Algebren als die natiirlichen, aber nichtsdestotrotz nicht offen-
sichtlichen Verallgemeinerungen der Inklusionsfolge R C C C H um einen geeigneten Gauge-Operator
zu definieren in Analogie zu Riviere [70]. Die eingesetzte Technik, speziell die Einfithrung eines
geeigneten Gauge-Operators, forcieren eine Einschrankung des Resultats auf Gebiete mit Dimension
< 8. Dies begriindet sich in gewisser Hinsicht in der Parallelisierbarkeit der Sphéren mit Dimension
0,1, 3 sowie 7, welche fiir hoher-dimensionale Sphéren nicht mehr gilt.
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1 Introduction

Geometric Analysis describes, broadly speaking, the area of mathematics concerned with the intrigu-
ing interactions between geometry and analysis, in particular through the manifestation in terms of
PDEs naturally associated with, for instance, minimisation of specific energy/area/volume functionals.
Many interesting objects and intensely researched topic lie within its scope, such as minimal surfaces,
curvature flows or harmonic mappings, just to name a few. In recent times, certain problems in Geo-
metric Analysis, especially suitable geometric variational problems, have found natural counterparts in
dimensions where the emerging energies involve non-local quantities, such as the fractional harmonic
maps or self-repulsive knot energies. Among the pioneers in this field are Da Lio, Riviere ([21], [22]);
Schikorra ([76]); Mazowiecka, Schikorra ([57]); Da Lio, Schikorra ([27], [28]); Millot, Sire ([60]); Blatt,
Reiterer, Schikorra ([6]) and many others who have contributed to the theory of critical points of these
energies and extended techniques and results from the local theory, for example about harmonic maps,
to the non-local case by ingenious arguments and careful investigation of compensation phenomena
occurring under these circumstances.

The goal of this thesis is to summarise the author’s contributions to the field of Geometric Anal-
ysis. These may be naturally split in two parts: Results about the half-harmonic gradient flow and
compensation phenomena in a more broad sense. The former results are contained in the sequence of
articles [102], [I03], [104] and provide existence, uniqueness and regularity results for such non-local
gradient flows under a variety of assumptions. Moreover, behaviour in singular times is also stud-
ied, ultimately leading to results similar to the ones for the harmonic map flow, relating for instance
singularity formation to energy concentration. The key ingredients for establishing the result are a
local existence result which is founded in elliptic regularity combined with a maximum principle and
a generalisation of the approach by Struwe in [89].

On the other hand, the articles [25], [26] are a collaboration with Da Lio and Riviere. These are
concerned with compensation phenomena building on inherent symmetries in a special, but natural
system of PDEs. In [25], the author and collaborators study a peculiar compensation phenomena first
observed in Da Lio-Riviére [23] during the proof of a generalisation of the main result in Bourgain-
Brezis [§], ultimately leading to a surprising characterisation of Bergmann spaces in terms of their
boundary values, analogous to the relation between boundary values and Hardy spaces on the disc.
Meanwhile in [26], the work in Da Lio-Riviere [23] again provides the foundation and the author
and collaborators consider the question whether the results obtained generalise to arbitrary domains.
Technical obstructions due to the introduction of quaternions in Da Lio-Riviere [23] as well as the
use of natural compact Lie groups in the quaternions require care to adapt the argument, ultimately
leading to a surprising restriction on the dimension of the domain. The techniques in both cases
rely on compensation phenomena in different guises: Either by explicitly computing a kernel that has
better integrability properties than naively anticipated or by gauge techniques ultimately leading to



exposing the inner symmetries that allows one to apply Morrey bootstrap techniques.

1.1 Harmonic and Fractional Harmonic Maps

For our discussions in this section, in particular to avoid considerations of boundary behaviour, we
usually restrict to the domain being a m-torus T™:

T™:= S' x ... x S! ~ R™ /277,
—_—
m times

or a circle S! equipped with the flat Riemannian metrics, while the smooth target manifold is usually
denoted by N and assumed to be closed and isometrically embedded in some R¥, for some sufficiently
large K € N. Naturally, most of the results below may be phrased in a more general setup using
arbitrary Riemannian manifolds and involving the associated gradient, working for example with
Laplace-Beltrami operators instead of the usual Laplace operator, but we shall usually not pursue the
highest degree of generality in favour of clarity of presentation throughout this introduction.

1.1.1 Harmonic Maps - A Classical Object in Geometric Analysis

Among the most prominent and extensively studied variational problems is the minimisation of the
Dirichlet energy. It is defined as:

1
B(u) = 2/ \Vu|?dz, VYue€ HY(T™;R"). (1.1)
Tm
A weakly harmonic map u = (uy, ..., u,) € H*(T™;R") is a critical point of the Dirichlet energy, i.e.

for weakly harmonic maps we require:

d
digE(uE)

for all C'-variations € + u. in C°(T™;R") with ug = u. As usual, aside from maxima and minima,
saddle points are also critical points. It is easy to see that such a map satisfies the following PDE:

:O’

e=0

—Au=0 inD'(T™), (1.2)

in a weak sense, i.e.:

Vo € C(T™;R") : Vu- -V dr= Z/ Vu; - Ve; =0. (1.3)
Tm . ™
j=1

The converse also holds true, therefore any weakly harmonic map is also a critical point for E. By
classical elliptic regularity results, one easily deduces that any such weakly harmonic map is actually
smooth and satisfies the equation in a pointwise sense. The natural properties such as compo-
nentwise maximum principles, mean value formulas and so on apply to these critical points as one
might expect.

In a next step, one may wonder what happens if we impose further restrictions on the maps u
for which we would like to minimise the Dirichlet energy . A natural restriction would be to
require that u assumes values in a given manifold N, leading to the set of competitors now being
HY(T™; N) ¢ HY(T™; R¥). This leads to the following notion:



Figure 1.1.1: Two examples of critical points for special cases of Plateau’s Problem

Definition 1.1.1.1. A map v € H'(T™; N) is called (weakly) harmonic, if and only if it is a critical
point for the Dirichlet energy (1.1) for variations in H'(T™; N).

Such maps are for example connected to instatons in theoretical physics (Jost [51]), geodesics in
Riemannian geometry, minimal surfaces (Plateau’s problem, see Figure if we take discs rather
than the torus) and also closely connected to the curvature of the target manifold N, as we shall see.
For instance, if one attempts to find a minimal surface with given boundary, the lack of coercivity
of the area functional may be circumvented by minimising the Dirichlet energy instead of the area
functional and applying the uniformisation theorem (or a generalisation by Morrey, we refer to Riviere
[73] for a summary) to find critical points of the area functional by minimising the Dirichlet energy.
The key observation is that any critical point of E is automatically also critical for the area functional,
as harmonicity and conformality imply vanishing mean curvature, and the two functionals yield the
same value (up to a multiplicative constant) when evaluated in critical points. In general, on the
other hand, the Dirichlet energy provides only an upper bound for the area. Naturally, the same
considerations also apply to geodesics and these considerations were at the heart of the resolution of
Plateau’s problem by Douglas [31] and Radé [66].

Computing the Euler-Lagrange equation for harmonic maps u € H*(T™; N) may be achieved by
considering a perturbation ¢ € H'(T™; RY) N L°(T™) and defining a variation of u by:

ue =7y (u+e-p)

Here 7y denotes the closest point projection to N which is well-defined and smooth in a neigbourhood
of N. Thus, if € belong to a sufficiently small neighbourhood of 0, we have an admissible variation

and may compute:
d

which can be rephrased, thanks to dmy(p) being the orthogonal projection to T, NV, as:

Vu -V (dry(u)p) de,
e=0 Tm

—Au L TyN & —Au = Ax(u)(Vu, Vu), (1.4)



where Ay (p) denotes the second fundamental form of N at the point p € N, introducing curvature to
the equation. To be precise, we have:
K—dim N
AN(p)(U7w) = Z <U,de(p)’w>Vj, Vv,w € TpNa
j=1

where v; form a orthonormal basis of the orthogonal complement of 7}, N in RX. Then, the expression
An(u)(Vu, Vu) is exactly:

m K-—dim N
An(u)(Vu, Vu) ZAN )(Oiu, Oju) = Z Z (Ohu, dv;(u)Ou)v;
=1 j=1

Therefore, if m = 1, one may immediately identify the defining equation for geodesics in a Riemannian
manifold which are again smooth and intimately connected to the geometry of N. If N = S"~! the
equation (1.4) takes a simpler form by observing that the normal space to S"~! C R" at any point p
is spanned by p itself. This leads to the following equation, observing that v(u) := u = Id(u) is the
normal unit vector:
m m
—Au = Z(&iu, dId(u)0;)u = Z(@iu, diu)u = u|Vul®. (1.5)

i=1 i=1

At this point, it is natural to wonder whether harmonic maps are smooth. From the case of weakly
harmonic v : T™ — R™ and the ellipticity of the problem, such a result seems to be reasonable,
however the equation is critical for m = 2 and in the natural energy space H'(T™; N). Indeed, one
can directly verify that:

‘A(u)(Vu,Vu)‘ < |Val?, (1.6)

similar to the case N = S"~!. The quadratic non-linearity, however, forces for harmonic maps wu:
| = Au| S [Vul* € LY(T™),

and for L'-spaces, Caldéron-Zygmund theory does not apply, meaning that we may only deduce the
following Lorentz-regularity form the integrability of the fundamental solution:

Vu € L= (Tm),

which is worse than what we had at the beginning. If m > 3, i.e. when the equation is subcritical,
then the regularity is actually strictly worse and it was actually shown by counterexample by Riviere
[69] that, if m > 3, the weak harmonic maps may behave terribly, being discontinuous everywhere.
Fortunately, once we assume stationarity (i.e. minimality by among variations in the domain) of a
weakly harmonic map and thus have a monotonicity formula at our disposal, one may again prove a
suitable partial regularity result yielding regularity outside a small set (small in the sense of Hausdorff
measures). On the other end of the spectrum, if m = 1, it is known that geodesics are smooth which
may be seen by a simple bootstrap.

On the other hand, if m = 2, the homogeneity at least remains the same, so hope remains for
regularity in this case. To see that the equation is critical in H'(T?; N), let us compare the regularity
with the case that u € W1P(T?; N) with 4 > p > 2 satisfies . Then we have, using Caldéron-
Zygmund theory and Sobolev embeddings:

2
ue WY(T%N) = —Au € LE(T?) = u e W25(T% N) = u e Wha=s (T N)



If p > 4, we actually obtain Holder continuity of Vu, otherwise the integrability exponent increases.
Thus, in this case, one could bootstrap to arrive at smoothness of the solution. The same technique,
due to the considerations above, does not apply to the limiting case p = 2. As a spark of hope, one may
however see using Morrey estimates that, provided w is continuous and the non-linearity is smoothly
dependent on u and Vu as well as quadratic in its dependence on Vu, we may still get smoothness by
a Morrey-bootstrap.

To further illustrate the difficulties with the quadratic non-linearity, let us consider the PDE:

—Au = |Vul?,
for u : R? — R. By considering v := e, one may verify directly:
~Av=0%s —Au=|Vu?,

and this allows one, as is done explicitly in Riviere [73], to construct examples of solutions u by means
of the fundamental solution for the Laplacian which are not continuous. Therefore, no general regu-
larity theory for quadratic non-linearities exist and to deduce smoothness of weakly harmonic maps
u € H'(T?; N), one needs to exploit further structures contained within the equation (L.4)).

This leads us to the development of two key techniques to overcome the problems discussed before:
Hélein’s moving frames method Hélein [45] and Riviere’s gauge approach [70] building on previous
ideas by Uhlenbeck. Namely, the combined efforts a variety of authors, including Béthuel [4], Griiter
[41], Hélein [44], Morrey [62], Riviere [70], Shatah [83] and many others ultimately brought about
the resolution of the long-standing open problem pertaining to the regularity of weakly harmonic
maps by employing compensation phenomena inherent to so-called 2D-jacobians or div-curl quatities
summarised and studied first by Wente [101] in the context of prescribed mean curvature equations
and later on generalised by Coifman, Lions, Meyer and Semmes [14]. The key estimate is the following:

Theorem 1.1.1.1 ([I01]). Letr > 0 and 1 < p < 2. Denote by B,.(0) C R? the ball of radius r around
the origin. Then, if u € WP(B,.(0)) and a,b € WH2(B,(0)) are such that:

— Au = 9,ad,b — 9yadb = V+a-Vb  in D'(B,(0)), (1.7)
and u has vanishing trace on 0B, (0), then u is actually continuous and the following estimate holds:

lullzee + VUl pen + V2ull e < ClIVal| 2]Vl 2, (1.8)
where the constant C does not depend on u,a,b or .

The independence of r is an immediate consequence of the scaling properties of the estimate, but
crucial in order to establish increased regularity results by Morrey bootstrapping. As hinted at before,
such results continue to hold true for scalar products of a divergence-free and a curl-free vectorfields
as well as for higher-dimensional jacobians, see Coifman-Lions-Meyer-Semmes [14].

Let us illustrate how the introduction of Theorem applies to the situation at hand in the
special case N = S"~!. Recalling the PDE (1.5) in this case, Shatah [83] succeeded in rewriting
in a more suitable form (as a set of conservation laws):

Vi,j€{l,...,n}: div(u;Vu; —u;Vu;) =0 in D'(T?). (1.9)



Indeed, (1.5)) is equivalent to ((1.9)), as for example:
div (u; Vu; — u; V) = wiAuj + Vi - Vuj — ujAu; — Vg - Vg = | Vul? — wju;|Vul? =

The converse follows also by direct considerations. The major advantage of the set of conservation
laws (1.9) lies in the following reformulation:
n
—Au; = ui\Vu|2 = ZuiVUj -V,

=1

= Z (UZVUJ - 'LL]VUZ) Vuj + Z ujVu,- . VU,J‘

j—l j—l
= Z wiVu; —ujVu;) Vuj = ZQU Vuy, (1.10)
J=1

where we used v L Opu for k = 1,2, as u € S"! and thus the derivatives being tangential to the
manifold, while v spans the normal space to TS ' at uw € S™!. Therefore, we obtain another
formulation of :

—Au=Q-Vu, (1.11)

where Q = (i5)1<i j<n, Qij = u;Vuj — u;Vuy, is clearly anti-symmetric and divergence-free, thanks
to . As a result, we are in a situation where Theorem applies. We emphasise at this point
that while the argument by Shatah suggests that the divergence-freeness of the terms is crucial to the
argument, indeed the relevant property is the anti-symmetry of the potential. Namely, in [70], Riviere
proved regularity for solutions of conformally invariant PDEs using a change of gauge approach to
exhibit 2D-jacobians and thus improved regularity, ultimately settling the question of regularity for
weakly harmonic maps as well as a conjecture by Hildebrandt.

To deduce improved integrability for v € H'(T?;S""1), one now proceeds as follows: Based on
the integrability of €, choose ry > 0 such that for all p € T2, we have:

/ 1Q)?dx < o,
Bry (p)

for some g9 > 0 to be fixed. Then we may consider a ball of radius r < 7 around some point p € T?
and split v on the ball B,(p) in a harmonic term and a term with vanishing trace:

u=v4+w; —Av=0; u=wondB.(p).

Observe that by Theorem [I.1.1.1] one immediately has:

/ |Vw|?dz < / |Vwl|?dz < C |Q]2dx/ |Vu|?dz < Ceq - / \Vu|?dz,
Bsr(p) B:(p) B:(p) Br(p) B:(p)

while for harmonic v, we have thanks to monotonicity properties for harmonic functions:

/ |Vo|2de < 52/ |Vol2de < 6% (2 + 2050)/ |Vu|?dz,
Bsr(p) Br(p) Br(p)



where we used in the last step that:

/ \Vol2da = / |Vu—Vw|’dz < 2/ |Vu\2dx—|—2/ |Vw|*dz < (2 + 2050)/ |Vu|?dz,
Br(p) Br(p) Br(p) Br(p) Br(p)

again employing the estimate for Vw. Therefore, choosing § > 0 and g9 > 0 sufficiently small:

1
/ |Vu|?dz < 2/ \Vw|2dz + 2/ |Vol2dx < / \Vu|?dz,
By (p) Bir(p) Bs: (p) 2 /B, ()

and by iterating this estimate, there is a > 0, such that the following Morrey estimate holds:

sup 7“20‘/ |Vu|?dr < +oo
p€eT2,0<r<ry B, (p)

This leads to a similar estimate for —Aw by using ([1.11]) and thus applying Adam’s embeddings as in
Adams [I], one may deduce:
u e Whi(T? 871,

for some ¢ > 2. Consequently, one may bootstrap this information to arrive at smoothness of the
solution. For general target manifolds IV, the proof requires a change of gauge, as divergence-freeness
may not be guaranteed, but anti-symmetry still holds, see Riviére [70]. Since anti-symmetry leads
to natural gauges in the compact Lie group SO(K) (recall N C RX), the problem is solved by
introducing suitable gauge operators, but the argument requires some care, while the general idea
behind the improved regularity remains. For example, if u solves:

—Au=Q-Vu,

where (2 is anti-symmetric and P is a SO(K)-valued map, then one may check the equation solved by
PVu:

—div(PVu) = —PAu— VPVu = PQP . PVu— VPP . PVu=— (VPP ' - PQP™") . PVu,

which now allows us to look for P such that VPP~! — PQP~! is divergence-free and thus renders
similar arguments possible.

1.1.2 Fractional Harmonic Maps

So far, we have only talked about harmonic maps and their regularity theory. However, during this
thesis, we shall mostly be concerned with half-harmonic maps or their more general form, fractional
harmonic maps, as first introduced by Da Lio and Riviere in [21], see also Schikorra [76].

Firstly, it is important to define what the fractional Laplacian is. It is well-known that the
classical Laplacian may be equivalently defined as a Fourier multiplier with the multiplier |¢|2. Thus,
it is natural to define the fractional Laplacian (—A)® for s € R as the operator associated with the
Fourier multiplier [£|?*. Therefore, for Schwartz functions u on R™ or smooth functions u on T", one

has:
1

—A)’u(z) = 2s u(y)e s i
Ayl = g [ el [ ey (112)




or in terms of Fourier series on the n-torus. These operators thus naturally appear in the theory of
Bessel-Sobolev spaces H*(R™) or H*(T™) which are defined by:

R = {u: R" 5 R (1+¢)"

i) € AR}, H'(R") = {u:R" - R|[¢la(e) € LAR™) },
and analogously in terms of Fourier series instead of the Fourier transform for the higher-dimensional
tori.

There is another natural definition for the fractional Laplacian involving singular integrals. If
0 < s < 1, then there exists a constant C), s > 0, such that:

(—AYu(@) = Cpy - PV. /R n Wdy, (1.13)

for sufficiently regular u and similarily for T™ (in this case, the distance |x — y| is replaced by the
natural distance |e®® — e%|). Associated with the fractional Laplacians is the so-called fractional or

s-Dirichlet energy defined by:
|u(x
// |n+2s d dx, (1.14)

where the domain of integration is either R™ or T™. Among the most important properties of the
s-Dirichlet energy is its connection with the Bessel-Sobolev seminorm, namely:

1 S
W~ g [ 18

which renders H*® and H*® the natural energy space for Fs, see for instance [63, Prop. 3.4].
For convenience in the discussions that follow, we already introduce the notions of fractional
gradient as in Mazowiecka-Schikorra [57]:

dsu(x,y) := M, |dsul?(z) ::/|dsu(az,y)|2 dy |dsu|(z) = /|dsul?(z).  (1.15)

@ —yl* jz —y[™’

These quantities emerge, for instance, if we try to find a generalisation of Leibniz’ rule for fractional

Laplacians:
(=AY (uv) = (=AY ’u-v+u- (—A)°v —dsu - dsv(z), (1.16)

where, as with |dsul?(z):

dau-doo(a) = | (u(@) — u)(v=) =v() ;-

|z — y[rt2e

Again, the domain of integration above may always be either R™ or T". These quantities are naturally
related to s-Dirichlet energies and the fractional Laplacians, rendering them useful tools in the study
that will follow.

Fractional Laplacians possess local regularity properties as well, they are elliptic. For example,

provided:
(=A)*u=0 in B,(p), (1.17)



then we know that u € H*(T") is even smooth inside this ball. This may be seen by considering
suitable smooth cut-off functions ¢ with support in B, (p). Then we have:

(—A)(up) = u(=A)*p — dgu - dyp € L2, (L18)

so that ug € H?(T™). Applying now (—A)*/? to , taking into account the non-local contri-
butions outside of B,.(p), we may obtain higher and higher regularity for « in smaller and smaller
balls, ultimately yielding u smooth in B,(p). Alternatively and more directly, there is an explicit
Poisson kernel which allows one to deduce the very same regularity property. Namely, if (—A)*u =0
in B,(p) C R™, then (see Landkof [54]):

B u(y)(r? — [o[2)*
“@)(4ﬂ&@mww—ﬂfw—xw

One should notice that the non-locality forces us to consider the values everywhere outside of B, (p)
and not merely on the boundary 0B, (p) ~ r - S~ 1. Indeed, a similar observation may be made by
observing that the classical Laplacian is closely connected to Brownian motion (continuous paths),
while the fractional Laplacians are related to Lévy processes (allowing jump discontinuities). Using
stochastic processes and stopping times thus to solve equations, the requirement to assign values ev-
erywhere in the complement of B, (p) is also clear.

Let us focus our attention back to fractional harmonic maps and also restrict attention to the case
n = 1 and the circle S' and N be an arbitrary closed manifold. We then define:

Definition 1.1.2.1. A map u € H*(S'; N) is called s-harmonic, if and only if it is a critical point of
the s-Dirichlet energy Es with respect to variations in H*(S'; N).

Of particular importance for us later on will be the case s = 1/2, when the energy functional £/
becomes conformally invariant and thus, by stereographic projection, half-harmonic maps on S and
R are in 1-1-correspondence. Moreover, the conformal invariance of the energy functional relates half-
harmonic maps closely to other geometric PDEs with conformal invariance, such as harmonic maps
and their associated gradient flow, the Yamabe flow, Yang-Mills equation and the J-holomorphic
sphere equation. Solutions to such PDEs exhibit concentration-compactness phenomena, for example
leading to improved convergence properties of subsequences of bounded J-holomorphic curves outside
of points of concentration, while in points of concentration formation of bubbles is observed after
rescaling. We refer to McDuff-Salamon [59] for details on the theory of J-holomorphic curves. In
a similar way, the half harmonic gradient flow provides concentration estimates leading to uniform
bounds where energy does not concentrate, thus leading to a similar result in this case. Naturally,
similar convergence properties also apply to the half-harmonic map, see Da Lio [17].

As we have previously discussed in the context of the Dirichlet energy FE, there is an intimate
connection to Plateau’s problem and minimal surfaces. Such a connection continues to hold for half-
harmonic maps. Indeed, these are precisely the boundary values of (branched) immersed free-boundary
minimal discs with obstacle IN. The connection between minimal surfaces and half-harmonic maps
was observed in Millot-Sire [60], Da Lio-Pigati [20] and Da Lio [I5] and is built on an analysis of the
Hopf differential H(U) given by:

H(U) = (|0,U? — 10,U?) — 2i - (0,U, 0,U) = (9.U, 9, U), (1.19)
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Weak conformality may be obtained by establishing H(U) = 0, see Millot-Sire [60], and as we have
seen before, this provides the connection between harmonic maps and minimal surfaces.

Similar to the (local) Dirichlet energy, one may wonder what the Euler-Lagrange equation for
critical points of the energy E, , looks like. Using variations ue := mn (u + ¢ - ) for ¢ smooth and ¢
sufficiently small, such variations are admissible and one sees:

d

0= £E1/2(us)\5:0 = /51 dyjou - dyjo (dmy(u)p) dr,

which is equivalent, again observing that dmy(p) is the orthogonal projection onto T, N, to:
(=A)Y2y 1 T,N. (1.20)

In Millot-Sire [60] and Mazowiecka-Schikorra [57], the equation (|1.20) was rewritten for the target
manifold N = S"! as follows:
(=AY 2y = u\dl/QuP. (1.21)

At this point, it is worth considering the similarities between and . Both share many
common features (quadratic non-linearity in the form |Vu|? and |d; /2u|2, lower regularity by half
order, criticality, conformal invariance), but one should also keep in mind the differences (for half-
harmonic maps, we are dealing with non-local operators, forcing us to always keep track of effects
from far away). Naturally, the same kind of considerations apply verbatim to the domain R instead of
S1. We mention here that the equation is once more critical and thus Caldéron-Zygmund theory may
not be used to deduce regularity by a direct bootstrap argument, as without additional information,
u € HY?(S1) only allows for us to deduce (—A)Y?u = uldy jpu* € LH(SH).

In the case of general target manifolds N, the non-linearity of the equation takes also a
curvature-like form reminiscent of the second fundamental form that appears in the harmonic map
case . From here, a very natural question demands attention: Are half-harmonic maps actually
always smooth? This problem was first studied by Da Lio and Riviére in the papers [21] and [22] where
the equation was rewritten by means of so-called Three-term commutator estimates. These are
special linear combinations of terms which combined have better integrability properties than each
term on their own, much in the same way as we have previously seen with Theorem [1.1.1.1| where
a naive application of Holder’s inequality would only lead to an L'-estimate instead of the Hardy-
estimate. An important example of a Three-term commutator with applications to the half-harmonic
map equation is:

T : L2(R;R™) x HY?(R;R™) — H™Y2(R;R™), (1.22)
T(0,Q) == (=A)Y4(Qu) = Q(=A)/*v + (=2)/*Q - v (1.23)

While each of the products on its own involved in the definitions of 7 does not behave particularly
well, Da Lio and Riviere proved in [21] the following inequality:

1T (v, @)l 172 S [[0llz2 - (1Rl /2

Such estimates are proven by compensation phenomena found by investigating Littlewood-Paley de-
compositions, duality arguments and paraproduct decompositions, we refer to Da Lio-Riviere [21]
for a complete treatment of the arguments necessary, alternative proofs may be found in Lenzmann-
Schikorra [55]. The approach to regularity has been further developed to include higher dimensional



11

domains, other critical exponents and include a fractional-type Wente inequality in Schikorra [76l;
Da Lio [16]; Da Lio-Schikorra [28], [27]; Mazowiecka-Schikorra [57]. To draw similarities with the
harmonic map equation, we shall focus on the approach to regularity using Wente-type inequalities,
namely the following localised estimate which is contained in Proposition 2.4 in Mazowiecka-Schikorra
[57]:

Proposition 1.1.2.1 ([57]). Let F' € LY (RxR) be such that divs F = 0, for s € (0,1) andp € (1,00).
Moreover, let g € WP (R). Then, for any interval B,.(z¢) C R and any ¢ € C®°(B,(x)), the following
estimate:

-1
/RwF ~dsgdr < C (lplpmo +77@llLr) 1 22, (B o)< Bar ol 1959l 137 5, oy Bas ooy (1:24)

for an uniform constant A > 0.

We recall here that the space L? /(R x R) denotes the LP-space of functions on R x R with respect
to the measure |d Tk satisfying F(x y) = —F(y,z). To deduce regularity for solutions of ({1.21]), one
imitates Shatah’s idea [83], namely one can see:

diVl/z (uidl/guj - ujdl/zui) = ui(—A)lmu - ’U,J( A)l/Qui = uiuj\dl/guIQ - ujui]dl/guP = 0, (1.25)
which is easily verified directly. Thus, rewriting (1.21]) yields:
Vie{l,...n}: (—A)l/Quj = (ujdy joui — uidy j2uj) dy jous + T(u) =: Qi - dy jpus + T(u),  (1.26)

where T'(u) is a remainder term of better integrability, which does allow for similar estimates as found
below. Therefore, the key features of the regularity approach to harmonic map theory are mirrored
here as well. Let us sketch the arguments in Mazowiecka-Schikorra [57] in the special and simpler case
of N = S"! to conclude from here:

Given ¢ € C2°(Br(o)), we take 1 to be a cut-off function on By, (zo) being equal to 1 on By, 2(0)

with A > 2, we define:
- 1 /
w:=n|lu—-— udy | .
< AT BAT(:BO) )

We shall from now on write up, () for the average above to abbreviate. Now using the splitting
u=1u+ (u—1u), one has two terms to estimate, the first one being;:

- dydx
/jS'd1/2(ui — ;) pjdx 2/ / Qji(z, y)diya(ui — U3)pj——— y
R +(20) J Bay o w0) [~y

dydx
/T (z0) /BM/2 (50)¢ Qji(z,y)(n(y) — 1)(w(y) — Upy, (20)) 5 () Yy

|z — |

o

1 _
Sl el 2, oy - D i 1%~ @By o) |28y, \ By, (20))
k=1
o 1 B
Sz (=2l 2> a2 1%~ Bl 22(8,0 5, \ Byt 1, (20)
k=1

> k
S IIQHLgdH(—A)V%IIm 'Z WH(—A)1/4U\|L<2,oo>(BQ,W@O))
k=1
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[e.9]

1
£ g A il o (27

where we used the estimates for localisation found in Da Lio-Pigati [20]. In the last line, we have o €
(0,1/2). The second term to estimate follows by first applying fractional Leibniz’ rule combined with
the fractional Shatah-condition and then using Proposition (suppressing the midpoint
for the balls in our notation):

/RjS . dl/gﬁigojd:c = — /IR jS . dl/Qcpjﬂidac

S ([alsyo + A7 Hall ) 19012 5,0 oy 1417201122 (8,0, )

— 1
S HQHde(BAgT)Hdl/Q(p”Lgd(BAQT) ' <H(‘A)IMUHL(ZM(BAQT) + Z WH(—A)l/A‘UHL(zoo)(BAzT))
k=1

<1
N HQHLﬁd(BAQT)||(_A)1/430||L2 : (H(_A)1/4u||L(2,°O)(BA2T) + Z W”(_A)1/4u||L(27°°)(BA2T)> ,
k=1
(1.28)

using the localisation of the BMO norm as in Mazowiecka-Schikorra [57] or following Da Lio-Pigati
[20] and some o € (0,1/2). Combining (1.27) and (1.28) (the perturbation term 7'(u) may be taken
care of in a similar manner) and using a duality argument following Mazowiecka-Schikorra [57], one
has thus for an appropriately chosen ¢:

1(=2)*ull L@.00) (B, (2o

Y =1
< ‘ /Rdlﬂu ' d1/2‘de‘ + AT (=) ull s,y o) T D W”(_A)1/4“HL<27°°>(Bka(ro))
k=1

<1
S >‘”(_A)1/4u||L(ZOO)(BAQT(QCO)) + Z W||(—A)l/“UHme)(szAzr(xo)), (1.29)
k=1

where A := |12 (B, (20)x By, (z0)) T A7 In the last step, we used the combination of and
. Observe that making A big and r small also renders A arbitrarily small. Now arguing us-
ing Morrey estimates, which may be obtained by iterating the estimate above allows one to deduce
smoothness. For a different approach based on three-commutators, we refer to Da Lio-Pigati [20].
Naturally, one may extend the arguments presented to general target manifolds, but then one has to
take care of a change of gauge, see Mazowiecka-Schikorra [57] for details on this additional step.

To conclude this section, it should be mentioned that the techniques employed in the proof of
regularity are very flexible and extend to various further problems, such as for other critical exponents
(Da Lio-Schikorra [28], [27]), higher dimensional domains and even to self-repulsive knot energies
(Blatt-Reiterer-Schikorra [6], Blatt-Reiterer-Schikorra-Vorderobermeier [7] for instance) in an analo-
gous manner. This hints at the naturality of the arguments used in the context of non-local operators
as well as potential for further generalisations.
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1.2 Half-Harmonic Gradient Flow

Having introduced the notions of harmonic and half-harmonic maps, we are now in a position to turn
to the first part of this thesis and the research conducted throughout my doctorate: The properties
of the half-harmonic gradient flow.

Once one introduces the notion of (fractional) harmonic maps, one may wonder how to find critical
points or approximate them. One may even try to see if any given map in a suitable function space is
homotopic to a (fractional) harmonic map, as is motivated for the harmonic gradient flow in Struwe
[91] and for example done in the early investigation of the harmonic gradient flow in Eells-Sampson
[33] for special cases. To address such questions, it is natural to formulate the associated gradient
flow with the energy functional £ which follows the direction of steepest descent, thus intuitively
approximating minima, leading to the PDE:

Ou = —dE(u). (1.30)

The formulation of these types of problems immediatly necessitate a discussion of existence, unique-
ness, regularity and potential formation of singularities, a phenomenon if great interest in general,
but specifically in the case of conformally invariant PDEs. This is what we address in the case of the
(half-)harmonic gradient flow.

1.2.1 Harmonic Gradient Flow - A Model for later Considerations

Having these kinds of consideration in the back of our mind, we now briefly discuss the harmonic
gradient flow with the intent of drawing parallels between the half-harmonic gradient flow and the
harmonic gradient flow and identifying the key techniques and arguments to be generalised. The
governing equation for the harmonic gradient flow is:

o — Apu LT, N, (1.31)

which may be transformed into the following expression, in much the similar way as for the harmonic
map equation:
Ou — Apyu = An(u) (Vu, Vu) . (1.32)

Here, u : [0,T[xM — N is a map between general closed Riemannian manifolds and Aj,; denotes
the Laplace-Beltrami operator on M and Ay the second fundamental form of N embedded in N.
To formulate the problem completely, one would also need to assign an intial datum u(0,-) = ug €
HY(M;N).

Some of the first results for the harmonic gradient flow were obtained by Eells and Sampson [33],
proving that existence and regularity of solutions in case the target manifold N has non-positive
curvature. A general existence result, not relying on special properties of the geometry of NV, was later
proven by Struwe in the 1980s in [89] for two-dimensional M and also in [90] for higher dimensional
M. His approach consisted of establishing uniform estimates for solutions of the harmonic gradient
flow in terms of the initial energy as well as the concentration of energy at the starting time, which
ultimately also provided control for sufficiently close times afterwards. Using a general existence result
for such flows (Hamilton [43]) with smooth boundary data, one then obtains in a sense a concentration-
compactness-type property, leading to good convergence outside of the points of concentration, while
in points where energy accumulates the formation of a harmonic bubble is observed. To summarise,
the following result is proven in Struwe [89] (for convenience, we once more state it for T? only, keeping
in mind that the result extends to general closed surfaces or also free-boundary versions Li [56]):
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Theorem 1.2.1.1 ([89]). Letug € H'(T?; N). Then there exists a solution u € H'(]0, +-o00[; L%(T?%; N))
of the harmonic gradient flow:

ou — Au = Ax(u)(Vu, Vu) in D'(J0, T[xT?), VT >0, (1.33)
together with the boundary conditions:
u(0,z) = ug(z), for all z € T?, (1.34)

and satisfying E(u(t,-)) < E(ug) for all times t > 0. The solution u is reqular on |0, +o0o[xT?, except
in a finite number of points (tg,xr), k = 1,..., K, for some K € N, where energy concentrates.
Additionally, u is unique in the class € C H} ([0, +oo[xT?) defined by:

£ = {u ‘ IneN,ITH=0<Ty <...< Ty <o00:ue LT, Tip1[; WH3(T?)),Vi < m — 1}.
Finally, there exists a constant C > 0 independent of ug, such that:

Thus, existence, uniqueness of strong solutions (i.e. solutions with sufficient weak regularity to
make sense of in L? outside of bubbling points), regularity and bubbling phenomena due to
concentration are all addressed for the harmonic gradient flow. At this point, we would like to draw
attention to the naturality of the non-increasing energy assumption: Indeed, if u : [0, 00[xT? — N is
any smooth solution of the harmonic gradient flow, then one immediately sees by testing the equation
against dyu, which lies in the tangent space T, IV, that for all T' > 0:

/T |0pu|*dxdt + E(u(T)) — E(u(0)) =0,
0
therefore implying that:
T
E(T)) = E(u(0)) — /0 |Opu|?dzdt < E(u(0)).

This shows that one would a-priori expect any meaningful solution to possess this property. The
same holds for all gradient flows defined in a similar manner built upon a suitable energy functional.
However, as one knows from the linear heat flow, such conditions may be violated for non-physical
solutions (see John [49]) and indeed, there exist examples by Topping as in [94] using reverse bubbling
as well as by using inner-outer gluing methods by del Pino, Davila and Wei as in [29]. Topping also
discussed rates of convergence in [95].

At this point, however, there still are some open questions regarding the harmonic gradient flow:
Firstly, it is not clear if bubbling may occur in finite time. In Struwe [89], there are conditions tied
to the energy concentration which would force the formation of a bubble, however, no example was
provided. This was answered in Chang-Ding-Ye [12], constructing directly examples of initial datums
for which energy must accumulate in finite time in a corotational setting. The second question concerns
uniqueness of weak solutions, i.e. solutions in the natural energy class. This was answered in Riviere
[68] in the small initial energy case and later on extended in Freire [35] for arbitrary initial energies
and target spaces. Indeed, the proof in Riviere [68] relies on an absorption argument (while in
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Freire [35], Hélein’s moving frames method is employed) at almost every fixed time to establish twice
weak differentiability in the space directions using Ladyzhenskaya’s estimate. It is a manifestation of
concentration phenomena, as the smallness condition is tied to non-concentration and immediately
also leads to global smooth solutions in this case by the techniques employed in Struwe [89]. The key
result, here formulated for arbitrary target manifolds in extension of Riviere [68], is the following (we
formulate it on T? purely for convenience’s sake):

Lemma 1.2.1.1 ([68]). Let w € H(T* N) and f € L*(T%R") be given and assume that u is a
solution of the PDE:
— Au = An(u) (Vu, Vu) + f. (1.35)

Then u € H*(T?; N).

The main difference in the proof of Lemma in contrast to the one in Riviére [68] is that
we need to take care of the change of gauge. However, thanks to results such as Theorem 1.3, 1.4 in
Riviere [70], this is done in a rather direct manner: By observing that Ax(p) maps to the normal
space of N at any point p, one finds that is equivalent to:

— Auy; = <A;k(u)Vuk - Agk(u)Vuk> Vu; + fi, (1.36)
using Einstein’s summation convention. Thus:
—Au=Q-Vu+ f, (1.37)

with © being antisymmetric. Therefore, Theorem 1.4 in Riviere [70] applies, guaranteeing the existence
of A€ L*®(B,Gl,(R))NWH2(B) and B € W2(B,R™ ") for suitably small balls (where the L?-norm
of Q is sufficiently small) with:

VA—-AQ=V"'B,

as well as ”good” estimates for A and B in W12 and for dist(A4, SO(n)) in terms of the local L2-norm
of Q. It should be noted that therefore:

div (AVu) = VA - Vu+ AAu=VA -Vu— AQ-Vu — Af = V1B - Vu — Af.

To deduce that u € W4 for some ¢ > 2, one argues completely analogous to Riviere [70], see also
Riviere [73], observing that the L2-perturbation (it is clear that Af € L? again) does not obstruct
the argument due to Hoélder’s inequality. To conclude the argument, one therefore applies the same
reasoning as in Riviere [68] to find that u € W4, leading immediately by Caldéron-Zygmund theory
to u € H? and then extend it by smallness to obtain twice weak differentiability of weak solutions to
and therefore weak uniqueness of solutions with small initial energy.

1.2.2 The Main Results for the Half-Harmonic Gradient Flow

We finally reached the point in our discussion where we are able to address the main equation for
the considerations in the first part of this thesis. The equation governing the flow induced by the
1/2-Dirichlet energy is:

du+ (=A)Y2u L T,N, (1.38)

for a general closed target manifold N. Once more, the analogy with the harmonic gradient flow is
evident. In the case N = S"~!, the PDE may be reformulated as:

Byu+ (—A)2u = uldy jul?, (1.39)
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drawing, in a certain sense, further connections with the harmonic map equation. In general, a non-

local quadratic term emerges on the RHS of ((1.38), extending similarities with (1.32]) from before:

-+ (-2)"2u = PV. | Plu(o). ) (dyzu(z.9).dy o) ’xd_yy’ (1.40)

where P is a non-local substitute of Ay. For the definition of P, we refer to Section [2.2.4.1

The major technical and obvious difference between and is of course the introduc-
tion of non-local operators. This obstruction also lead to slow progress in the study of the half-
harmonic gradient flow. For instance, in the paper Schikorra-Sire-Wang [77], the authors prove a
global weak existence result for a broad class of non-local gradient flows associated with Gagliardo-
Sobolev seminorms, not just for the 1/2-Dirichlet energy, including energies on domains of dimension
> 2. However, the results were restricted to target manifolds with sufficient inherent symmetry such
as spheres due to the techniques of discretisation and approximation in the proof, indicating that a
satisfactory treatment of existence was still open for the half-harmonic gradient flow. Moreover, the
paper Schikorra-Sire-Wang [77] did not address uniqueness at all, leaving this property open for future
investigations.

On the other hand, there were already first considerations of infinite time bubbling. In Sire-Wei-
Zheng [84], the authors studied bubbling as ¢t — oo for the half-harmonic gradient flow in S' using the
inner-outer gluing method which has also been used extensively in the study of the harmonic gradient
flow, see for instance Davila-Del Pino-Wei [29]. This lead to the conclusion that bubbling is possible
asymptotically with no restrictions on the number of bubbles that emerge in the limit. Interestingly,
the authors formulated a conjecture in the same paper that no bubbling in finite time is possible, a
stark contrast to the situation for the harmonic gradient flow, as seen in Chang-Ding-Ye [12]. This
conjecture remains, according to our knowledge, open so far.

As a result, even fundamental questions pertaining to the well-posedness of the equation
were still open and required a different technique. The essence of the approach in this thesis is
to generalise the steps in the proof of the corresponding properties for the harmonic gradient flow
(for example local control of the concentration of energy), see Struwe [89]. Therefore, the questions
reduced basically to three subproblems: Firstly, we have to establish existence of (smooth) solutions
for a small time interval, if the initial data is smooth. Such a result for the harmonic gradient
flow is fundamental in Struwe [89], as it renders the approximation procedure possible, and can, for
example, be found in Hamilton [43]. It should be noticed that here we also need to prove a generalised
approximation lemma in H1/ 2(81; N), allowing us to replace arbitrary boundary data by smooth
boundary data and passing to the limit. Secondly, we need to generalise the control of the energy
concentration found for the harmonic gradient flow. This will ultimately help in establishing uniform
estimates over time intervals for Sobolev norms and thus allow for the treatment of general initial data
by approximation in H'/ 2(S'; N). Additionally, such concentration inequalities are also intimately
connected to concentration-compactness phenomena, quantifying the rate of accumulation. Lastly, we
would like to deduce statements about the concentration of energy and potential bubbling, potentially
to address the conjecture by Sire, Wei and Zheng. To summarise the results in [102], [103] and [104],
we have the following:

Theorem 1.2.2.1 ([102], [103], [104]). Let N be any given closed manifold and ug € H/?(S'; N).
Then there exists a mazimal 0 < T := T(up) < 400 as well as a solution u : [0,T[xSt — N C R",
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w € L®([0,T[; H/?(S*; N)) n H'([0,T[; L*(S'; N)), to the weak formulation of the half-harmonic
gradient flow:
O+ (=A)Yu LT,N,  u(0,) = ug (1.41)

Moreover, the following properties hold for the solution w:

e Monotonicity: The 1/2-Dirichlet energy is non-increasing along the flow:

VO <s<t<T(up): Eu(t)) <E(u(s)) < E(uy) < +oo. (1.42)

e Regularity: The solution u is smooth on |0, T[xS! and solves the equation (1.41)) pointwise.

e Uniqueness: The solution u is unique among competitors in H*([0, T[x.S') with non-increasing
energy. The same holds for a global extension by gluing, provided the energy decay holds for all
times.

e Small Energy: There exists € > 0 depending on N, such that:
El/Q(uO) <e€ = T(UO) = +o0 (143)

In addition, uniqueness holds for such uy and the associated solution even within the energy
class L>([0, 4+oo[; HY/2(S'; N)) N HY([0, +oo[; L>(SY; N)) and for an appropriate subsequence
tr, — 00, we have that u(ty,-) converges weakly in H'(S'; N) to a point.

e Bubbling: It holds:

limsupe(R;u,t) >¢, VR€|0,1/2], (1.44)
t—=T
where: )
e(R;u,T):=  sup / [(=A)Y4u(t)|2de, (1.45)
ze51,te[0.7) 2 JBr(x)

and after suitable rescaling, the sequence of reparametrisations converge weakly to a half-harmonic
map, i.e. the formation of bubbles at time T may be observed.

The solution on [0, T may be extended to all of [0,+o00| by gluing solutions, leading to finitely many
times 0 <1 <Tp < ... < T < 400 where singularities, i.e. bubbling, may occur, with the number of
singular times being bounded by:

EI/Q(UO)
< —/———— 1.46
R (1.46)
where o is defined by:
o(N) :=inf {E)5(v) | v: S' — N is half-harmonic and non-constant} > 0, (1.47)

with the convention inf ) = +o0.

The statements in Theorem [1.2.2.1] are very similar to the ones in Theorem [1.2.1.1}] The treatment
of N = S"~! except for the bubbling and global existence may be found in [102], the general case
(again without bubbling and global existence) in [103] and finally, in [104] we study the local concen-
tration behaviour of solutions and establishes existence of global weak solutions by two different means.
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Since the publication of the three papers [102], [103], [104], other authors contributed to the
theory of half-harmonic maps: In Hyder-Segatti-Sire-Wang [47], the authors consider a different type
of half-harmonic gradient flow with the same critical points, but relying on extensions solving the
homogeneous heat equation. The governing equation is:

(8; — A)Y?u L T,N. (1.48)

They use caloric extensions, Ginzburg-Landau approximation as well as parabolic estimates relying
on monotonicity properties of special integral quantities involving the fundamental solution of the
heat equation. Thus, they are able to treat domains of arbitrary dimension (finding that, up to the
exclusion of lower dimensional subsets, regularity holds), but the flow does not allow for an immediate
interpretation of energy minimisation as is possible with the half-harmonic gradient flow we study.
Moreover, the solution constructed is not proven to be unique in an appropriate sense. It should also
be emphasised that in Hyder-Segatti-Sire-Wang [47], the operator considered is a fractional power of
the heat operator, bringing non-locality also to the time derivative.

In Struwe [93], the author considers the harmonic extensions of the boundary values in order to
treat the half-harmonic gradient flow by means of local operators. The approach heavily relies on
the Dirichlet-to-Neumann interpretation (see Caffarelli-Silvestre [I1]) of the half-Laplacian (—A)/?
to formulate a flow for the boundary values and enables the author to find a result very similar to
Theorem However, the draw-back of the approach presented there, at least for now, lies in
the need for parallelizability of the target manifold, since a signed distance function is used in the
arguments. Thus, our approach, while heavily employing fractional methods, remains the most gen-
eral one and especially significant, as it does not need to put any technical assumptions on the target
manifold. Furthermore, in Struwe [93], the author connects the flow to critical point theory and flows
for Plateau’s problem based on the work in Struwe [87], Jost-Struwe [50], Chang-Liu [I3] among oth-
ers. We refer to Struwe [93] for a detailed exposition and relations with the half-harmonic gradient flow.

To conclude this introduction to the half-harmonic gradient flow, we would like to mention some
open problems. For instance, it is still open whether bubbling in finite time can occur, a related
conjecture may be found in Sire-Wei-Zheng [84]. Moreover, one may try to apply the techniques
to the gradient flow for different Gagliardo-seminorms as energies and higher dimensional domains,
extending potentially the results in Schikorra-Sire-Wang [77] even further. The flexibility of the
methods associated with fractional harmonic maps for various different critical exponents suggests that
similar extensions for the associated flows may also be obtained. Lastly, in a recent line of research,
Schikorra, Blatt, Reiterer and Vorderobermeier generalised regularity considerations by Freedman
and He for Mobius energies for knots to O’Hara (Blatt-Reiterer-Schikorra [6]) energies and so-called
tangent point energies (Blatt-Reiterer-Schikorra-Vorderobermeier [7]). Their approach is based on
reformulating the associated self-repulsive knot energies in terms of the normalised derivative, leading
to a connection with half-harmonic maps and the techniques associated with their regularity theory.
Blatt considered the gradient flow for the Mobius energy in [5], potential generalisations for other
types of self-repulsive knot energies may be interesting to consider in the future.

1.3 Compensation Phenomena and Dirac’s equation

Next, we switch gears and consider a different problem related to compensation results similar to
Riviere [70] and Da Lio-Riviere [23]. Namely, in Da Lio-Riviere [23], the authors prove that provided
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S € Wh2(R2,0(n)) with 2 = Id, any weak solution v € L2(R%;R") of the PDE:

n 2
div (SVu) =Y ° > O, (SjkOrqur) =0, (1.49)
k=1a=1
automatically has some regularity:
ue (| WH(R%:R). (1.50)
p<2

As one would expect, the underlying reason for such a result lies in hidden compensation phenomena
that one would like to exploit. Such a regularity result is intimately connected with a concentration-
compactness result for weakly converging sequences of such solutions u. The assumptions on S are
motivated by the existence of a counterexample to the regularity result in Jin-Maz’ya-Van Schaftingen
[48], provided S € WH2(B1(0); Sym(2)) only, so no orthogonality for the matrices S. Therefore, to
arrive at the regularity properties outlined above, more structure of the matrix S has to be available.
The regularity result for may be equivalently stated for equations of the form:
af —

5 = Qf, (1.51)
where the imaginary part of 3:(2 vanishes and f € L?(R?;C?), Q € L?(R?;s0(2) ® C). Indeed, one of
the main novelties in Da Lio-Riviere [23] lies in the possibility of rewriting as . It should
be observed that Riviere [70] treats the same equation, after replacing f by f, so the result in Da
Lio-Riviere [23] allows for the discussion of new types of potentials.

Among the first projects in my doctorate was the investigation of results similar to the one pre-
sented above for domains of higher dimension. Natural obstacles immediately arose due to the use
of quaternions IH]E| as well as the introduction of a suitable gauge group, the unit quaternions. As
the proof critically relies on these techniques, finding alternative algebras was a crucial first point,
leading to the introduction of Clifford algebras. Moreover, during the process of investigating higher-
dimensional analogues of , two quite different results emerged in my work together with Da Lio
and Riviere, resulting in [25], [26]: A characterisation of Bergmann spaces in terms of their boundary
values ([25]) and a regularity result for solutions to Dirac’s equation ([26]). We shall go into some
more detail in the next two subsections on each of these results:

1.3.1 Bergmann-Bourgain-Brezis Inequality

When attempting to bring ([1.49)) into a more suitable form for a change of gauge, one first observes
that:
div (SVu) = 0 = V4iu = SV, (1.52)

by using Poincaré’s lemma. Here, we use the short hand notation:

L. (=0
\Y% v.-(aw ,

!The quaternions form a non-commutative field which is isomorphic as a real vector space to R*. Denoting by 1,4, j, k
the standard basis, the quaternionic product is then determined by the identities (defining 1 to be the multiplicative
identity):

2 2 2 _ .

i =3"=k" =1jk=—-1.
Naturally, C C H holds with the natural identifications. The fact that S* C H ~ R* is a Lie group follows by noticing
that the standard Euclidean norm is multiplicative with respect to the quaternionic product.
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to denote the rotation, naturally applied in each component separately. Notice that therefore:

Vv = SVu = V(Su) — VS -u e W12 4 LY (R%R"). (1.53)

Indeed, to define f := w + ‘v and arrive at a more manageable equation, it is therefore crucial to
establish f € L2(R?;R"). Thus, it suffices to check:

ve L2 (1.54)

Fortunately, there is a result due to Bourgain and Brezis, see Bourgain-Brezis [§] and Da Lio-Riviére
[23] for its generalisation without periodicity assumption, which guarantees that such a v may be
chosen, establishing integrability of f.

The inequality by Bourgain and Brezis also allows one to deduce (by duality, if n = 2) that for any
h € L"(R") periodic with vanishing integral over R" (denoted by L7 (R"), there exists a continuous

solution v € W™ N L>(R™) of the divergence system:
dive = h.

Particularily interesting is the fact that there is no bounded linear right inverse K : Ll (R™) — L>®(R"™)
to the divergence operator, implying that the solution found depends non-linearily on h (again, see
[8]). The main idea is that one defines the operator T : C° N H(T?) — Li(TQ) given by T'f :=div f
and notices that its dual operator satisfies:

T*: L3 - M+ H N (T?), ww T*(u):=Vu (1.55)

Here, M = M(T?) denotes the dual space of C°(T?), i.e. the Banach space of signed Radon measures.
Bourgain-Brezis’ inequality then states:

lullze S IVullg-1epr = T ull v (1.56)

By the closed range theorem, this immediately shows that 7" has closed range and the image actually
agrees with the annihilator of the kernel of T*. Since the latter is trivial (note that Vu = 0 implies
that u is constant with mean 0, thus u = 0), surjectivity follows immediately.

Such a result is remarkable, as Sobolev embeddings are too weak to find such a solution. Results
for Hodge decompositions in critical exponents were also obtained in Bourgain-Brezis [9]. Moreover,
in Bourgain-Brezis [§], the construction of such a solution is shown to lead to a non-linear solution
operator for the divergence problem, as mentioned above. This highlights the delicacy of the problem.
Naturally, one may immediately wonder if Bourgain-Brezis’ inequality and similar kinds of estimates
could be extended to other situations and spaces, for example more general Hilbert-Sobolev spaces.
Such ideas have been pursued, for instance, in Maz’ya [58] and Mironescu [61]. Furthermore, the
following fractional version of the result in Bourgain-Brezis [§] is the focus of [25]:

Theorem 1.3.1.1 ([25]). Let n > 1 be a natural number, v € D'(T"). If we have that:
(=AY, Rj(=A)Y4u e LY+ HY2(T), Vje{l,...,n}, (1.57)
where R are the Riesz opemtorﬂ then u — an udx € Li(T”) together with the estimate:

n
Ju=f wae] L, < 0 (IR e 3 IR ATl | (1.58)
j=1
2The Riesz operators R, for j € {1,...,n} are just the Riesz transforms with respect to the variable x; and may be

defined as the Fourier multiplier operators associated with the multiplier m(&) := &;/|€|.
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where C' > 0 is independent of u.

The main idea in proving ([1.58) is the introduction of suitable operators on Clifford algebras:

Dy = (—A)"/4 Id+ZejRj v, Duv:=(=A)"* Id—ZejRj v, (1.59)
J J

where e; is the standard basis of R"™ considered as elements in the universal Clifford algebra and
satisfying the identities:

eie; +eje; = 2(5@', Vi, j € {1,...,n}, (1.60)
where §;; = 1, if 7 = j, and 0 else. One may see by direct computations that the Fourier symbol of
D? is precisely:

n
20 - Im|" Zej% =2 - |m|" " Im. (1.61)
m
j=1

The inverse Fourier symbol exists and can be computed explicitly. It corresponds to the convolution
with a suitable bounded function on T". This ultimately allows us to obtain better integrability prop-
erties and find the L2-estimate for u — fw udx.

Interestingly enough, Theorem [1.3.1.1] is closely connected to the Bergmann space A(D) on the
unit disc B(0) =: D C R2. To fix notation, one defines:

A(D) := {f : D — C| f holomorphic and || f|| 2 < o0} (1.62)

This is a Banach space and related to the Hardy space H'(D) via the embedding #'(D) C A(D). The
Hardy space may be described in terms of its boundary values onlyEl, so it is natural to wonder whether
an analogous characterisation for Bergmann spaces is available as well. Indeed, such a characterisation
is a consequence of Theorem in the case n = 1:

Theorem 1.3.1.2 ([25]). A holomorphic function f : D — C belongs to the Bergmann space A(D) if
and only if: '
Hf|]L1+H_1/2(51) = limslup Hf(reze) HL1+H*1/2(51) < +00. (1.63)
r—1-

Additionally, it even holds:
[ llz2@y < Clfll g m-172051) (1.64)

for some constant C > 0 independent of f.

It even holds that Theorem [1.3.1.2|is equivalent to Theorem |1.3.1.1]in the case n = 1. This equiv-
alence is the second main result in [25], its proof shall be explained in Section

3In fact, we have for holomorphic functions f:

27
feH (D) < sup / |f(re'?)|dp < +oo0.
0

0<r<1

In this case, f(re'?) converges pointwise almost everywhere and in L' to f(e’?) and the L'-norm of these boundary
values are just the Hardy norm of the holomorphic f.
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Since the publication of [25], there has been an effort to use similar ideas in another context.
In Yong-Yanqi-Zipeng [105], the authors introduce the notion of holomorphic stability for pairs of
function spaces and use the results and the proof in [25] to conclude that the Hardy and Bergmann
space on the unit disc form such a holomorphic stable pair. We refer the interested reader to the paper
Yong-Yanqi-Zipeng [105], as we shall not pursue this line of thought in the present thesis further.

1.3.2 Compensation Results for Dirac’s Equation

Let us now turn to compensation phenomena for special PDEs not involving antisymmetric poten-
tials. Before we turn to the results found in [26], let us give a brief overview of the key ideas in Da
Lio-Riviere [23]:

For simplicity, let us first consider the' case of two-dimensional codomains as in Da Lio-Riviere
[23]. Namely, let u € L?(R?;R?) and S € W12(R2;0(2) N Sym(2)), such that:

div (SVu) =0 in D'(R?). (1.65)

The first step is to apply Poincaré’s Lemma combined with a Bourgain-Brezis inequality to find
v € L?(R?;R?), such that:
Vo = SVu. (1.66)

Now, finding a matrix Q € W12(R?; SO(2)) under a smallness assumption on ||V.S| .2, such that:
1 0
“lg — —.

one may introduce f := SpQu + tQv. We emphasise here that Sy could also be the identity matrix
up to a sign change. However, this case is trivial, as then also S = +1d and thus we are only dealing
with « harmonic, for which obvious elliptic regularity properties would immediately prove regularity.
Thus, the case considered here corresponds to the interesting case.

The next observation lies in studying the equation solved by f. Due to the emergence of V=t
and Vu in , we may state the equation in terms of the complex derivative for the function
= 50Qu + iQu:

O.f = (_01 é) d.a- f. (1.67)

Here, o is the angle of rotation associated with @ and lies in W1H2(R?;R), see [23, Thm. IIL.6]. Writing
f = (f1, f2), introducing the complex unit j € H and defining:

fi=f1+ fa, (1.68)
we now get the more natural formulation (here 9y, is just 9, acting on functions from the lef@:
OLf = —0.0j - . (1.69)

We notice that in the case of (1.67)), the assumption Im (9:0,a) = Im (Aa) = 0 is always satisfied,
keeping in mind that « is real-valued. In the last step above, several properties of the quaternions are

4The distinction between 9z and 9, is made, since in the former i is considered as an element in H, while in the
latter it is considered an element in C.
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exploited such as non-commutativity of the complex units, the relation to complex conjugation and the
relation 77 = k. At this point, despite starting with an equation like without an antisymmetric
potential providing compensation properties, we have reformulated the main equation and obtained
, which now is characterised by a potential which takes values in the Lie algebra associated with
the unit quaternions, leading to the possibility of a change of gauge approach analogous to Riviere
[70]. The steps from here are then natural, but slightly technical: One needs to define an appropriate
gauge operator, absorb ill-behaved terms and establish a suitable Morrey decrease to conclude, details
may be found in Da Lio-Riviere [23].

In [26], together with Da Lio and Riviére, we continued pursuing this line of thought and pushing
the ideas used further. While many compensation phenomena involving antisymmetric potentials (for
example also for fractional PDEs as in the previously mentioned Da Lio-Riviere [22], Mazowiecka-
Schikorra [57]) have been explored since Riviere [70], a lack of such a potential (i.e. potentials with
values not in the real Lie algebra of antisymmetric matrices) still poses problems in the regularity
theory of critical PDEs. In fact, while involves a potential, but it does not stem from a compact
Lie algebra, obstructing the gauge construction at this level.

In the paper [26], we contribute to the theory of critical PDEs with no antisymmetric potential by
considering the particular PDE:

o} = <_OB ﬁ) ] (1.70)

for § € L™/ (m=1(R™; Cly,_1 x Clyy_1) and § € WL™/2(R™; spang{eg, €1, . .., em_1}), with part of the
rotation of § vanishing:
&ﬂj—ajﬂizo, Vi,jE{l,...,m—l},

here using (zg, 1, ..., Tm—1) € R™. Here, we write C'¢,,_1 to denote the universal Clifford algebra over
R™~1 a powerful and often useful generalisation of the complex numbers as well as the quaternions.
To define the Clifford algebra, one takes R™~! (indeed, any vector space V equipped with a quadratic
form @) and defines the multiplication on the standard basis (or on any orthonormal basis for the
corresponding bilinear form B associated with @) elements as follows:

eie; +eje; = —2(51‘]‘, Vi,j € {1,...,m— 1}, (1.71)

and add a neutral element 1. It is important to be aware that Clifford algebras are associative, but
generally not commutative. From the very definition, we already have ejes = —egej. Thus, the space
R™ = R®Re1 P...HRey,—1 is naturally a subspace of C'¢,,,_1. Among the most prominent applications
of Clifford algebras is their intimate connection to geometry (for instance, quantities such as the scalar
product, cross product and others appear naturally in this context), the extension of decompositions
of the Laplacian into first order operators similar to 0,0 = A by means of Dirac operators and the
definition of the Spin groups, the double-covering spaces of the special orthogonal groups. We refer
interested readers to Hamilton [42] for the basic theory and applications to gauge theory and physics as
well as to Gilbert-Murray [38] for applications more closely related to mathematical analysis, including
for example an extension of the identification of Hardy spaces by means of holomorphic functions. The
most well-known examples of Clifford algebras include:

Clo=R, Cl =C, Cly=H (1.72)

Due to the close connection with complex numbers and quaternions, the appearance of Clifford algebras
should come as no surprise in the formulation of suitable generalisations of the regularity results in
Da Lio-Riviere [23].
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The hat operator f — ;f is the grade involution, a natural generalisation of the complex conjugation
to arbitrary Clifford algebrasﬂ with the property:

~

ab=ab, Ya,b€ Cly_1.

The crucial link between the grade involution and the complex conjugation in the argument of Da
Lio-Riviere [23] follows by:
Va € Cly,_1 : ey = ena,

which is nothing but an iterated application of (1.71]). As a result, arguing completely analogous to
Da Lio-Rivieére [23], one notices that the extension to the higher-dimensional Clifford algebra C¥,, by
means of adding the basis element e, allows us to rewrite this equation in the following way:

aLg = _Bem -9,

where g := 1 + faep,. From here on, one proceeds quite similar to Da Lio-Riviére [23], however there
are some obstructions in the argument related to the construction of a suitable gauge operator and
the improved regularity properties. The former results in the main theorem only holding on domains
of dimension < 8, as in higher dimensions the construction of a gauge operator we employ no longer
applies. The reason lies in the fact, that the definition hinges on parallelisability of the sphere S7 by
choice of a constant coefficient elliptic differential operator of first order, or to be more precise, the
existence of the octonions, by virtue of defining the gauge operator to include an elliptic operator with
symbol that realises an orthogonal frame. For higher dimensions, no sufficiently nice division algebra
exists and this limits the techniques used to the range of domains specified. The final result may be
stated in the following form for codomains of dimension 2:

Theorem 1.3.2.1 ([26]). Let m < 8. 8= (Bo, " Pm-1) € I/Vll’m/2(]Rm,spanR{eo, ce L em—1}) with

oc

Vigj=1-m—1 8,08 — 8,6 =0. (1.73)

Let § € Lm/m_l(Rm, Cly—1 X Clyp—1) be a solution of

0 B8\ .
Arf = ( ) ;. (1.74)
—8 0

Then § € quOc(Rm, Clyp—1 X Cly—q) for all ¢ < 0. O

This result is discussed in Section [3.2]for the case m = 3,4 and extended in the last section, Section
to domains of dimension m < 8 as well as for arbitrary codomains.

From here, there are several natural open problems associated with the PDE one could investigate.
Firstly, the motivation to study the phenomenon of critical chirality in Da Lio-Riviére [23] came partly
from the close connection with a divergence-type PDE. Such a connection is not immediately possible

SWhile this is one potential generalisation of complex conjugation, this does not lead to the quaternionic conjugation
on Cly ~ H. Identifying e; = i,e2 = j, then:

a—i—bi/—i—-c\j—&—dk:a—i—bel —&—/a?g—l—deleg:a—bel—ceg—i—dewg.

Indeed, quaternionic conjugation satisfies gp = pq, so it inverts the order of multiplication.
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for the case of higher-dimensional domains. At best, one can hope for a system of divergence-type
PDEs, as the emergence of the principal automorphism of the Clifford algebra immediately forces us
to control half of the component functions, which leads to a less natural system of PDEs. It would be
interesting to see, if an alternative approach exists, allowing a treatment of the natural divergence-type
PDE:

div (SVu) =0,

also for higher dimensional domains.

On the other hand, the restriction to domains of dimension < 8 might be of technical nature,
i.e. inherent to the approach chosen and not a property of the equation itself. Thus, investigating
alternative approaches could lead to the discovery of further compensation phenomena and might
generalise our results to arbitrary domains.

Lastly, the Dirac equation studied in [26] appears to be closely connected, at least for 3D domains,
to Lorentz gauges via the vanishing rotation assumption. However, so far, a more explicit and general
connection to physics has eluded the study of the authors. We are convinced that the naturality and
connection in the special case of 3D domains hints at a physical interpretation of the PDE, but this
has to be studied in some future work.

1.4 Outline of the Thesis

In the current chapter, we have explored the context of the papers [25], [26], [102], [L03], [104] included
in the subsequent sections in more detail and put them into a general context. Next, in Chapter
the author’s contribution to the half-harmonic gradient flows are collected. To be precise, in Section
the paper [102] is contained dealing with the case of spherical target manifolds, in Section we
have [I03] generalising the previous results to arbitrary closed target manifolds, and lastly, Section
treats [104] and thus introduces a first investigation into the formation of singularities along the
flow and potentially laying the foundation for future work in this area. In Chapter [3| we discuss the
contributions to compensation phenomena inspired by Da Lio-Riviere [23] as briefly introduced above.
Section discusses the results in [25] leading to characterisations of Bergmann spaces in terms
of their boundary values, while Section [3.2] provides a discussion of results pertaining to improved
regularity for the Dirac equation, see [26]. Additionally, in Section we expand on the discussion
provided in [26] by including some previously unpublished results. To be more specific, we treat the
case of general codomains and give some details in the case of domains of dimension < 8.



2 Half-Harmonic gradient flow [102],
[103], [104]

2.1 The Case of Spherical Targets [102]

In this section, we study the half-harmonic gradient flow with values in spheres. Similar to the
harmonic gradient flow and (fractional) harmonic maps, this case is simpler from a technical point of
view, as the equations and compensation phenomena are easier to find. In particular, we prove local
existence of the flow, uniqueness in a strong sense as well as smoothness of the solution. In case the
initial energy is small, we are even able to show that solutions exist globally and are unique in the
energy class, a result which relies on an ingenious trick by Riviere.

2.1.1 Introduction

In this paper, we shall study gradient flows associated with the half-harmonic map equation, in
particular questions pertaining to uniqueness, regularity and convergence as t — +oo of solutions
of the fractional harmonic gradient flow in $"~! C R”. In [89] and [90], Struwe studied global
existence and uniqueness for the gradient flow associated with the classical harmonic map equation
both in dimension 2 as well as higher dimensions. Recall that harmonic maps are critical points of
the standard Dirichlet energy which is defined for all maps v : M — N C R" in H'(M; N) by:

1 o out ou
B = [ @) 5 @) 5 @,
where (M, g), (N,~) smooth Riemannian manifolds, v = (u!,...,u") and employing Einstein’s sum-

mation convention. In case M = Q C R™ and N C R” are isometrically embedded in R™ and R™ and
equipped with the Riemannian metrics induced by the standard scalar product, this reduces to:

1
E(u) = 2/Q|Vu|2d:v

In domains of dimension 2, Struwe actually showed that up to a bubbling process at finitely many
points, the number of which can be bounded by the initial energy, there exists a unique regular solution
for all times. To be more precise, Struwe proved the following for the target manifold N = S"~! (a
completely analogous result holds for general N):

Theorem 2.1.1.1 (Theorem 1, p.98, [68]). Let Q C R? as well as ug € H'(£2; S"71),v € C>®(9Q; S*1).
Then there exists a solution u € H*(]0,+oo[; L?(2)) of the harmonic gradient flow:

Ou — Au = u|Vu|>  inD'(J0,T[xQ), VT >0, (2.1)
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together with the boundary conditions:

u(t,x) = v(x), forallt > 0,2 € 02 (2.2)
u(0,z) = ug(x), for all x € Q,

and satisfying E(u(t,-)) < E(ug) for all times t > 0. The solution u is reqular on |0, +oo[xQ, except
in a finite number of points (tx,x), k =1,..., K, for some K € N. Additionally, u is unique in the
class € C HL ([0, +00[x ) defined by:

&= {u ‘ IneN,ITH=0<Ty <...< Ty, <o00:uc LT}, T [; WH3(Q)),Vi < m — 1}
Finally, there exists a constant C > 0 independent of ug, such that:

A minor drawback of this result is the additional regularity requirement in the definition of £
needed to ensure uniqueness. However, in [68], Riviere managed to remove this condition for solutions
in the energy class and N = S"~ !, provided the initial energy is sufficently small. Solutions in the
energy class actually refers to solutions u which lie merely in H*(]0, +oo[; L2(Q))NL>([0, +-o00[; H(Q2))
satisfying the inequality E(u(t,-)) < E(ug). This approach exploited integrability by compensation
phenomena inherent to the structure of the harmonic map equation, namely Wente’s estimate. To be
precise, the following was proven in Riviere [68]:

Theorem 2.1.1.2 (Theorem 2, p.99, [68]). There exists € > 0, such that for every ug € H*(Q; S"1)
with:
E(UO) <eg,

existence of a unique solution of [2.1)), (2.2)), (2.3) in H} ([0, +0o[xQ) satisfying E(u(t,-)) < E(ug)

for almost every time t > 0 is guaranteed. The solution u is in fact regular in ]0, +o0o[x Q.

A key point in the proof is the smallness of the energy that allows us to deduce slightly better
regularity for the trace u(¢,-) at a.e. fixed time. One should notice that if € > 0 is sufficiently small,
in Struwe’s result, Theorem [2.1.1.1] the possibility of bubbling could be excluded, hence establishing
global regularity. Later, in [35], Freire was able to remove the small energy restriction and prove a
general uniqueness result in the energy class for arbitrary N. He did so by employing Hélein’s moving
frame technique in the context of the harmonic gradient flow.

Our goal is to generalize the approach by Riviere in [68] to the non-local framework and thus to
the half-harmonic gradient flow.

In analogy to harmonic maps, we may say that a map v : S* — N C R” is weakly 1/2-harmonic,
if it is a critical point of the following energy:

1
Eya(w) = 5 [ 1-8) ud, (24)

with respect to variations in the following set:

HY2(SY: N) = {ve HY2(SYR™) | u(z) € N, for ae. x € St}
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For convenience’s sake, we shall abbreviate £y, by E throughout the paper. Observe that the criti-
cality condition implies that for every ® € H'/2(S%;R™) N L>(S"), in particular all & € C°(S*; R"),

we have: p

where 7 is the orthogonal closest-point projection to N, which is defined in a sufficiently small neigh-
bourhood of N and smooth due to N being smooth. As we shall see, this condition is equivalent
to:

dr(u)(=A)Y2u =0 in D'(SY), (2.6)

which is sometimes also stated informally in the following form, observing that dm(x) is the orthogonal
projection to T, N for every z € N:
(=AY L T,N

In our case of interest, N = S™~!, this could be restated as:
uA (=AY =0 inD'(SY).

It is clear that, in order to study the regularity of 1/2-harmonic maps, the first step lies in the
reformulation of . Naturally, corresponding definitions for R instead of S' are possible.

In fact, the regularity and reformulations were first studied by the authors in Da Lio-Riviere [21],
only the domain being R instead of S*, the same paper where 1/2-harmonic maps were first introduced.
Since Da Lio-Riviere [21]], several extensions have been considered in Da Lio [16]; Schikorra [76]; Da
Lio-Schikorra [28], [27]; Da Lio-Pigati [20]. The regularity of 1/2-harmonic maps relies on the following
compensation phenomena discovered in Da Lio-Riviere [22]: If Q € L} (R;so(m)),v € L2 (R;R™)
and f e L} (R;R™), where 1 < p < 2 satisfy

(~A)Y*%=Q-v+f inD(R),

then (—A)/4 e L} (R), ie. v e W1/2P(R). This phenomena is based on the existence of special
operators satsifying improved integrability properties due to compensation. One such operator is, for

instance, given by the so-called three-term commutator:
T : L2(R;R™) x H'Y?2(R; R™™) — H~Y/2(R;R™),

defined by:
T(U,Q) = (—A)1/4(Qv) _ Q(—A)l/41) + (—A)l/4Q v

It is proven in Da Lio-Riviere [21] that:

1T (0, @l gr—1/2 S NQl a2l 2

We also refer to Lenzmann-Schikorra [55] for an overview of different types of commutator estimates.
Recently in Mazowiecka-Schikorra [57], inspired also by Millot-Sire [60], the authors recast integra-
bility by compensation for fractional operators and commutator estimates in a ”classical local way”,
by applying the notions of fractional divergences and fractional gradients, see Section 2.2 for their
definitions. In particular, they succeeded in recasting the integrability by compensation in terms of
the following non-local result reminiscent of the result by Coifman, Lions, Meyer and Semmes [14]:
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Lemma 2.1.1.1 (Theorem 2.1, [57]). Let s € (0,1) and p € (1,00). For F € L' (R x R) and
g € W' (R), where p/ denotes the Holder dual of p, we assume that divy F = 0. Then F - dgg lies in
the Hardy space H'(R) and we have the estimate:

1F - dsgllrrwy S NF e mxry - 9]l (r)-

Lemma [2.1.1.1] has permitted the authors in [57] to show in an alternative way the regularising
effect of non-local systems with anti-symmetric potentials.

In this paper, we are going to study the gradient flow associated with the energy E /o introduced
above, referred to as the fractional or 1/2-harmonic gradient flow. Namely, we shall study solutions u
of the following non-local PDE on [0, +00[xS! taking values in the sphere S"~! C R™:

dr(u) (ut + B /2(u)) = dn(u) <ut + (—A)1/2u> =0, (2.7)

with 4(0,-) = ug for some initial datum ug € H/2(S'; S"1). As in the case of fractional harmonic
maps, a first step would be to rephrase the fractional harmonic flow and we shall obtain in the paper
the reformulation:

wp + (A 2u = uldy jpul?, (2.8)

where u satisfies u(0,-) = ug. The notation used shall be introduced later on in the paper, however
we emphasise that the RHS of the equation is closely related to the 1/2-harmonic map equation. It
should be noted that the formulation mirrors some of the features found in the local case and
builds upon the formulation of fractional harmonic maps in Mazowiecka-Schikorra [57]. This equation
will be derived later on in the paper.

One might ask what is known for the half-harmonic gradient flow , . For example, in
Schikorra-Sire-Wang [77], the authors studied and proved the existence of a solution to the half-
harmonic gradient flow assuming the map takes values in a sufficiently nice target manifold, i.e. a
closed homogeneous space such as the space of interest N = S"~!. In fact, they consider for 0 < s < 1
and 1 < p < 400 the energy functional:

1 _ P
Bp= L [ OOl
p Jaxq |z —y[rtep

where 2 C R™ is smooth and bounded, and study the fractional gradient flow equation given informally
by:
dre(u) (Opu + E ,(u)) =0, (2.9)

for closed manifolds N C R™ and the closest point projection 7, showing existence of an appropriate
candidate for general N and verifying that the constructed candidate is a solution, provided N is
a homogeneous space. Their methods involve approximations by a piecewise minimization process
and immediately yield, in contrast to the techniques employed by Struwe, a global existence result.
We highlight that provided p = 2 and s = 1/2, we recover the fractional harmonic gradient flow
in , and consequently , which we will be studying, thus complementing the treatment in
Schikorra-Sire-Wang [77] in the case S?~!. We mention that using S! instead of a bounded interval
2 C R does not obstruct the proof presented in Schikorra-Sire-Wang [77], as all arguments carry over
immediately, therefore the existence result continues to hold true for the domain S, at least for closed,
homogeneous target manifolds.
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Nevertheless, the nature of the argument in Schikorra-Sire-Wang [77] does not allow for a unique-
ness statement or provide an analysis of possible types of blow-ups in (in)finite time. Questions
regarding blow-ups were studied for example in Sire-Wei-Zheng [84] where the authors exhibit that
only blow-ups in infinite time may occur for certain initial data and conjecture that the same might
hold in general.

Our main result in this paper will be the following:
Theorem 2.1.1.3. Let ug € H1/2(Sl; S"=1) be any initial data. There exists € > 0, such that if:
(=AY 4| 251 < e,

then there exists a unique energy class solution u : Ry x S' — S™™1 C R™ of the weak fractional
harmonic gradient flow:
g+ (=A)?u = uldy jpul?,

satisfying u(0,-) = ug in the sense u(t,-) — ug in L?, as t — 0. Moreover, the solution fulfills the
energy decay estimate:

H=2) () sty < (=) uoll 2 (ny.

In fact, u € C*(]0, 00[xS1) and for an appropriate subsequence tj, — oo, the sequence u(ty) converges
weakly in H'(SY) to a point.

By energy class solution, we mean that u possesses the following regularity:
we LRy HYA(SY), w € LRy IX(SY),

The general strategy behind the proof of Theorem [2.1.1.3]is the following: First, following the
arguments in Struwe [89] for uniqueness, we show that uniqueness holds for slightly more regular
solutions than those in energy class. Namely, we require in addition that u € L? (R4; H'(S')) and this
improved regularity assumption combined with Sobolev-type embeddings for Triebel-Lizorkin spaces
yields uniqueness in this class of functions. Then we establish, following the approach in Riviere [68],
that energy class solutions with monotone decreasing 1/2-energy in time and sufficiently small initial
energy are actually slightly more regular and satisfy the condition u € L} (Ry; H'(S1)). This gain in
regularity crucially relies on the structure of an anti-symmetric potential hidden in the harmonic map
equation and changes of gauge as in Riviere’s seminal work [70] adapted in a non-local framework and
manifested in non-local Wente-type estimates like Lemma found in Mazowiecka-Schikorra [57).
Indeed, the emergence of an anti-symmetric potential and the resulting benefits are more apparent
for S"~! than for general manifolds, since in this case, the potential is even 1/2-divergence-free, a
property which is in general only obtained after a change of gauge, cf. Riviere [70]. The vanishing
1/2-divergence actually leads to slightly better integrability properties of the potential and hence the
improvement in regularity, see Da Lio-Riviere [22], Da Lio-Pigati [20] and Mazowiecka-Schikorra [57].

To be precise, the following regularity result will be the key point to derive uniqueness for small-

energy solutions in the energy class:
Proposition 2.1.1.1. Let u satisfy the following reqularity assumptions:
we L¥(Rys HVA(SY); w € L3R5 L3(S)

Moreover, assume u solves the half-harmonic gradient flow equation (2.8)). Then for almost every time
t > 0, we have:
u(t) € H'(SY).
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Combining this with a fractional Ladyzhenskaya inequality and sufficiently small energy will show
u € L (Ry; HY(S')), analogous to Riviere [68].

Proving smoothness of the solution relies on bootstrap techniques and a local regularity result
from Hamilton [43] adapted to the non-local setting. Indeed, we shall use the local Inversion Theorem
in order to prove existence and regularity of solutions to the flow assuming the boundary data is
smooth. The resulting solution will be smooth by using results from Hieber-Priiss [46] on parabolic
PDEs and maximal estimates for heat flows using operator semigroups. Then, using a generalisation
of a Lemma by Schoen-Uhlenbeck [81] (our proof following the presentation in Struwe [92]) and the
extension of the harmonic map flow as presented in Struwe [89] in the case of the half-harmonic map
flow, we deduce regularity in general and for all times, provided the initial energy is sufficently small.
The ideas follow more or less Struwe [89] and we indicate the most significant changes by establishing
the key estimates. Lastly, convergence is obtained just like in Struwe [91] for the harmonic map flow.

We would like to point out that we could have chosen the formulation of the fractional harmonic
map equation introduced in Da Lio-Riviere [2I]. However, we did choose the formulation in for
its analogy with (2.1)), which also inspired the current investigation into half-harmonic gradient flows.

Some of the main technical difficulties we will encounter in the course this paper will concern the
translation of results for the real line R into results for the unit circle S' and working with Triebel-
Lizorkin spaces over S'. Regarding the former difficulties, some of results of this type may be obtained
by an extension procedure, others by changes of variables involving the stereographic projection which
connect the 1/2-Laplacian on the circle to the one on the real line, see e.g. Da Lio Da Lio [15], Da
Lio-Pigati [20], Millot-Sire [60], Da Lio-Martinazzi-Riviere [19]. Both approaches seem to be necessary,
as there are advantages to both of them. Many of the results derived by such procedures can also be
obtained directly using Triebel-Lizorkin spaces. Once all these ingredients are introduced, the proof
is based on the arguments found in Struwe [89] as well as Da Lio-Pigati [20], Mazowiecka-Schikorra
[57], Riviere [68].

In future work, the author plans to investigate uniqueness and regularity of solutions to the frac-
tional harmonic gradient flow with small initial energy in an arbitrary closed manifold N C R™ and
then to expand our considerations to solutions with arbitrary initial energy. Some bubbling phenom-
ena are expected to be observable in this case, so the more delicate analysis of this will be carried
out in a future paper. A paper dealing with uniqueness and regularity in the general setting of an
arbitrary closed manifold N C R" is already in preparation by the author ([103]).

Let us present an outline of the paper: In Section 2, we introduce some of the most important
notions and structures for our proofs. In particular, this includes Triebel-Lizorkin spaces on S' and
the fractional Wente-type Lemma [2.1.2.T] Then, in Section 3, we turn to establishing our main result.
First, in Section 3.1, we show the equivalence between and . Then, uniqueness is treated in
Section 3.2 following the presentation in Riviere [68] and Struwe [89], regularity in Section 3.3 by a
bootstrap trick and using the techniques and results in Hamilton [43], Hieber-Priiss [46], Struwe [89]
and finally, we discuss convergence properties in Section 3.4 following the presentation in Struwe [91]
in the case of the harmonic map flow. The Appendices complement the presentation and add some
technical details.

Acknowledgements Lastly, I would like to thank my supervisors, Prof. Francesca Da Lio and
Prof. Tristan Riviere, for suggesting this problem, providing advice throughout the process of working
on this paper and many very helpful comments, mathematical and structural, on various versions of
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this paper.

2.1.2 Preliminaries

We briefly introduce some of the most important notions employed throughout this paper. These
concern the fractional Laplacian, fractional divergences and gradients as well as a Wente-type result
for fractional div-curl-structures as seen in Mazowiecka-Schikorra [57].

2.1.2.1 Fractional Laplacian and Triebel-Lizorkin Spaces

In this section, we introduce the Triebel-Lizorkin spaces on the unit circle S C R? and recall some
properties of the fractional Laplacian. Much of the current presentation is due to Prats [64], Prats-
Saksman [65], Schikorra-Wang [79] and Schmeisser-Triebel [80].

Let us recall the following first: S' ~ R/277Z is equipped with a natural distance function given
by:

|.’E - y|2 _ |€z’33 o eiy|2 _ |6i(m—y) - 1|2

= (cos(x —y) — 1)® +sin(z — y)* = 2 — 2cos(x — y)

2
_%mC}y>, (2.10)

(5)

We shall tacitly use this distance function, whenever we are working over S'. Moreover, we define for

any f:S' > R: /
([ @t _dy '
,Ds,q(f)(x) = (/Sl |z — y|se ’$_y’> ,

so we have:

|z —y| =2

forall 1 < g < ooand 0 < s < 1. Then:

HfHWs&p,q)(sl) = HDS,q(f)(x)HLP(Sl)a

for every 1 < p < oco. If p = ¢, these spaces correspond to the usual homogeneous Gagliardo-Sobolev
spaces W*P(S1). For a presentation of the operator D; 4 and its main properties, we refer to Schikorra-
Wang [79] and the references therein.

We denote by D’(S') the collection of distributions on S! and sometimes denote by D(S 1Y the
space C°°(S1) of smooth functions. Let us from now on denote by f(k) the k-th Fourier coefficient of
f, for all f € D'(S'):

1 1

Fk) = (o) = (e*i’”)  VkezZ

One may also introduce the Triebel-Lizorkin spaces for S', denoted by sz,q(S 1Y in the following way
for all s € R, p,q € [1,00[:

Fs (SY) = {f e D'(SY) | Ifllrs, <+oo}
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Here we write:

)

Lr(S1)

1fllEs, = H|

(z 2j8@j<k>f(k>e““>
JEN

keZ

lq

for a partition of unity (¢;);en consisting of smooth, compactly supported functions on R satisfying:
supp g C B2(0), suppy; C {x € R | 21 < |z| < 2j+1},Vj >1

as well as: )
Vk € N : sup 2]kHDkQOjHL°° S
N

JE

The Triebel-Lizorkin spaces on S!, and more generally on the n-torus, possess an analogous theory
to the classical case of these spaces on R", see Schmeisser-Triebel [80], Chapter 3. In particular,
Sobolev embeddings continue to hold (Schmeisser-Triebel [80] Section 3.5.5), identifications with clas-
sical spaces such as LP(S') (Schmeisser-Triebel [80] Section 3.5.4) and duality results (Schmeisser-
Triebel [80] Section 3.5.6). We shall use the properties of these spaces throughout this paper and shall
refer to the given reference for details. The homogeneous spaces may be defined as well by omitting
the Fourier coefficient of Oth-order and adapting the notions accordingly.

In Prats-Saksman [65] or Schikorra-Wang [79], the authors prove the following result:
Theorem 2.1.2.1 (Theorem 1.2, [65]). Let s € (0,1), p,q €]1,00[ and f € LP(R). Then:

(i) We know W*®9(R"™) C Flf’q(]R”) together with:

||f||F;’q(Rn) S ||f||Ws,(p,q)(Rn)- (2.11)

(ii) If p > niqsq, then we also have the converse inclusion together with:
1 lirniom ny S 15 g ey (2.12)

The constants depend on s,p,q,n.

As seen in Prats-Saksman [65] and Schikorra-Wang [79] and by using the properties in Schmeisser-
Triebel [80], Triebel [97] for periodic functions, we can similarily discover the following equivalence
with Triebel-Lizorkin spaces for all 1 < ¢ < oo and 1 < p < oc:

w9 (st = 5 (SY), (2.13)
with equivalence of the corresponding seminorms, provided p > 5 fsq. We shall prove the part of
the identification that we will be using over and over, i.e. the second part of Theorem [2.1.21] in
Appendix B. If s = 1/2 and ¢ = 2, then p > 1 is the requirement in Theorem for the equality
of Fpl/; and W1/2®:2) to hold. It should be observed that while FEQ(SI) c Wer(Sh) = Wwep)(sh)
for p > 2, there does not hold equality except for p = 2. The arguments for the domain S' carry
out in complete analogy to the case treated in Theorem 1.4 of Schikorra-Wang [79], where all the
spaces are introduced over R and R"™, by using the theory in Schmeisser-Triebel [80]. One just has

to observe that the maximal function estimates used are also available on S', see Section 3.3.5 and
3.4 in Schmeisser-Triebel [80], enabling the very same arguments to work. Therefore, Theorem [2.1.2.1
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continues to hold for S*. We shall sometimes omit mention of the domain, if it is clear from the context.

On S!, the fractional s-Laplacian is defined as a Fourier multiplier operating on Fourier series:

(=A)sf(k) = [k[*f(k),
for every k € Z and all 0 < s < 1. In particular, this can also be phrased as a principal value:

F@) = )

~AN)'2f(z)=C-PV.
(=A)Ff(@)=C-PV. S ey

)

where C' > 0 denotes some constant, similar formulas with less explicit kernels exist for 0 < s < 1 as

seen in Gaia [36] and Roncal-Ral Stinga [74]. We also refer to them for further details. By the Fourier

multiplier properties, fractional Laplacians interact in a natural way with Triebel-Lizorkin spaces

inq(s 1), as is usual for this type of function spaces. This means that it induces an isomorphism:
(—A)*: B2 — B

for all p,q € (1,00) and ¢,t + 2s € R, see Schmeisser-Triebel [80] Section 3.6.3 and the proof of the
analogous statement in the case R™.

In analogy, the s-Laplacian can be defined on R as a Fourier multiplier using the Fourier transform
rather than the Fourier series and leads again to an object which can also be characterised by a similar
principal value. We omit the details, as the formulas are virtually the same as for the circle.

2.1.2.2 Fractional Gradients and Divergences

We present some of the notions introduced and studied in Mazowiecka-Schikorra [57]: We denote by
Mq(R x R) the collection of measurable functions f : R x R — R with respect to the measure ‘ixflgl
and we do the same for S' instead of R on the domain-side. If both domains are possible, we shall
merely denote this space by M,q. For a measurable function f: R — R or f: S' — R, we define for

0 < s < 1 the fractional s-gradient as follows:

dsf(.%', y) =

and the corresponding s-divergence by means of duality. It is immediately clear, but nevertheless
useful to observe:

dsf(y,a:) = —dsf(:E,y)

Observe that by duality, for F € Myg(R x R) or F € My4(S* x S1), we define for every ¢ smooth
and compactly supported on R or just smooth on S' in the latter case:

div, F(p) := / / F(x,ymsso(w,y)dxdl;

|z =yl
This quantity is hence defined merely in a distributional sense. Lastly, we denote for F,G € M4 over
R or St

FG@)= [ PGl 2
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If F =G, we also write:
P F(a) = |F2) = |Fl(x) = /F - F()

Therefore, we immediately have:
lldsflllLecsty = [1f1lvirs.wa (s1)s

which hints at an intimate connection between Triebel-Lizorkin spaces F;q(S 1) and fractional gradient
ds, under some technical conditions on s, p,q. We highlight that for some constant Cs € R depending
on s:

(=AY f = Csdivsdsf,

which is particularily useful for the weak formulation of PDEs involving non-local operators. This
equation is to be understood in the following sense:

Cs/dsf-dsg(w)dx = /(—A)sf-gd:r = /(—A)S/Qf (—=A)*Pgda,

for the domains S' and R. Lastly, the following identity, sometimes referred to as fractional Leibniz’
rule, is often useful:

ds (f9) (z,y) = dsf(2,y)9(z) + f(y)dsg(z,y)
This identity can be verified by directly inserting the definition.

In general, we may also introduce L?,(S' x S') or L? (R x R) as the collection of measurable
functions, such that the following norm is finite:

dydz \ /7
IEls. :=<//|F:cy v ‘) |

for 1 < p < oo. The space L(S? x S1) and L%(R x R) could be introduced in the usual manner.

One of the main results we shall be using later on in an appropriately modified formulation is the
following non-local Wente-type result:

Lemma 2.1.2.1 (Theorem 2.1, [57]). Let s € (0,1) and p € (1,00). For F € L' (R x R) and
g € W (R), where p/ denotes the Holder dual of p, we assume that divy F = 0. Then F - dgg lies in
the Hardy space Hl(R)ﬂ and we have the estimate:

IF - dugllp ey < I1F ]z exry - N9llipe g)-

If, for example s = 1/2 and p = p’ = 2, then we may also conclude that F - d,g € H'/?(R)
using the embedding of H'/?(R) into BMO(R). The estimate continues to hold in a similar manner.
Similarily, we may deduce the following for the domain S*:

'We briefly recall that the Hardy space H'(R) is the subspace of L*(R)-functions such that:
Ma(f)(@) := sup|®: « f|(z) € L'(R),
where @ is a Schwartz function on R with [ ®dz = 1 and ®:(z) = 1/t - ®(z/t). Alternative characterisations using

boundary values of harmonic maps, as the dual of BMO(R) and by the theory of function spaces exist. Hardy spaces
are of interest, as they remedy some of the issues that appear when working with L'-functions.
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Lemma 2.1.2.2. For F € L?;(S* x S') and g € HY?(S"), we assume that divyp ' = 0. Then
F - dy a9 lies in the space H~1/2(8Y) and we have the estimate:

I - dijogllg-1r2(s1) S NF 2 5151y - N9l gravegsn)-

The proof of this result is postponed to Appendix B.

2.1.3 The Fractional Harmonic Flow with Values in S™!

This section is devoted to the proof of our main result. For convenience’s sake, we restate it once
more:

Theorem 2.1.3.1. Let ug € HY/?(S%; "1 be any initial data. There exists € > 0, such that if:
”(_A)1/4U0”L2(51) <eg,

then there exists a unique energy class solution u : Ry x S — S™~1 C R™ of the weak fractional
harmonic gradient flow:
g+ (=A)2u = uldy jpul?,

satisfying u(0,-) = ug and the energy decay estimate:
(=) u(t) | p2gsty < I1(=A)*ug]l 1251y

In fact, u is even smooth and for an appropriate subsequence t, — oo, the sequence u(ty) converges
weakly in H'(S') to a point.

We observe that existence is already clear due to the result in Schikorra-Sire-Wang [77]. Therefore,
it remains to check uniqueness, regularity and convergence for ¢ — co. We shall treat each of these
three different aspects in a separate subsection.

2.1.3.1 The 1/2-Harmonic Gradient Flow Equation

First, we would like to prove the equivalence of the formulations in (2.7) and (2.8). To do this,
we assume that v € L®(Ry; HY?(S")) and u; € L*(Ry;L?(SY)) is a solution of (2.7) such that
u(t,x) € S"~! for almost every (t,7) € Ry x S'. Therefore, it satisfies the following equation:

dm(u) (ut + (—A)1/2u> =0,
where 7 : R, \ {0} — S" 1.z x/|z| is the closest point projection to S"~1. This means:
o0
/ / (ut + (—A)1/2u> dr(u)edzdt =0, VYo € C°(R, x ST;R™)
0 St
Letting ¢ € C°(Ry x S';R"), we therefore have, using the notation dr* = Id — dn:

/OOO /Sl (ut + (—A)1/2u> pdxdt = /OOO /51 (Ut 4 (—A)l/Qu) dWL(u)tpdmdt

= / / ug - up + dy jpu - dy o (up) drdt
0 St



37

d1/2U . d1/2 (’U,QZD) dxdt

—/0 \/Sil
. ~ dydzx
/ Al /51 d1/2u(t7xay> u(tay)dl/Q@(tgw,y)‘yidt

Yl

dydz
d (t )d t dt
/31/51 12u(t, , y)dy ppu(t, z,y)o(t, @ )‘ Y
dydx

- /0 [, [zttt z)ute. ). ot o) 2
= /0 /Sl u(tja:)|d1/2u|2(t,x) - (t, z)dxdt (2.14)

dt

where we used that wu; is a.e. tangential to S"~! (seen by using approximation by convolutions),
dr(x)v=wv for all v L z and x € S"! and dn(z)z = 0. The latter was used to write:

dTrL(u(t’ ‘T))Qo(tvx) = <g0(t,a:),u(t7a:)>u(t,x) = @(t’ $)u(ta ‘T)a

with ¢ € H'/2(S';R) N L>(S') by direct computation. Observe that we implicitely used:

dydx
/ / / dyjpult, z,y) - u(t,y)dyppt, z,y) 7 I at
s1./s1 |z —yl

- ut,z) +ut,y) dyde
—/0 /51 /Sl dyjpult, z,y) - 5 dl/gcp(t,:c,y)| _y‘dt 0, (2.15)
u(t, ) — u(t, w2 = lulw)|?
dyjpu(t, z,y) - (u(t, ) + u(t,y)) = ( |x)—y|152 9 - (ult, ) +ult,y)) = | (|;’_y|’1/(2y) =0,

since u € S"~1 for almost all (¢,x). Therefore, we have shown that:
up + (=) = u|d1/2u\2 in D'(Ry x S1),
which is the formulation provided in (2.8)). This proves the aforementioned equivalence between the
two formulations.
2.1.3.2 Uniqueness

The first property we verify is uniqueness. As already mentioned in the introduction, the key idea is
to first show uniqueness under slightly better regularity assumptions similar to Struwe [89]. Then, we
use the fractional Wente-Lemma and argue similar to Riviere [70] in order to show that energy
class solutions of sufficiently small energy actually are slightly more regular and thus the uniqueness
result for more regular solutions applies in this situation.

Uniqueness under Higher Regularity Assumptions Let us assume that u,v are two solutions
to the fractional gradient flow taking a.e. values in S”~! C R™ and such that the following holds true:

w,v € L¥(Ry; HY2(SY) N LY (R HY(SY)):  wg v € L2(Ry; L2(SY)) (2.16)

The local integrability is meant with respect to the domain [0, co[. It should be noticed that we include
more regularity than is actually required/given by the existence result in Schikorra-Sire-Wang [77],
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which is in agreement with the uniqueness treatment in Struwe [89]. Additionally, it is easy to see
thanks to u,v € S"~! almost everywhere, that:

u, v are bounded.

We assume that they satisfy the gradient flow associated with the 1/2-harmonic map, which we have
seen in the previous subsection to be equivalent to:

up + (—A) Py = uldy jpul®, v+ (—A)2y = vldy 0, (2.17)
together with the boundary condition:
u(0,-) = v(0,-) = up € HY/?(S*; 5771

By the assumptions, we may evaluate the 1/2-Laplacian for a.e. fixed time ¢ (as Vu(t) for almost every
fixed time ¢ is in L2(S')), which shows that the gradient flow is satisfied in a strong sense by using
fractional integration by parts on the weak formulation. Our goal is to prove the following result:

Theorem 2.1.3.2. Let u,v as above be solutions to the fractional gradient flow with the same initial
datum ug. Assume that we have the following 1/2-energy decay estimate:

(=) (@) 251y, 1(=A) 0@l 251y < (=) uoll 21y, VE € Ry,
Then we may conclude:
U=,
i.e. the solutions agree for every time t > 0 as well.

It will be clear from the proof of Theorem [2.1.3.2| that it would also suffice to assume:

sup [[(=A)Y*u(t)] 251y < +o0,
teRy

and similarily for v.

Proof. The proof relies on the same ideas as the proof of uniqueness under better regularity provided in
Lemma 3.12 in Struwe [89] for the harmonic gradient flow. Therefore, we begin by defining w := u—v
and observe:

we LPRy; HY2(SY) N L (Ry; HY(S));  wy € LX(Ry; LP(SY)),

loc

as well as the initial condition:
w(0,-) =0 (2.18)

This is an immediate consequence of the regularity and initial data of v and v. Let us now combine
the equations in to determine the non-local PDE solved by w:
wy 4 (=AY 2w = uy + (—A) 20— v — (—A) 0
= U|d1/2u\2 - v|d1/2v|2
= (u— v)|d1/2u|2 + U(|d1/2u\2 - |d1/2U|2)
= w]dl/gu\2 + v(\dl/QuP — ]dl/Qv\Q) =: R1 + Ry (2.19)
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If we test (2.19) against w itself, we obtain for any 7' € R

T T d 1 T
/ / wy - w + (—A)Y 2w - wdzdt = / — (Hw(t)HLz(51)> dt + / ||(—A)1/4w(t)HLz(51)dt
0 S1 0 dt 2 0

T
= [ o ol = ) it

T T
g/ / \w|2|d1/2u2dxdt+/ / (|| Rodadt (2.20)
0 St 0 St

So, using the fundamental theorem of calculus, we arrive at:

1 T T T
Sl + [ I 0Ozt < [ [ jullayeupdsar+ [ puliRaldzar 221

We emphasise that we used (2.18]) in order to evaluate the integral of the derivative at ¢ = 0. In order
to proceed, we have to investigate the term \dl/QuP - ]dl/sz more closely. To do this, let us write
for z € S' by means of the fundamental theorem:

SH

— (|d1/2 v+ s(u— v))|2(m)) ds

(v(@) —v(y) + s(u(@) —v(z) —uly) + “(y)))Qdy> o

|z —yl?

|d1/2u\2( ) — ’d1/2U’

h\
S

T

[y

&l

N T N T N
wn

|z —y?

(v(x) = v(y) + s(w(z) — w(y)))* dy) o

—

—

v(x)

|
<

(1) + slowl) — ) (wle) —wi) ,

|z — yl|?
2 ; |d1/2((1 = s)v + su)|(z) - [dy pw|(z)ds
<C (|d1/2u|(x) + |d1/21)|($)) “|dy jpwl ()

S— S—

IN
2
!

where we used Holder’s inequality and the integrability properties of w,v during the sequence of
inequalities above. This implies the following estimate for Ra:

| Ra|(z) < Clol(@) (Jd1j2ul(x) + |dijov](2)) - |d12w] ()
< C (ldijpul(z) +|dy j2v] (@) - |di 2w (), (2.22)

where we implicitely used |v| = 1 almost everywhere. By using Cauchy-Schwarz and Young’s inequal-
ity, we therefore find:

T T T
/ / (| [Roldandt < 5/ / |d1/2w|2da:dt+0(5)/ / wl? (|dy gl + |dy 0] dedt,
0 St 0 St 0 S1

for any d > 0. Observe that:

T T
/ / dy jpwf2dadt ~ / TEESEET——
0 S1 0
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by direct computations, see Lemma [2.1.3.2] after this proof. Thus, we may choose § > 0, such that
after absorbing and using Cauchy-Schwarz:

1 17
Sl +5 [ 1A 0Ol
T 2
< C/o /S1 |w|2 (|d1/2u| + \d1/2v|) dxdt

~ T 1/2 T . 1/2
<C </ |w[4dxdt> : </ / (Idy j2ul + |dy 2v]) dmdt) (2.23)
0 S1 0 S1

Using Lemma [2.1.3.1] below for each fixed ¢, we can estimate:
T 4 r 2 2 1/4 2
ultdzdt < C [ @)1 - (000 F2gst) + (=) 0o ) dt
0 St 0

2
T
< C( sup_[[w(s)l[72(s1) +/0 ”(—A)1/4w(t)’\%2(sl)dt> (2.24)

0<s<T
Here, C' depends on T, which may be chosen sufficiently small, as seen afterwards, by using an

iteration process to increase 1" step by step. We notice that there is no dependence of the constant on
the L?-norm of w(s), as we estimate:

T
/0 Hw(t)HQm(sl) ' <Hw(t)\|%z(51) + ”(—A)l/4w(t>”%2(sl)> dt

T
< [ sw Jw)ls - ( o ”w“)”%wﬁ|!<—A>1/4w“)’%2‘5”> )
0 0<s<T 0<s<T

T
= sup [lw(s)[|72(g1y - (T'OSUP ||w(5)||%2(51)+/0 \(—A)1/4w(t)\|%2(31)> dt

0<s<T <s<T
§C< sup (o) sy + [ ||<—A>1/4w<t>||iz(sl)dt) (2:25)
0<s<T 0

which is precisely the estimate presented above and the dependence on 7' is benign, i.e. C remains
bounded as T" — 0. Observe that we used the inequality:

T
sup_[[w(s)2asry < sup_Jlw(s)]Zagen + / (=) (8) 22 g1,
0<s<T 0<s<T 0

which is trivially true.

Claim 1: For every € > 0, there is T' > 0 small enough, such that:

T
/0 /sl (Idy joul + |dy jov])* dadt < e, (2.26)

However, before we prove this claim, we observe that this is indeed sufficient to conclude our proof
of Theorem [2.1.3.2] as then we may choose T > 0 as in the proof of Lemma 3.12 in Struwe [89] to
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maximize the L?(S')-norm on [0,T7], i.e. |w(T)||2(s1) = Supp<g<r ||w(s)||%2(sl). This is possible by
continuity of ¢ — w(t) with respect to the L?-norm due to the assumptions in , in particular
the integrability of the weak derivative in time-direction us, vy and thus w;. We refer to Evans [34],
Chapter 5.9.2 for details regarding this continuity. Alternatively, (2.16|) implies that u, v and therefore
also w are in H} (S'x]0,00[). Thus, by the trace theorem wu(t,-),v(t,-),w(t,-) lie in H'/2(S') and
depend continuously on ¢, the latter property owing to the continuity of the trace operator.

In addition, for some fixed, but arbitrary, a-priori time 0 < Ty < T, T as in the claim, the maximum
of the L2-norms at a given time over the interval [0, 7p] must be attained at some to > 0, as otherwise
we have w = 0 for all times ¢t < Ty, which would also show the desired equality and hence we could
restart the argument from Ty on. Thus, for sufficiently small € > 0, we may absorb the right hand
side in into the left hand side, immediately giving the desired result, i.e. w(T) = 0 and thus for
all 0 <t <T. More precisely, from , and a sufficiently small e, we obtain:

1 T
@l + [ 1800|250

T T
<ci | ||(A)1/4w||L2(51)dt+C(5)\/5< sup () aqsry + [ ||<A>1/4w<t>ui2<sl)dt>,

0<s<T

which for 6 > 0 sufficiently small and observing maximality of the choice of T' (note that we may
choose T smaller than required by (2.26]) to ensure that it is also the time with maximal L2-norm)
then becomes:

1

1 T )
L : _A)L/A4
2021;2T||w(8)||L2(51) + 2/0 [(=A) w(t) | 2 (sr)dt

0<s<T

T
< wg-( sup[w(s)sn + | !!(—A)”‘*w(t)!iz(sl)dt),

and if C'\/e = i, we may absorb this contribution into the left hand side to find:

sup [[w(s)|[r2(s1) =0
0<s<T

The argument then is completed by the usual connectedness-type argument using convergence u(t) —
u(tg) for t — to in L? and iterating, see Struwe [89]. Indeed, consider the set:

IC0,00], I:={tel0,00[|w(s)=0,Vs<t}

Clearly, 0 € I by construction and hence I # (). Moreover, I is open, since if ¢ € I, we may use the
arguments above to deduce that w(s) = 0 for all ¢t < s <t + ¢, for some sufficiently small . Finally,
I is closed, which then shows I = [0, 00[ and finishes the argument. This is clear as:

lim [lw(s)[| 2 = [w(®)] L2,

which proves that if all s < ¢ satisfy s € I, then w(t) = 0 in L?(S') and hence t € I.

Proof of Claim 1: Now, let us return to (2.26)). We shall provide two justifications of this
estimate. The first argument postponed to Appendix A relies on some properties found in Da Lio
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[15], Da Lio-Martinazzi-Riviere [I9] connecting the fractional Laplacian on the circle to the one on
the real line. The precise results shall be stated and proven in Appendix A. A different apporach uses
Theorem [2.1.2.1| for S* directly. Here, we shall just present an outline of the argument:

We observe that it suffices to find corresponding estimates for dypu and d; ov respectively. For
these, we have:

//|d1/2u| dmdt<(]/ A)YAy(t)||3dt

<0 [ 181 -8Vl

T
<C s (A u@e - [ [ 1-8)uPdaar

0<s<T
T
<Nl [ [ 1) R (2.27)

where we used u € H'(S'), which immediately implies (—A)Y*u € HY2(S'), as well as Lemma
2131 We refer to Appendix A for the details on the proof of the estimate using an extension
procedure, in particular the first inequality which is actually the only missing step here. Alternatively,
directly using the second part of Theorem on the domain S, see , as described in the
preliminary section and proven in Appendix B, the first inequality could also be obtained immediately
and the rest follows by using Lemma The main difference between these two approaches lies
in the use of Theorem either on R or on S, depending on which techniques are used.

The claim now follows by and the L?-integrability of the 1/2-Laplacian of u. Notice that
the supremum is finite due to the assumptions in the statement of the Theorem. O

We now prove some useful results that were invoked in the proof above or motivate the conditions
of the main result of this subsection, Theorem [2.1.3.2

Lemma 2.1.3.1. Let u € HY/2(SY). Then the following estimate holds for some C > 0:

2, 1/2

lullzs < CllullZlul e,

Proof. By Sobolev embeddings, we immediately find for some C' > 0:
[ullps < Cllull g4

Additionally, we have by definition:

lulFpe = Y1+l Han)?

nez
= > L+ ) a(n)]| - a(n)|
nez 2 12
< (Zu + |n|2)1/2|a(n)\2> : (Z I@(n)!2>
nez neZ

= llull gz - [lull 2
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This now yields:

1/2 1/2
lullzs < Cllull s < Cyfllullyre - lullze = Cllul el s
Thus, the Lemma is proven. O

We highlight that Lemma [2.1.3.1]| continues to be true on R by using classical rescaling techniques
or relying, for example, on Littlewood-Paley theory.

Lemma 2.1.3.2. It holds the following for every u € HY/?(S1):

[ s ~ 1=8) ulfas (2.28)

Proof. Let us observe the following for smooth functions u:

2y — [u(@) —u@)® ,
/Sl |dy joulde = /Sl /S1 !x—y!2 dyd
(u(z) — uly))

/Sl by /51 \x — yP (u(z) — u(y))dydx

:/ 2PV/51 \x—y\Q dy'u(x)d:v
= /( A2 - u(z)de
s
=C [ [(—A)Yu(x)Pda
=C|I(- A)1/4u”%2(51) (2.29)

for some C' > 0, see also the definition of the fractional Lapacian in section 2. Here, P.V. stands
for principal value. For complete rigor, one has to take the integral on a subset of S' x S omitting
the diagonal and letting the neighbourhood become arbitrarily small to deduce the second equality,
to ensure the principal value can be taken and the fractional Laplacian emerges. The statement for
general u follows now by approximation. O

Finally, let us motivate the decay assumption on solutions of the fractional gradient flow in Theorem
2.1.5.2

I(=2) (@)l 2 sy < (=) uollp2sr),  VE € Ry

It should be noted that this is a ”classical” assumption when working with gradient flows, nevertheless
we present the idea: To do this, let us assume that u is a smooth solution of the fractional gradient
flow. Then, we may test against u; and find:

T T
/ lug|? + (=AY 20 - updzdt = / / uldy jpul? - updadt = 0, (2.30)
0 St 0 St

where the last equality follows by observing that uw assumes values in a sphere, hence the derivative
in t-direction will be tangential to the sphere and, as a result, orthogonal to u, implying:

u-u =0
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In addition, we have:

T T
/ / (—A)l/zu'utda;dt:/ / (=AY - (=AY dadt
0 St 0 St
T1d

:/ 2dt< |(—A)1/4u|2d:5> dt
0 S1

1 1
= §\|(—A)1/4U(T)||%2(51) - §\|(—A)1/4U(0)”2L2(31)'
1

1
= 5“(—A)1/4U(T)”%2(51) - 5”(—A)1/4U0H%2(51) (2.31)

Consequently, this computation shows that in the case of regular solutions:

1 1 T 1
SR AT By < SN T gy + [ [ fudade = S8 oy (232)
0 S1

This yields the desired boundedness of energy (in fact monotone decay of energy) and thus motivates
the assumption we had in Theorem We formulate this in the following slightly imprecise:

Lemma 2.1.3.3. Let u be a sufficiently reqular solution of the 1/2-harmonic gradient flow as previ-
ously defined with u(0,-) = ug. Then the following holds for all T > 0:

1
Sl

1
SN2 U en) < 5

(=2)ug | 251y
In fact, the energy T +— \\(—A)1/4U(T)||L2(S1) monotonically decreases in T'.

Improved Regularity of the Solution We would like to show how we may obtain the required
improvement in regularity for energy-class solutions, i.e. solutions which do a-priori not satisfy a L?-
local bound on the first derivative in space-direction, to the fractional gradient flow in a similar
manner as in Riviere [68]. The key idea is that we may fix some time ¢ and consider the corresponding
equation for fixed time to obtain improved regularity. Namely, we will obtain the following result:

Theorem 2.1.3.3. Let u: Ry x S' — S"~1 C R" be a solution of the weak fractional harmonic gradi-
ent flow [2.17) with initial datum ug € H'/2(SY) and satisfying the following regularity assumptions:

we LRy HY2(SY):  wp € L2 (Ry; L2(S1))
Then there exists € > 0 such that among all such u satisfying the smallness condition:
I(=A) ()2 <&, VEERS,
the solution to the fractional harmonic gradient flow with initial datum ug is unique.

If we assume that the energy is bounded by some sufficiently small £ > 0, then it is sufficient to
show that u(t) € H'(S1) for almost every t € R, . In fact, the following holds:

Proposition 2.1.3.1. Let u : Ry x S' — 8"~1 C R" be a solution of the weak fractional harmonic
gradient flow with initial datum ug € H1/2(5’1) and satisfying the following regularity assump-
tions:

we LRy HY2(SY);  w € L2(Ry; L2(SY):  u(t) € HY(SY) for a.e. t € Ry
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Then there exists € > 0 such that among all such u satisfying the smallness condition:
I(=2)*u()| 251y <&, VEERy,
the solution to the fractional harmonic gradient flow (2.17) with initial datum g is unique.

Proof. To verify this, let us observe that if u(t) € H'(S') for almost every ¢ € R, , we may deduce for

a fixed time t:
(=) 2u(t) = ult)|dy jpu(t)|* — Spul(t)

Hence, by standard elliptic estimates for the fractional Laplacian or simply observing that with R
being the Riesz transform, we have:

Vu(t) =R (u(t)]dl/gu(t)]2 — Oyu(t)) (2.33)

Keeping in mind that R is a continuous linear operator on L?(S'), we are led to the following estimate:
lu®) 1 (51 < C (lu(®)lIZ2 + lld1 o) PlZ2 + 10pu(t)]172)

< O (14 [ldypu(t) P32 + |ow(D]2) (2.31)

where we used u(t) € S"~! almost everywhere for almost every time t. It is clear that regarding local
L?-integrability with respect to time, it thus remains to study the following contribution:

lld: jou(t) 17

Using the same ideas as in the proof of (2.27)) for the uniqueness statement Theorem [2.1.3.2| (which
are proved in Appendix A or rely on the second part of Theorem [2.1.2.1|for S', see also Appendix B),
we may estimate this term by:

lld1 2u(®) (172 < C'llu(®) G2 llu(®) 170

By applying this inequality to u — @(0) instead of u, we may replace the H 1/2_ and H'-norms by the
corresponding seminorms:

ld1ju(®) (172 < C'lu(®)IF 2 lu®)]1F
We emphasise that adding a constant to u does not affect the LHS of the estimate above. Therefore,
we have the energy term appearing:

lld1jpu()P[72 < C'lI (=) (@) llu() |7 < C'e - lu®) |7,

where £ > 0 is an a priori energy estimate as in Riviere [68] and we may still choose ¢ > 0 appropriately.
Indeed, if £ > 0 is sufficiently small, for example ¢ < 1/(2CC"), we may absorb this term in the left
hand side of (2.34) to arrive at:

(1= CC%) - [ul®)llf sy < C (L+ [Bru(®)]f2) = [lu(®)|m < (L +[[0cu(®)llL2),  (2.35)

1-C'Ce

which thus yields an estimate for the H'-norm. We observe that hence, by the integrability properties
of dyu and the constant function (which rely on the compactness of S!):

u € Li,.(Ry; H'(Sh) (2.36)
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Thus, we may apply the previous uniqueness statement in Theorem [2.1.3.2] even if we merely know:
we LRy HY2(SY)): wp € LAR LA(SY);  [[(~A) 4 u(0)]| s < =,

with € > 0 sufficiently small as above and assuming the energy decrease holds, provided we get
increased regularity for u(t). O

In particular, if we assume that the 1/2-energy is non-increasing in time, as seen to be true for
smooth solutions to the fractional harmonic gradient flow in Lemma the smallness condition
could be rephrased as:

I(=2) g 251y <

Consequently, all that remains is to deduce H'-regularity for a.e. fixed time to apply Proposition
2.1.3.1| and deduce Theorem [2.1.3.3] The following Lemma in the spirit of Riviere [68] takes care of
this by investigating the regularity for a fixed time t € Ry:

Lemma 2.1.3.4. Let f € L*(S") and assume that u € H'/?(S) solves the following equation:
(=) = uldy jpul* + f. (2.37)
Then, we have the following improved reqularity property:
u € HY(S).

The key point in the proof will be the appearance of an anti-symmetric potential ) satisfying
divy /5 2 = 0 to which we can apply the non-local Wente-type inequality in Lemma [2.1.2.1] or (2.119)
in Appendix B. If we apply the result in Lemma to f = Owu(t) and v = u(t), we may deduce
u(t) € H'(S1) for almost every ¢, given a sufficiently small bound on the 1/2-energy at a given time ¢.
Thus we may derive Theorem by combining the statements in Proposition and Lemma
2134

In addition, let us observe that for given f € L2(S'), this seems to be an optimal result, as any
solution (—A)Y?u = f would satisfy v € H'(S'), but no higher regularity can be deduced in general.

Proof. As in Mazowiecka-Schikorra [57], we know that there exists a map Q € L2,(S! x S1;R"*™)
depending on u, such that Q7 = —Q and div, /282 = 0, such that we derive from (2.37):

(=) 2u = Q- dyjpu+ T(u) + f, (2.38)

where T'(u) is as in Mazowiecka-Schikorra [57]. In fact, we have by using the components u =
(u',...,u™) and Einstein’s summation convention:
Ui(ﬁ)dlmuk(ﬂfv y)d1/2uk($a y) = Ui(ﬁ)dlpuk(ﬂfa y)d1/2uk(xa y) — Uk(ﬂﬁ)dl/zui(% y)d1/2uk($a Y)
+ Uk(ﬂﬁ)dl/zul(% y)dl/Quk(xa Y)
=: Qir(2, y)dl/zuk(% y) + Uk(x)dl/ﬂz(% y)dl/zuk(m, Y)
1 .
= Qik(%y)dyzuk(%y) + §d1/2uz($7Z/)|d1/4uk($,y)‘2
=: Qi (2, y)dl/Quk(xa y) + T (u) (2.39)
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Thus, the following formula for every ¢ = 1,...n holds:

) n , d
T =3 [ iy L2 T = (. T ),

and moreover:

Qik(xv y) = ui($)d1/2uk(xa y) - Uk(l')dl/Qui(iB,y)7 Vi, k € {17 . n}

We introduce the following notion T'(u,v,w) := (T*(u,v,w),...,T™(u,v,w)):
i - i dy .
T (U,?},UJ) = Z/;l d1/2u (x,y)d1/4vk(x’y)d1/4wk((1}7y)m, Vi € {1,...,77,}, (240)
=1

and clearly T'(u,u,u) = T(u). We have the following estimates, refining the ones already found in
Mazowiecka-Schikorra [57]:

Assume that p > 2 as well as u € Fl/Q(Sl) and v, w € H'/2(S"). Then we have by using Holder’s
inequality

p+2

vl g, = ([ PraatPyssoPysatwic) ”
S iz oo 1ollyia @ lwllyiaa

S Bl el o

S Bl ol

S el ol ool

= Il zagzllvllgarellwll e, (2.41)

where we used the second part of Theorem [2.1.2.1|for the circle S', see also Appendix B. Furthermore,
standard embeddings for Triebel-Lizorkin spaces were used in the estimates above. One should notice
that: 1.4

>,
1+ 14

meaning that the second part of Theorem |2.1.2.1japplies to -F); ) v 4(5’ 1), This also implies thanks to the
Sobolev-type embedding:

Y2 (S < Loz (S, Wp>2,

p—1’

that we have an estimate of the following form by (2.41]) and using duality of Triebel-Lizorkin spaces:
170,00 37251y S Wl 1oz o s (242)

Moreover, if u, v, w € HY 2(81), we also know by first switching x,y and then using Hélder’s inequality
and Sobolev-type embeddings:

dydx
|z —y|

/Sl /Sl d1/2u T y)d1/4v (, y)d1/4w (z,y)
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. . . dydx
— [ [ 60) @y o )y o )y )
s1 /s |z =yl
N /sl D /2,2(¢) D1 /6,6(w) D1 /6,6(v) D1 6 6(w)dx
S lellyizes [ullyie.eo llvlliases [wlliases
S el sl ol ol o
S lellgrellull grelloll grzllwl gy, (2.43)
again using Theorem [2.1.2.1 on the circle as well as:
1-6
6 > PR == 3,
14 56
justifying the application in this case. This immediately yields:
HT(u,v,w)HH,l/z(Sl) S ||U”H1/2(51)H”||H1/2(51)”wHHl/2(sl) (2.44)

Finally, if w is smooth (and similarily for v smooth), we find by similar arguments:

1T v, ) 2 S IIVwHLooHUHHWIIUHF;/Q%W S IVwlzeellull gasz [0l g1z, (2.45)

for all 2 < p < +oo and therefore, T'(u,v,w) € L"(S') for all 7 € [1, 2], provided either v or w smooth.

Let us return to (2.38)). This may now be rewritten as:
(—A) 2y — T(u,u,u) = Q- dyjpu + f, (2.46)
Letting v = u — fg u = u — @(0), we thus see:
(=A)Y20 —T(v,u,u) = Q- dyjov + f (2.47)

We notice that since each summand in is integrable, we may include a summand with each,
such that each summand has mean 0. This allows us to apply (—A)_l/ 2 and renders this operator
injective in an appropriate sense.

The next step is to approximate the terms appearing in , similar to Riviere [70]. Therefore,
let 9 be a smooth map from S! x S! into the anti-symmetric n x n-matrices, such that:

190 — Q| 2, <e,

for € > 0 to be determined. This can for example be obtained by cutting 2 off in a sufficiently
small neighbourhood of the diagonal and then using convolutions to smoothen the function and thus
approximate §2 by regular functions. This way, 2o can also be assumed to be supported outside of the
diagonal and thus to vanish in a neighbourhood of it. We may also assume that divy/, Q9 = 0. This
can be achieved by otherwise solving:

(—A)2h = divy 5 Q,

in the weak sense and using {2y — dy /ph instead of }g. One might argue by noticing that divy, (o is
smooth by the function vanishing in a neighbourhood of the diagonal and then solving for h which
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immediately will be smooth as well. The right estimate can be obtained by the following train of
thought:

||h||i.m2 = /Sl(—A)l/%.hdz
= / diVl/Q(Q() — Q)hdz
Sl
dzdw

— /31 /Sl(Qo(z,w) - Q(z7w))d1/2h(z7w)m
S HQO - QHLEdHhHHl/Q’ (248)

providing an estimate for d; ,h that is required to ensure that o — d;/9h remains close to €2, while
becoming divergence-free. In addition, we may choose a smooth function % to be arbitrarily close to
win H'Y/2(SY), i.e. for any € > 0 given, we can take @ in such a way that:

[ = all /2 g1y < €
One proceeds now as in Riviere [68]: We may introduce the solution operator:
7(v) i= v+(—A) 712 ((Q0 — Q) -dyjpv + T (0,6 — u, i@ — u))
— (—A)V2 ((_AW% + (R — Q) - dy o0 + T(v, i — u, i — u))
= (=A)T2(Qo - dyjov + T (0,0, @) + T(v, i, u — @) + f) (2.49)

We notice that the solution operator 7 is well-defined, as we assumed that all summands have mean
0, thus we could also apply it to each summand individually. To deduce the desired regularity result,

we now show that 7 defines a bijective operator from Fplf to itself for each p > 2. As in Riviere [68],
let us split our considerations into two distinct cases:

The "easy” Case: p > 2 This case is an immediate consequence of the ellipticity of the fractional
1/2-Laplacian and the analogue of the fractional Sobolev embeddings. Fixing v to be the solution
u € H'?(S") as in the Lemma on the RHS, we would like to solve:

T(v) =v+ (—A)_l/z ((QO = Q) -dyjpv+T(v, % —u, 0 — u))
= (=A)M2(Qq - dy jou + T, u, @) + Tu, iy u — @) + f) (2.50)

and we may conclude that the RHS on the last line of (2.50)) lies in F;/; thanks to Sobolev embeddings

and the L"-estimate for 1 < r < 2 in (2.45)), smoothness of Q, % and the properties of (—A)Y/2
Observe that the smallness of Qo —Q in L2, and of u— @ in H'/2(S) is used in order to conclude that
the solution operator is invertible by the usual perturbation argument. One invokes here the estimate

proved above, see ([2.42), (2.44) and Hélder’s inequality applied to (£2 — o) - dy jpu together with:

_ ) < _ . . ,
/51(9 Qo) - dy jpupdr < [|(2 — Qo) d1/2UHLp2ﬁ ||<PHL22EP,
S Q- QOHLid”Wl/zU‘HLPHWHFl/z

P,

<192 = Dol oo (251)
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where 1/p+1/p’ = 1 and we used the Sobolev embeddings for Triebel-Lizorkin spaces, hence showing
boundedness in Fp_,; /2 of (2—Q0) - dy jou. Similar estimates using Holder’s inequality as in (2.41) show
that:

7,5 == )l e S el ol = (2:52)

Using that (—A)'/2 defines an isomorphism between F;/QQ and Fp_’; / 2, see Schmeisser-Triebel [80], the
required estimate follows from (2.51)) and (2.52)):

H(—A)*W((QO — Q) - dy o0+ (v, — u, i — u))‘

1/2
F,5

< (19 = Q0llzz, + =l ) el oo (2.53)

Hence, the perturbation is small, if €y, @ are sufficiently good approximations and thus 7 invertible
in this case. Notice that the RHS of (2.50)) lies in L? for all ¢ < 2. Thus, using the same arguments

as in and also , we could deduce that Qo - dy pu + T (u,u, @) +T(u,4,u — ) + f € ij21/2’
and therefore the RHS of is in F;’/QQ.

We emphasise that this step is crucially relying on the homogeneous Triebel-Lizorkin spaces
F;/;(Sl) for p > 2 which prove to be the right one and possess an equivalent norm description
in terms of the LP-norm of |d; s, f| for all f inside this space, see Theorem as well as Appendix
B. See also Schmeisser-Triebel [80], Triebel [97], Schikorra-Wang [79], Stein [85] and the references
therein for further details.

The "hard” Case: p = 2 On the other hand, this case is more delicate and requires a version of
the Wente-type result in Mazowiecka-Schikorra [57], see Lemma for the circle. This can be
obtained by a set of changes of variables under the stereographic projection and using a partition of
unity, see and the computations preceeding it. We postpone the details of this computation
to Appendix B, as it is basically a technical analysis of a sequence of changes of variables. This
immediately allows us to again proceed as in Riviere [68], as we may now estimate the perturbation
of the solution operator by the Wente-type estimate below:

1(Q0 = Q) - dyjpv = cll 12 < ClIQ = QI 2 0]l 12 < Cellv]| ga/2,

where we take ¢ as the constant rendering the term to have mean 0. To conclude the proof of Lemma
we now observe that for € > 0 sufficiently small, the perturbation:

(—A) 72 (R0 — Q) - dyj9v)
is small as well (when considered as an operator from H'/2(S') to itself and hence the operator:
v v+ (—A) V2 ((Q — Q) - dyjov),

becomes an isomorphism, now for H1/ 2(SY) to itself as well as for different integrability exponents
p > 2. If u is sufficiently small in H/ 2(S1), the same remains true if we include the missing term
under the smallness assumption on [ju — @ j1/2:

v v+ (—A) T2 ((Q0 — Q) - dyjov) + (—A) V(T (v, i — u, @ — u))
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This is clear, as we may use ([2.44]) to deduce that the second summand is again a small perturbation
which does not affect invertibility.

As in Riviere [68], we may now deduce thanks to existence and uniqueness that u € F 417/22(5 1y and,
consequently, |dy jou| € L*, using the embedding:

FUA(SY) € BLY(SY) = HY(SY), (2.54)

which shows that the unique solution v of in F, iéz(S 1) (or, in fact, in any F;/;(Sl) with p > 2
by replacing 4 by p in the argument) actually agrees with u — (0 ), Where u is as given in Lemma
m 2.1.3.4) due to the uniqueness in the case p = 2 and the embedding (|2 of Triebel-Lizorkin spaces.
So (—A)Y2y € L2(S') by directly using (2.37), which immediately ylelds Vu =R(-=A)/2u e L2(SY)
and so u € H'(S'). Hence, we have estabhshed the desired regularity result for u. This concludes our
proof. O

2.1.3.3 Regularity

Next, we show that solutions to the fractional gradient flow (2.17]) are smooth for all times ¢ > 0. The
main idea is to study the regularity of the RHS of (2.17) and bootstrap this information. In fact, a
key step lies in studying the Fourier series of

]d1/2u|2(a:),

and establishing sufficient H*-estimates to bootstrap the regularity.

Some useful Results Let us assume that u, v are trigonometric polynomials. Thus, they are of the

form:
u(z) = da(n)e™, v(z) =Y b(n)em,

nez nez

where 4(n), 9(n) = 0 for all but finitely many n € N. Let us consider d; j3u-d; ov(z), or more precisely
its Fourier coeflicients:
7 1 —inx
dijpu - dyjpv(n) = 5 {dijgu - dijpv, ™)
1 & )
= — d1/2U dl/g’U( ) M dx

—T

_ ikh __ o )
= / / ZZ Le 7] 1u(j)@(k)e’(frk)xdhe*mxda:

JEZL ke

—lefln=h 1

- Z/Sl . dh-al)en=j) (2.55)

where n € Z is arbitrary and we used the formulas for u,v as trigonometric polynomials. Let us

introduce: - .
ijh _ 1 ezkh -1

C(j k) == /31 ¢ R (2.56)
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Therefore, we may see using the previous computations:

d1/2u dyjov(n ZC Jymn—ju(j)o(n—j), VneZ
JEL

A first step to deduce the regularity of dysu - dyjpv lies in the study of C (7, k). Namely, we observe

that: )
. . ih
o ]e”h 1P sin (%) ‘ ‘
C(j,5) = Tdh = f“dh = |4l F\j|(h)dh = |41,
St ’ ‘ St sin (5) St

where F;, denotes the n-th Féjer kernel. Using Cauchy-Schwarz and Féjer kernels, we easily deduce:

i 1/2 ikh 2 1/2
. e — 1 / e 1]
< = 7t = -
““““'—<1; e ) s e

= m M, (2.57)

for all j,k € Z. The main goal is now to deduce regularity estimates leading to conclusions like
dijpu - dyjv € H*(S1) for some s € R together with appropriate estimates in terms of u,v. Namely,
we will prove the following:

Lemma 2.1.3.5. Let u,v be trigonometric polynomials as above. Then we have for all € > 0:
ldy 2 - d o0ll oy S N(=A) V52520 o [ (= A) 20| 2 + | (= A) Y 2u| o[ (= 2) /42420 o
< el s [0l s+ 1l g (2.58)
as well as:
Idy o - i o0l| o sy S =DV AF20250u 1o [[ (= A) 2750 | o + [[(=A) 25| o[ (=) /420250 | o

S lull gy el gy 2e + e ol gy evsae (2.59)

and by density, the same estimates continue to hold true for all u,v in the corresponding spaces. The
constants depend on s > 0 and € > 0.

Proof. By definition, we have:

Iy jou - dy jovl|%, = Z n|**|dy jou - dy jov(n)|?

nez
2
S Il D a)lem — 5)IV]illn = 4|
neZ JEZ

S | I ) =8) Thon = 3) (31 +In = 51°)

neZ \jEZ
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2

S PIE A 20(4)| (<) Vo (n — )

neZ \jEZ
2
I Z Z A)V/445/2y(n — §)[|(=A)V4u())] (2.60)
ne€Z \jJEZ

By symmetry, it suffices to restrict our attention to the first summand in (2.60). We observe:
(= MYV 2u ()] |(<A) Vho(n — )] = (=AY 4eu(5) [(ZA) 2u(n — ) |n — 517/2]5 7%,

which can be used to deduce by using Cauchy-Schwarz and Young’s inequality:

1
[y jou - dy jovl|%. S Z Z‘ 1/4+s/2+8u( 2|~ )1/21,(71 — )2 Z T
JEL

neZ \jEZ

< lull? 1/2+e+2eHU||H1a (2.61)

and completely analogous for the second summand in (2.60). Young’s inequality is used to bound:

1 1
S — e | < oo,
Z!n—JHJPE Z(Iﬂ]!” IJP”’)

JEL JEL
and choosing p €]1, +o0o[ in such a way that 2ep > 1 and p’ being the Holder dual of p. The second
estimate ([2.61]) follows analogously. This concludes therefore the proof of regularity. O

Another useful result will be the following:
Lemma 2.1.3.6. Assume that a €]0,1[ and u € C%*(S*). Then:

(—A)*u € L2(Sh),

if we know:
1>a>2s
Proof. Up to constants, we know:
|u(z) — u(y)|
S
(Cayue) < [ Py
1
N /Sl Wdy. |ullco.e, (2.62)

which yields the desired boundedness if:
14+2s—a<1=2s5<aq,

by exploiting the integrability of |z — y|'*25~. This concludes our proof. O

For convenience’s sake, let us also state the version of Theorem 3.1 in Hieber-Priiss [46] that will
be relevant in our discussion of the regularity of solutions to the fractional heat equation:
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Lemma 2.1.3.7 (Theorem 3.1 in [46]). Let 1 < p < 400 and I = [0,T] be any interval with T' < 4o0.
Then there exists for each f € LP(I x S') a unique solution u € WHP(I x S1) of the equation:

g+ (=A)Pu = f,
and satisfying u(0,-) = 0. Moreover, we have:

[ullwre S Ifllze- (2.63)

The result follows from Theorem 3.1 in Hieber-Priiss [46] by observing that the 1/2-Laplacian
is actually generating an analytic CY-semigroup with the required properties (see for example [46]
3.2.E)]).

Local Regularity A key step in the study of regularity lies in the local regularity. Precisely, we

will prove:

Proposition 2.1.3.2. Let ug € C*(S'; 8"1) be any smooth map. Then there exists T > 0, possibly
depending on ug, and a smooth map u € C>([0,T] x S*) which solves the half-harmonic gradient flow:

up + (=AY = u|d1/2u|2, (2.64)
and satisfies the initial condition u(0,x) = ug(x). Moreover, it holds for all x € S and 0 <t < T':
u(t,z) € S" (2.65)
i.e. the solution u indeed assumes values in the desired target manifold.

A key observation is therefore, due to the previously proved uniqueness of the solution by Theorem
that any solution of the equation is indeed regular at least for sufficiently small times
t and provided the boundary data is smooth. If the 1/2-energy at t = 0 is small, the same holds for
energy class solutions.

Proof of Proposition [2.1.5.2. We shall follow the presentation in Hamilton [43] and adapt the
techniques to the non-local framework encountered here. Therefore, we want to study the following
map for every p > 2:

H:W'([0,T] x S') — LP([0,T] x %),  H(u) == ut + (—A)2u — uldy jpul? (2.66)

We want to prove that we may apply the local Inversion Theorem for Banach spaces to H for sufficiently
regular functions. This will then enable us to deduce the result in Proposition by a slight
modification, completely analogous to [43, p.122-124].

Observe that as p > 2, any u € WHP([0,7] x S') will be continuous and bounded. Therefore,
by using Sobolev-embeddings, we immediately deduce that the map is well-defined. In fact, the only
critical part is dealt with by the following computation:

T
e P A LY

T
Shulfe [ 1y sz
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< P 2p

S HUH%W([O’T}XSW (2.67)

where we used the Triebel-Lizorkin- as well as Morrey-embeddings W1?([0, T]x St) — F;I{;([O, T]xSh)
and WHP([0,T] x S1) — C°([0,T] x S*) ¢ L>([0,T] x S'), see [96, Theorem 3.3.1] or [80, Theorem
3.5.5]. Furthermore, the map H is actually differentiable. Namely, we observe by computing directional
derivatives with respect to h € W1P([0,T] x S!):

DH(u)h = hy + (—=A)Y2h — h|dy jul? — 2udy jou - dy joh, (2.68)
and by observing:
H(u+ h) — H(u) — DH(u)h = uldy oh|* + 2hdy jpu - dy joh + h|dy 9|,

one immediately sees, using similar estimates as above in , that H is actually a C'-function.

In order to apply the local Inversion theorem, we would like to study the behaviour of the differ-
ential, in particular whether it is an isomorphism of Banach spaces. Assume for the moment that w is
actually in C%([0,T] x S') for some a > 1/2. Firstly, we observe that the map:

h = hldy joul® + 2udy jou - dy oh,

is a compact map from h € WLP([0,T] x S') to LP([0,T] x S'). This is immediate due to the
Holder continuity of u which implies boundedness of |d; ,u| and compactness of Sobolev embeddings.
Therefore, because h — h; + (—A)Y/2h is invertible on the set Wol P([0,T] x S') containing precisely
all h with h(0,-) = 0 (see [46, Theorem 3.1] which asserts existence and uniqueness), defines
an invertible linear operator DH (u) : Wol’p([O,T} x S1) — LP([0,T] x S) if and only if the kernel
of DH (u) is trivial. This is clear, as the operator is Fredholm with index 0, since it is a sum of an
invertible (and thus Fredholm operator of index 0) and a compact operator. Therefore, we merely
have to study the kernel of DH (u). The result we will be proving is the following:

Lemma 2.1.3.8. Assume that u is smooth. Then DH(u) has trivial kernel and DH(u) defines an
inwvertible operator.

To initiate the study of the kernel of (2.68|) among all A with vanishing initial datum, we first
prove regularity of h in the kernel of DH (u). This will then allow us to employ maximum principles
for fractional PDE similar to Hamilton [43]:

Lemma 2.1.3.9. Let u be as in Lemma . Then, if h € Wol’p([O,T] x S1) lies in the kernel of
DH (u), then h is smooth on [0,T] x St.

Proof of Lemma([2.1.3.9. We first observe that given h € W(}’p([o, T] x S1), we have:

4
hidy jpul? + 2udy jyu - dy joh € L7,

if p < 4 and in any L? with ¢ < oo, if p > 4. This follows again by Sobolev embeddings and using u
smooth (a similar inclusion with 2p/(4 — p) holds, if u € WP only and a similar iteration applies in
this case as well). Thus:

he + (—A)Y2h e L,
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for g =4p/(4 — p) or 1 < ¢ < o0, depending on p. Since:
(O — ()72 (0 + (1)) = Ay, (2.69)

i.e. the composition equals the Laplacian in 2D, we may invoke classical elliptic regularity theory to
find:
Apgh e W= hewht

Observe that in case p > 4, this shows that u € W14 for all 1 < ¢ < co. If p < 4, then:
1/g=1/p—1/4<1/2-1/4=1/4=q >4,

so we may iterate the same argument to find ourselves in the case p > 4. In any case, we have that
for h with:
DH(u)h =0,

and vanishing initial datum that h € W14, for all 1 < ¢ < co. In particular, we have that for such h,
the inclusion h € C%# holds for all 0 < 8 < 1. This is immediate by Morrey’s embedding. Observe
that, for instance, this also means that |d; /»h| is bounded.

For the remainder of the argument, let us restrict our attention to u being smooth. By Lemma

we have:
(=AY h e L°([0,T] x SY), Vit e [0,1/4] (2.70)

Thus, combining this consideration with Lemma [2.1.3.5] we see that for all 0 < s < 1/2 and ¢ > 0
sufficiently small:

ld1 2 - di ol grosry S I(=A) 2420 12| (=2)2ul| 2 + 1(=A) /2520 2| (=2) 2R 2
S lhllcoellullgr + llullcoe lhl g1, (2.71)

and therefore, we know that:
(—A)S/2 (d1/2u . d1/2h) S L2([0, T] X Sl)

The same then holds for ud; ;u-d; joh as well as hld, /2u|2 and thus leads to, by using elliptic regularity
and 46, Theorem 3.1]:
<_A)S/2h € Hl([()? T] X Sl)?

using (2.69). Bootstrapping using Lemma [2.1.3.5] we may deduce the same for every s > 0. For
example, using (2.59)) with s = 3/4 and € > 0 sufficiently small, we find for almost every given time ¢,
noting that H* N L*° is a Banach algebra for any s > 0:

12u(t)dy jou(t) - dyjoh(t) + h(t)|d1/2u(t)\2”1'{3/4(51)

S @z (IR grs/aracllw®)l] gra-ze + 1wl gssarac 1R grmae) + e graallullcos | 2llco.s

+ 1R @)z lw(@) grorarac [w@) gra-ae + 1Bl gasallullgo.s, (2.72)

where 5 > 1/2 and the H'-2%_ and L°°-norms can be uniformly bounded using Hélder continuity and
Lemma [2.1.3.6] Therefore, we find by the previous step and integrating with respect to t:

(—A)3/8 (2ud1/2u . d1/2h + h|d1/2u\2) € LQ([O, T] X Sl),
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and so D(—A)3/8h € L2([0,T] x S'), thus (—A)3/3h € H'([0,T] x S') similarily as before. This now
enables us to apply the second part of Lemma [2.1.3.5| with s = 3/2 and ¢ > 0 sufficiently small to
deduce, similar as in ([2.72):

(—A)3/4 (2ud1/gu : dl/gh + h|d1/2u\2) S LQ([O, T] X Sl),

and thus using and [46, Theorem 3.1] to find (—A)%*h € H([0,T] x S'). This may now be
iterated arbitrarily for an increasing sequence of s. Moreover, by inserting these expressions into the
main equation DH (u)h = 0, we may deduce the same for higher derivatives in time direction, leading
to:
he () H([0,T] x ")
seN
This shows that h € C*([0,T] x S') by Morrey-embeddings.

It should be noted, that due to using the 2D-Laplacian, we merely get regularity to times ¢t < T',
since we do not prescribe the boundary data at ¢t = T'. If we want regularity for all t < T, we have to
use the result in [46, Theorem 3.1] regarding analytic operator semigroups and maximal LP-regularity
of heat flows (notice that the 1/2-Laplacian generates an analytic operator semigroup), which actually
guarantee existence, uniqueness and estimates up to ¢ = T. By uniqueness and the regularity for
t < T, which we may deduce by using elliptic regularity, we may extend the estimates to ¢t = T for the
solution h by [46, Theorem 3.1]. So the result is true as stated, but requires slightly more technical
arguments at the endpoint. We emphasise that the treatment of ¢ < 7" is necessary, as the uniqueness
result in Hieber-Priiss [46] requires some regularity to hold while (—A)®h has a-priori not sufficient
regularity for [46l Theorem 3.1] to be applied. O

Proof of Lemma[2.1.3.8 The smoothness of h satisfying DH(u)h = 0 with vanishing initial datum
now enables us to prove that:
h=0

Namely, let us compute the following:
O (|h|?) = 2hsh
—9 (—(—A)l/Qh + 2udy jyu - dy joh + h\dl/QuP) h
= —2h(—A)2h + 2uhdy jyu - dy ol + |h[?|dy pul?, (2.73)
and observe that there exists a C' > 0 (since u is smooth and thereforeHo6lder continuous), such that:
[f2ldy pul* < |
Moreover, we may easily find:

h(z) — h(y)
st |z —yl?

:L‘Q— 2 ) — 2
:1RVAJM)!\Mw!@+;PV/!M)h@|@

h(—=A)Y2h = PV. dyh(x)

2 |z —y[? st |z —yl?
1 1
= (=02 (|?) + ldiahl?, (2.74)
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where we used:

as well as:
(h(z) + h(y))(h(x) = h(y)) = |h(2)* = |h(y)]*.

Therefore, we may estimate:

O (|h’2) + (—A)I/Q (|h|2) < —|d1/2h|2 + 2uhdy jpu - dy o + C|h|?
< —|dyjohl® + [uf*|h?|dy jpul® + |dy oh| + C|h)?
< C|nf? (2.75)

using the arithmetic-geometric mean to absorb |d; /2h]2 as well as the regularity of u. Here, C>0is
a constant not depending on h. Following the arguments in [43] p.101] for the maximum principle, we

may here deduce:
h =0,

due to the initial values vanishing. We emphasise that the argument merely relies on the fact that
(—=A)Y2h(z) > 0 at a global maximum and h; > 0 and considering e~ (¢+D!h(t, z) instead of h(t, z).
O

Conclusion of the Proof of Proposition[2.1.53.3. The operator in is invertible for smooth u be-
tween the spaces W, ([0, T] x S1) and L?([0, T] x S1), as we have seen in Lemma Thus, arguing
as in [43, p.122] and invoking the Inverse Function Theorem for Banach spaces, we may deduce local
existence of solutions to the fractional harmonic map equation in WP for p > 2. Observe that we use
smooth boundary values ug at ¢ = 0 to construct a smooth solution w to the fractional heat equation
us + (—A)Y2u = 0 with u(0) = ug. Indeed, such a solution exists and is smooth by using the explicit
formula obtained from the Fourier coefficients of ug:

x) = Zﬂo(n)e_m'temx, Vt e Ry, Vz e St (2.76)
nez

It can be directly verified that this is a smooth solution of the homogeneous fractional heat equation.
We then consider the operator h — H(u + h) for h with vanishing initial datum, which is thus
locally invertible. This is also the situation in Hamilton [43] and the key idea is to observe that if
f := H(u), then for f; being 0 for [0, 0] and agreeing with f for other times, then for 6 > 0 sufficently
small, we know that f5 lies in the image of h — H (u + h), meaning that there is a hs such that
H(u+ h(s) f5 Then, @ := u + hg is a local solution of the half-harmonic map equation up to some
time § > 0 with the initial data ug.

It should be observed that then the local solution, i.e. only on a subinterval of [0,7], to the
fractional harmonic gradient flow is also C*° up to some time. This can be proven analogous to the
bootstrap for h above. Thanks to this smoothness property of the local solution, we may also deduce
that u assumes values in S"~! by following the arguments in Hamilton [43] and using similar tricks
as above when we were proving h = 0 for solutions to DH (u)h = 0 with vanishing initial datum. We
emphasise that is suffices to verify:

lu? =1ae = |uf>-1=0a.e,
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which can be seen again by using uniqueness of the solution to a specific flow. Namely, if u solves the
half-harmonic gradient flow and is smooth, then we may deduce:

Oy (|u]2 —1) =20u-u
= —2(=A)2u - u + [uf?|dy jpul®
= _(A)l/Q (|U‘2 - 1) - \d1/2U|2 + ’U|2’d1/2u|2
()2 (Jul? = 1) + (ul® = 1) |dy j2ul?, (2.77)

using (2.74) and therefore, the function v := |u|? — 1 satisfies the flow equation:
v + (—A)I/ZU = v]d1/2u|2

One should observe that by assumption, u(0) € S"~! everywhere, so v(0) = 0. Thus, arguing com-
pletely analogous to the proof of Theorem [2.1.3.2] we can easily deduce that v = 0 everywhere and
therefore that u € S~ ! for all t and 2. This now concludes the proof of Proposition [2.1.3.2 0

By uniqueness of the solutions to the fractional harmonic gradient flow, this shows that the solu-
tions to (2.17) are smooth, provided the initial value is smooth, at least for small times.

Approximation and Global Regularity It remains to check that regularity holds for all times
and remove the restriction that the initial datum needs to be smooth. Both follow by arguing as in
Struwe [89]. Firstly, we have the following result which will be crucial in reducing our considerations
to the smooth case:

Lemma 2.1.3.10. Letu € H'/?(S'; S"1). Then there exists a sequence uj, € C®°(SV)NHY?(S1; 8§ 1)
such that:
Juk — ull g1/2(g1) = 0, n — o0.

This Lemma is a fractional version of an analogous result proven by Schoen-Uhlenbeck in [81], our
proof follows the computations in Struwe [92].

Proof. Let p be a smooth, non-negative function on S! supported on a strict compact subset of S*
with |, g1 pdz =1 and define p. as usual by:

pe(z) = ép <x)

€
for all 0 < e < 1. We shall assume that the support of p is B1(0), using the identification S! ~ R/27Z.
Then, as usual for approximations of the identity, we know:

fie = pe xu — u in HY?(SL;R™),

and all convolutions are smooth. Moreover, we have:

d(p: % u(x), 5") < inf

<
S1

/ pe(Y)u(y)dy — u(z)
Sl

pe(x — 2)dz

/)%@—yW@My—wa
Sl
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IN

I
Q\

/ pe( — y)pel — 2) uly) — u(=)| dydz
[ e =wta =) luto) - <z>|2dydz)1/2
( / / uly) - u(z)Zdydz> "
w@f 5\
(/@/ \93— ey Y >
N uly) —u)? )
(/E(I)/S(I) w—yr Y )

S HuHﬂl/Q(sl)a (2.78)

where we used Holder’s inequality in the fourth line. Observe that we may thus use the absolute
continuity of the integral in order to see that the distance between p. * u and S”~! becomes arbitrarily
small, as € > 0 goes to 0. Thus, for € > 0 small enough, p. * v is never 0 and thus we may use the
projection 7 : R" \ {0} — S"~ ! 7(z) = x/|x| and apply it to the convolution. Hence, we may define:

IN
o Q

A
™ | =

Ue 1= T (pe * )
Clearly, these functions satisfy:
ue € C(Sh) N H2 (S 877

Moreover, as m is Lipschitz on compact domains, we may also deduce, for ¢ > 0 sufficiently small,
that:
u. is bounded in H'/2(S%)

Therefore, an appropriate subsequence, which we shall now denote by u;, converges weakly in H'/ 2(sh
to u and strongly in L?(S') as well as almost everywhere pointwise. Additionally, by weak lower
semicontinuity of the seminorm:

”uHHl/Q(Sl) < ﬁnrgiogf H“kHHl/2(Sl)
It suffices to check that we have:

lim sup [Jug || g1/2¢g1) < llull g2 g1y (2.79)
k—o0

since then, we also know:
i gl 71725t = Nl oy,

which, combined with the weak convergence and the Hilbert space structure of H 1/ 2(SY; R™), shows
that ug — u strongly in H'/2(S*;R").

Instead of (2.79)), it also suffices to verify:

/2
lim d d = lim ~ < ~ 2.
im sup (/Sl /S1 |3: — y|2 x 1k sup [Jugl| /21y < llull grr2(g1)s (2.80)

k—o0
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and to deduce this, let us notice:

Jur () — ug(y)]? )”2 ( / / ) — (i (y))? >”2
dydx dydzx
</5 /s ra:—yrQ Y - \x—y\? Y
1/2
= Lip(m (/ / k() — T (y) dydm)
St Jgt ]x—y!Q

= Lip(r) - lael g1 /2s) (2.81)

where Lip(m) > 0 denotes the Lipschitz constant associated with w. We observe that for & big, we
may ensure that 7, becomes arbitrarily close to S™~1, see . We now just have to argue that for
sufficently small neighbourhoods of ™!, the constant Lip(7) can be chosen arbitrarily close to 1. If
this was true, then for any § > 0 and n big enough, we would find:

Jug(z) — ug (y) 2 2 ]
o S dydzx < (X +0) |t grajz(gry = (1 +0)l|ull a2 g1y

Ix —yl?

which would imply:

lim sup [[ug]| /251y < (14 6)[[ull grajz sy,
k—o0

for all 6 > 0. The desired result then follows by letting § — 0.

To deduce that the Lipschitz constant becomes arbitrarily small, we first observe that the function
is Lipschitz in neighbourhoods of the n — 1-sphere due to smoothness. Assume now that there is a

0 > 0, such that:
o wp T@ =70

>1+9,
keNayeBy (s71) lz -yl

where B1 (8™~1) denotes 1/k-neighbourhood of S"~!. Choose then sequences zy, yi € B1 (S" 1) c R”
such that
(k) — 7 (k)|
Tk — Yil
Since the sequences are bounded, they have converging subsequences, still denoted by x,yr, with
limits xg, yo € S L. If 29 # o, then we see:

>1+96

[m(z) = m(yw)| _, [m(@o) = m(yo)|

14+6<
Tk — Y| lz0 — Yol

=1

)

which is a contradiction. So xg = yg. But in this case, we know that for k sufficiently large, we also
have that xj and y; remain in any given neighbourhood of ¢y = yg. Choosing the neighbourhood small
enough, we may assume that it is convex and that the differential of 7 has operator norm < 1+ §/2
for all points in the neighbourhood. The former is clear and the latter relies on 7 being smooth
and dn(z) being the orthogonal projection to the tangent plane at any given point x € S"~!, thus
having operatornorm 1. Standard arguments then show that on such a neighbourhood of zg = g, 7
is Lipschitz with Lipschitz constant < 1+ §/2, again contradicting our choice of xy, yx. Therefore, we
may conclude as previously outlined. O
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If we obtain uniform existence intervals and bounds depending merely on the energy, we may
deduce regularity for general ug by the same result for smooth initial data using Lemma and
treat the general case analogous to Struwe [89] by approximation. So we may focus our attention on
the smooth case.

The main idea is now to establish uniform bounds for solutions to the half-harmonic gradient flow
that shall only depend on the energy and other harmless quantities and apply results like in Hieber-
Priiss [46] to establish higher regularity and extensiability of solutions in a smooth way after any given
time, similar to Struwe [89]. In order to do so, we shall first adapt Lemma 3.1 and Lemma 3.2 in
Struwe [89] to our current situation:

Lemma 2.1.3.11. There exist C > 0 not depending on R,u,T, such that for any smooth u on
[0, 7] x St and 0 < R < 1, the following estimate holds for all xo € S':

/ / AV ulrdzdt < C sup / [(—A)Y4u(t)|2dz
BgR zo) 0<t<T J Br(zo)
(/ / 1/2u\2dxdt+R2/ / |(— 1/4u\2dxdt>,
Br( 900)

(2.82)

by density the same result applies for all u € HY([0,T] x S') with bounded 1/2-Dirichlet energy.
Stmilarily, we have:

T
/ (A uftdadt < sup / (=AY (1) 2
0o Js1 Br(z)

0<t<T,zcS!

T 1 T
(/ |(—A)1/2u|2da:dt+R3/ / |(—A)1/4u|2dxdt). (2.83)
0 Jst 0o Jst

The proof follows Struwe [89] and we refer to this reference for further details.

Proof. We only treat the case z = 0, again using S' ~ R/277Z, the general one follows by a simple
rotation. Let ¢ be a smooth function supported on Bj(0) and satisfying 0 < ¢ < 1 as well as ¢ = 1
on Bsz/4(0). Then we define pr(z) := ¢(%) for any 0 < R < 1. For brevity, we shall suppress the
subscript R in the following computations. We estimate using the Ladyzhenskaya-type inequality in
Lemma [2.1.3.7] on lines with fixed time ¢:

/ / AVt drdt
TR

< / [(—A) o dardt
0

S1
T T
<[ e ot [ i
0 S1 S1
T 2
5/ (=AY — cf?dz - / ’ 1/4 )1/4u-<p)‘ dxdt—i—/ lc|*dxdt
0 S1 g1

< sup / (=) hu(t) - plPde / /
0<t<T JS1 S1

2
1/4 A)1/4u~g0)’ da:dt+/ |c|*dxdt
S1
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5sup/ (—A) 4y |dx//
0<t<T JBR(0) st

where ¢ is defined to be the average of (—A)Y*u- ¢ over S and thus also the 0-th Fourier coefficient.
Observe that the removal of the Fourier coefficient at 0 actually justifies the use of the seminorm

above. Moreover, in the fourth inequality, we use that we can remove ¢ due to minimality, cf. Struwe
[89].
Let us now observe the following:

/ 51’ c|tdzdt = / /51 /51 A () o(y)dy
/ /S /S )ty Pol)dy|

S sw [ 1) o) Ppds / /| A u(y) P (y)dydt

0<t<T

< Sup/ [(=A) Y4 (t)2dx - // AV u(y) Pdydt (2.85)
0<t<T J Bg(0) Br(0

as R < 1. On the other hand, we may observe that:

(—A)1/4 ((—A)1/4u . 90> (x) — PV/ (*A)l/élu(x)@(x) - (*A)l/‘lu(y)so(y)d

)
st |z — y[3/

2
1/4 A)1/4u'gp>‘ dxdt+/51 lc[*dzdt  (2.84)

4
dzxdt

- R%dxdt

= () () (@)eta) + PV [ ()l £ 2y

|z — y[3/2
- ) Putele(o) + 2V [ it B, s

In fact, by Gaia [36] and Roncal-Ral Stinga [74], there would need to be a slightly different kernel

than 1/|z —y|3/? involved. However, as there are good bounds in terms of 1/|z — y|>/? (see Gaia [36]),

the estimates we derive from here on continue to hold. The latter summand satisfies the following
Sl

estimate:

/ /51 |z — ’3/2
/ /S o (A Ilylmdy/s Wd dudt
/ / Sl| A)u(y)]? ’1’1/26131-/51 Mdydmt
/ L A )y

/ RESETOR (2.87)

where we used that ¢ = pg to obtain the uniform estimate in R. Combining (2.84])), (2.85)), (2.86])
and -, we therefore have:

/ / AVt dedt < sup/ |(= A (t) P
Bg (0 0<t<T J BR(0)

dmdt

AN A

24N
:U‘H DU‘
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T 1 T
: // |(—A)1/2u|2da:dt+2/ / (=AY 42 dedt | (2.88)
0 JBr(0) R Jo s

and the constant does not depend on R, v or T'. As already noted at the beginning, the same inequal-
ity holds for all x € S! instead of 0.

We may now cover S! by [3%] = [5%] balls of radius 3 around points on S', such that each

4

point is contained in at most 3 balls. Then, by adding the inequalities (2.88)) in these points, we find:

T
/ (A Aufdedt < sup / (=AY (t) 2da
0 Js 0<t<T,zeS! J Br(z)

T T
( / (-2 Pudrdt + - / / ](—A)1/4u\2d:rdt> (2.89)
0 Jst 0o Jst

Observe that we have the power R~3 showing up due to including ~ 1/R balls for any given R. [

As in Struwe [89], we shall use the following notation for 0 < R < 1 and ¢ € [0,T:

1
Baluiat)i= [ |(-a) (o)l (2.90)
2 JBg(x)
for the local energy and introduce:
e(R) =¢e(R;u,T):= sup Egr(u;z,t) (2.91)

z€S1,te(0,T)
In analogy to Lemma 3.6 in Struwe [89], we have the following energy estimate:

Lemma 2.1.3.12. There exists a constant C > 0 such that for every u : [0,T] x St — S"~! in
HY([0,T] x SYHYn L“([O,T];Hl/Q(Sl)) solving the half-harmonic flow equation and satisfying
the energy decrease property as in Lemma any 0 < R < 1/2 and (t,z0) € [0,7] x S!, the
following estimate holds:

Egr(u;xo,t) < Eag(u;xo,0) + C <Rt2E(Uo) + \]/j\/ 5(2R)E(uo)>

< Bon(u: 20,0) + C <£2 + *{j) E(uo), (2.92)

where E(uog) = Ey/2(uo). In the second inequality, we used the trivial estimate between the local energy
and the global one under the energy decay.

The proof is as in Struwe [89].

Proof. Letting ¢ be any smooth, compactly supported, time-independent function on Bag(zg), such
that ¢ = 1 on Br(zp) and 0 < ¢ < 1, [Vy| < 1/R (see our choice in the proof of the previous Lemma).
We now test (2.17) with u¢p? and observe that u; - u = 0, as u maps to S"~!. Therefore, we find:

t t
0= / / |ug |22 dads + / / (=AY 2y w3 dads
0 JSt 0 JSt



t t
= / /5'1 lug|?p?dxds +/ /51(_A)1/4u (=) (usp?) duds
0 0

We observe that for smooth f:

)2 — 2
(AP (£e?) (&) = (-A) (el + PV, [ )P AD g,
st |z —y|%

and therefore:
[ ) e A (1) d = [ (A () R
St S1
+/51(—A)1/4u-P.V. /S1 f(y)—gp(x)2 — ¢ )Qdyda:

|z — y[3/2

by approximation, the same holds true for L2-functions like w;, and thus:

t
// \ut]2902da:ds+ER(u;mo,t)—EgR(u;xo,O)

// |ut| 20 2davds—l—// th AVl 2) dxds

_ 2
A)1/4u-P.V./ ut(y)wdydxds
st |z — y[3/2

S

1
t
<1‘/ / (=AY 4y PV. ut(y)go(y)édydxdsl
Rl Jo Jsr st |z — y[!/2

I 1
— ~A)V4y . PV —dydzd
cxl [ ety [ wete)—dudas]

where we used the estimate for the gradient of ¢ in the last line and ¢(x)? — ¢(y)?

: 1/2
\}/; By a(uo) </0 /Sl |Ut|2<P2dxdt> + i €(2R)Ey j3(uo),

the latter summand following from (the first summand may be estimated analogously):

1 t 1
R’/o /gl(_A)1/4“‘P'V /Sl “t(y)‘P(x)”l/Qdydxds’

1 t 12
< = o 1/4 2
NR\//Sl Slr< 8 (o) (o) ,I/Qdydazds ]//S/S W

S ‘// 1/4u]2g02dxds ‘/ |ut\2dxds
R Bar(x0) 0 Js

< g\/mm,
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(2.93)

(2.94)

(2.95)

(2.96)

(p(z) +
o(y))(e(x) — ¢(y)). Using Holder’s inequality, the RHS may be bounded by, up to a constant:

1/2

—————dydxds

(2.97)

where the second factor can be estimated as in Lemma 3.4 of Struwe [89], see also the monotone energy
decay estimate for solutions of the half-harmonic flow. Therefore, the result follows after absorption

in an obvious manner.

O
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Having these tools available renders us able to establish the results (of course slightly adapted
to our current situation) in Lemma 3.7, 3.8 and 3.10 of Struwe [89] and thus establish uniform LP-
estimates for the RHS of the fractional gradient flow under restrictions on the local energy,
global energy, R and T and independent of u. Let us state the appropriate adaptions to our current
situation:

Lemma 2.1.3.13. The following generalisations of the results in [89] hold true:

1. Lemma 3.7 in [89]: There exists e; > 0 such that for anyw € H([0, T]xSH)NL>®([0,T]; H/?(5))
solving (2.17) and any R < 1/2, there holds:

T
T
/‘ \VuF@ﬂtSCH%mﬁ<l+3>, (2.98)
0 Sl R
with C' independent of u, T, R, provided £(R) < €1. Here, u(0,-) = ug is the initial value.

2. Lemma 3.8, Remark 3.9 in [89]: For any numbers e, 7, Ey > 0, and if uy is smooth also T = 0,
and Ry < 1/2, there is a § > 0 such that for any u, satisfying the conditions as in 1., solving
(2.17) and any I C [7,T] with measure |I| < 0, there holds:

/ (=AY 4|2 dzdt < e, (2.99)
1J81!

provided e(Ry) < €1, E(up) < Eyp.

3. Lemma 3.10, Remark 3.11 in [89]: Let u be, in addition to the assumptions in 1., a C*([r,T] x
SY)-solution to ([2.17), then, for every 1 < p < +oo, there exists a LP([r,T] x S*)-bound on
ug + (—=A)Y2u with a constant only depending on E(ug),,T and R, provided (R) < ,. Here,
7> 0 in general and 7 > 0 in case ug is smooth.

For example, Lemma 3.7 in Struwe [89] follows by using (—A)Y2u instead of Au and applying

the estimates in Lemma Lemma 3.8 relies on choosing subsequences which can equally
well be chosen for (—A)Y*y and (—A)Y?u, compactness remains valid and the energy estimate in
Lemma2.1.3.12| replaces local energy estimate used in Struwe [89]. Naturally, Remark 3.9 also carries
over, as the uniform absolute continuity is guaranteed by Lemma 3.8. Lastly, arguing as in Struwe
[89] Lemma 3.10, using twice differentiable solutions of the half-harmonic flow, we may differentiate
with respect to t and test against u; to deduce precisely the same estimates for the LP-norm of the
RHS independent of u, i.e. only depending on the analogous terms as in Lemma 3.10 of Struwe [89].

This also leads to higher order estimates following the bootstrap techniques above and using the
result [46, Theorem 3.1], meaning that we may establish regularity up to time 7. Extending as in
Struwe [89] by restarting the flow at 7" and using approximating sequences as in Lemma
then show regularity of solutions with arbitrary initial datum by uniform convergence on sets with ¢
strictly bounded from below (Remark 3.11 applies to the case of regular initial datum, so in this case
smoothness is also given at ¢ = 0). We emphasise that if we choose the initial energy sufficiently small,
the localised energy Epr will satisfy the necessary inequalities for all times, meaning global smooth
existence is justified.

We highlight at this point that the argument presented provides an alternative existence argument
for the fractional harmonic gradient flow with values in S™~!. Moreover, the techniques introduced
can be used in order to study finite blow-up times and in the future investigate the types of blow-ups
that can occur in finite time.
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2.1.3.4 Convergence

Another important question is whether or not the solution u of the fractional harmonic gradient flow
converges as t — +00, or rather for specific subsequences t; — +00. The considerations are completely
analogous to Struwe [91], [89).

Theorem 2.1.3.4. Let u € L*>(Ry; HY/2(SY)) and us € L*(R,; L*(S")) be a solution of the fractional
harmonic gradient flow (2.17) with values in S™~1 C R™ and with initial data ug. Assume that:

I(=2) " u(®) 2 < I(=2)*ugll2 <& V€ Ry,

for e > 0 sufficiently small. Then, for a suitably chosen subsequence t, — 400, the sequence of maps
(u(ty, ))ren C HY(SY; ™71 converges weakly in HY(SY) to a 1/2-harmonic map in S™~1.

The proof proceeds completely analogous to the one for Theorem 6.6 in Struwe [91].

Proof. By the considerations in the proof of Proposition [2.1.3.1] we know that for € > 0 sufficiently
small, we have for almost every t:

IVu)llz2(s1) S 10su)llL2(sty +1 (2.100)

As in [91], this implies the following:

t+1 t+1
[ /91 ]Vu\Qda;dt 5 /t /S1 ‘ut|2d$dt +1 5 HutHLa(]}thl) + 17 (2101)

for all t € [0,00[. Observe that the right handside of the estimate is bounded independently of ¢. It is

also clear that:
t+1

lim |lug|2dadt = 0, (2.102)

t——+oo t Sl

due to u; € L?(Ry x S1) = L?(Ry; L3(SY)).

The observations in (2.101) and (2.102) show that we may choose a subsequence t; — oo, such
that:

u(ty) = s in H'(SY) weakly,

and u¢(t;) — 0 strongly in L?. In fact, we may at first choose 5 such that L?-convergence is satisfied
and such that holds for all elements in the sequence. Then extracting another subsequence,
weak convergence in H'(S!) is immediate due to the boundedness in . In addition, up to
extracting another subsequence, the convergence also holds everywhere pointwise and thus:

Uso(x) € "1 for almost every z € S*

Let now ¢ € C*°(S') and test the equation (2.17)) at the time t; with ¢ which shows:
/S (ulty) + (~2)2u(ty) pds
= / ug(ty)pdx + / / dy o (u(tr)) (x,y)dy j20(, y)
St s1Jst

_ U x 2u(x)p(x dydz
- [ L e e 2

dydx
|z =yl

(2.103)



68

and since we know by u;(t) — 0 in L?(S1) strongly and u(t;,) — e in H'(S') weakly, the left hand
side converges for t;, — oo to:

R
S1

On the other hand, the right handside does converge as well. Namely, observe that due to the
compactness of H(S') < H'/2(S') and Holder’s inequality, we have:

dydx
/ / dy 2 (u(tr) — uso) (z,y)dy jpulte) (2, y)u(z)p(r) yer 0, astp—
st.J/gst |z =yl
Similarily, we may see:
dydx
dy 2 (u(ty) — ucs) (%, y)d1 j2tce (@, y)u(@)p(z)——— = 0,  asty — oo
st.Jst |z =yl

So we merely have to consider:

dydx
z =yl

| () (ula) = (e ()
st Jst
which converges to 0 as well, which is an immediate consequence of dominated convergence and the

boundedness of u, . Thus we have:

2 dydzx
R O

dydx
o [ e ) P ()t (2104)
st /s |z -yl
So, we find the following by passing to the limit ¢; — co:
/ (=AY Pugepdr = / uoo]dl/guoo\ggadm, (2.105)
St St
which is equivalent to:
(=AY 2y LT, N
Therefore, u is actually 1/2-harmonic. O

One may even say more. By convergence, we may deduce:
H(=A)2uel 2 < 1(=2)2ug 12 < e,
meaning an energy bound for the limit function. If € > 0 is sufficiently small, we may deduce:
Uoo 1S a constant map

This assertion follows by lower energy bounds for 1/2-harmonic maps, see for example Sire-Wei-Zheng
[84] and the references presented therein.
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2.1.4 Appendix A: Alternative Conclusion of Theorem [2.1.3.2; Estimate ([2.27)
2.1.4.1 Preliminary Discussion

The goal of this first appendix is to provide an alternative proof of the final estimate (2.27)) by using
direct methods rather than Theorem [2.1.2.1)on S, see also Appendix B. We define the stereographic
projection IT: S*\ {—i} — R as follows:

cos(a)

M(cos(a) +isin(a)) = 35 0

, VO&GR,O&#—%-FQ?TZ

Let us state the following result found in Da Lio [I5] as Proposition 1.1:

Proposition 2.1.4.1. Let u: R — R" and v :=uoll: S*\ {—i} — R™. Then we have:

(—A) *u(I(e?))

AV 2610y — 2.1
(=8)g7v(e™) 1+sin(d) (2.106)
and where we observe: .
e = ———— 2.1
() 1 + sin(6) (2.107)

This hints at a connection between the 1/2-Laplacian on S! and the one on R. We would like to
exploit this relationship using the stereographic projection in order to apply the result in Schikorra-
Wang [79], namely Theorem on R, directly as needed in our proof above. Our starting point
is the following identity which was part of an earlier argument, where we now denote by II(zg) = =
and v :=wuoll!,

Proposition 2.1.4.2. We have the following identity for u,v,x,xo as previously introduced:

/|U Isﬂfyl2 y:/sl Wdy (1 +sin(zo)) (2.108)

Proof. After a change of variables and obvious estimates, we arrive at:

oz [ (M(x)) — o(II(y))2 4sin (252)E 1
/ |$ - y|2 W= /51 4 sin (%)2 ITI(zo) — (y)|? 1 4 sin(y) dy (2.109)

Thus, the fractional gradient norm over R is bounded for v. Let us note:

_ _ | cos(g) + cos(zo) sin(y) — cos(y) — cos(y) sin(zo)|
M(z0) — TI(y)] = e nly) eosly) s

_ | cos(xg) — cos(y) + sin(y — zg)]

(1 + sin(zo))(1 + sin(y))
= 2sin (52 s (252) + 2sin (52 cos (52)
(1 + Sln( 0))( + Sll’l(y))
|2 sin (y—zi) sin (y xo) + 2sin (y—2:ro) cos (%) ’
(1 + sin(z0)(1 + sin(y))

s (Y=%o .
|sm( 2 )| sin <y+2330> + cos (y 2330))

(1 + sin(zg))(1 + sin(y))
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| sin (M) | . Yy ™ . o s
(1 sin(eo))(1 L sinGy)) 2F" (5+7)sm(5+7) (2.110)
Therefore:
Asin (2o L (1+sin(y))(1 +sin(zp))?
(o) —T(y)[* 1 +sin(y))  4]sin (4 + T)sin (% + )
1+sin(y) (14 sin(x))?

= 2.111
2sin (3 + 5)° 2sin (3 + ) 2

This is already sufficient to conclude the proof by combining (2.109), (2.110)) and (2.111]). Indeed, it
can be obtained by observing that:

1+ sin(y)
2sin (§ + )|

=1,

by using the half-angle formula that:

[Lll=tF [ o) SuE ()
R St

j — y[? 2o — yl? 2 [sin (& + 7|7
_ 2
_ / [uzo) Zu® (1 4 sin(ay)) (2.112)
st |zo—yl
and thus providing the desired connecting identity between R and S*. ]

However, this immediately yields that changing domains by virtue of the stereographic projection
is not sufficiently well-behaved for the fractional gradient to preserve arbitrary fractional norms, as
the L*-norm does not transform as required and thus obstructing an equivalence between L?* on the
circle and on R. The obstruction is visible in the remaining factor 1 + sin(zg)) of Proposition
Therefore, further ideas are necessary.

A different approach involves periodically extending the function on S* to a function U with a
cut-off after a finite number of periods, a technique explored afterwards. Let us present the main ideas
informally first: This extension procedure allows us to have an immediate equivalence of the L*-norms
at the beginning of and the corresponding one for U with the distance function changed suitably.
The argument in then carries on as specified on R. The (—A)l/ 2U norm can be easily estimated
by using the Riesz transform to go over to the classical weak derivative which can be estimated by
the corresponding quantity on S'. It thus remains to connect the L*norm of (—A)/4U with the one
of u. This is done in the same way as connecting the L*-norms due to the immediate estimates for

]d1/2u|2. This then finishes the proof of (2.27)) and therefore also of Lemma [2.1.3.2]

As a final comment on the previous result, let us mention that naturally, by combining the results
for periodic distributions in Schmeisser-Triebel [80] with the ideas in Schikorra-Wang [79], we could
obtain the very same identifications as there, thus providing the first inequality in immediately
for free. This is the very same argument as we already mentioned in section 2 and explored in Appendix
B. It then suffices to apply Lemma to conclude.
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2.1.4.2 Estimate for Fractional Gradients using Periodic Extension

Let us first take u € Hl/Q(Sl) and extend it periodically to R and denote this extension by U. Next,
we choose any ¢ € C2°([—3m,3n]) and define:

V=U-¢p
We may assume that ¢ = 1 on [—2m,2n] and ¢ = 0 for x € R\] — 37, 27r[. We notice that for every
x € [—m,m):

z) — 2
i) = [ =T,

_ 2
L[ Wesver,
[x—m,z+7] ‘l’ - y’

_ 2
oo [ )R,
st |z —y|
= Cldy jpul*(2) (2.113)
Observe that we exchanged the distance function on the real line for the one on the circle which

are equivalent on the interval we consider with constants independent of x. Notice that the cut-off
function ¢ has been chosen in such a way that the argument works. Therefore, we may deduce:

/ dy ol (2)dz < C / dy oV | (x)da
S1 R

Assuming even that v € H'(S'), it is clear that V € H'(R) and because of H'(S') ¢ HY/?(S'), the
estimate for the L*-norm applies to this situation. We may therefore deduce from the Ladyzhenskaya-
type estimate in Lemma [2.1.3.1] and the equivalent characterisation of the norm in Schikorra-Wang

[79], see Theorem for R:
A‘dl/2v‘4<m)dx ~ =2V 70 < N2V F2 - [(-A)2VIFe < CI(=A) AV - [V VI

Notice that the equivalence at the beginning of the estimate is due to Schikorra-Wang [79]. We observe
that:
VV =VU-p+U -V,

therefore the H'-norm of V may be estimated by the H'-norm of u:
IVVII72 < Cllulln s

On the other hand, we may deduce that:

V(z) = V(y))
lcayivigs < [ [ EO=E0 gy < iz,
R JR |z — |

where the second inequality is easily established by direct means using the cut-off . Namely, if we
write [ := [—3m, 37]:

V@) V@R, [ V@) - VR V@,
/R/R vy d”““dy‘/f/f P ddy”/f i
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Uz
//‘ \x— dydx*//’U )| IIleloodyder/W )2da
(

S WU gz, 2.114)

where we used that the integral of 1/|z — y|? in the second summand of the first line is taken over a
domain |z — y| > § > 0 thanks to the cut-off ensuring that x lying in a strict subset of I is necessary
for |V (x)|/|z —y|> # 0. We thus need to establish a connection between the norm of U and the one of
u. For the L2-norms, such a relationship is obvious. Regarding the H'/2-seminorm, this follows rather
easily as well by means of a direct comparison and using the decrease of 1/|z — y|?> and comparing it
to the periodic distance on S'. The claim is thus established.

Let us now observe that in the beginning of these calculations, we could have assumed that
JESl udx = 0 or, alternatively, used u—1(0) instead of u, simply because of d; ;u annihilating constants.
Notice that:

lw = @(0)| /251y < Cllu = @(0)] /251y = Cllull sz sy

So we arrive at the following estimate by combining all these considerations (using similar ones for
H! versus H') for u — (0):

[zl @yt = [ 1dystu= )N @)z < Clal iy -l g (2115)
This is precisely the inequality used in the proof of improved regularity in the proof of uniqueness
and/or the proof of improved regularity.
2.1.5 Appendix B: Further useful Results
2.1.5.1 Wente-type result for Fractional Gradients on the Circle: Lemma [2.1.2.2
Let us assume that F € L2,(S! x S') and g € H'/?(S'). Moreover, we assume that:

divyp F' =0,
i.e. that: dedy .
/Sl /Sl F(x=y>dl/290<m7y)m =0, VpeC™(S)

Our goal is to show that the following holds:

vo e 028" | [ F-diaglodeta)ds] < ol
with:
C S 1IF Nz, lgll oo
This implies that F'- d; 59 € H ~1/2(81) which would in turn enable us to solve equations like:
(—A)Pu=F-dy g —c,

where ¢ = [¢1 F - dyjo9(x)dz for some u € H'Y?(S') with appropriate estimates. This is the kind
of fractional Wente-type estimate we would like to use. To prove this, we observe that by using the
stereographic projection II as in Proposition [2.1.4.1] we then have for:

F':RXxR =R F(z,y) =FII (), I (y)), ¢ :R—R,g¢(x)=g (z))
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We observe the following for ¢ € C°°(S') compactly supported in S\ {—i} and the previously studied

factor h(z) = Minf% = 1 and thus also for:
24

which we may use to obtain the following chain of equations following the computations in the proof

of Proposition [2.1.4.2 especially (2.111)) to rewrite the quotient of the distance functions on R and
S1, and a change of variables:
1/2

— g(w) dzdw
fo [y 2 an ~ul
i 2\ 13
S ( 2(y) + Z)‘ dxdy

J 8 )
-/ / e P e GO ey ey sy g T o)y &y

AV P dzdy
// y!1/2 e @) (2.116)

Y|

(see below for the definition of ') and we observe that i = 1 on R and that:

L (e (222 ) o (2 ) )
R JR 2 4 2 4 ’ |z — y
o

It !
i < () D’ 'sin ( W Z)‘ ~ |F’<a:,y>|2|f_dz|
/ Pz, w)2-Z8 (2.117)
s1 /st |z — w|

so we observe that if F € L2,(S x S'), then the same holds true for

sin (H_;(m) + D sin (H_;(y) + Z)

for the domain R instead of S'. This is the ideal starting point for a generalisation of Theorem 2.1
in Mazowiecka-Schikorra [57], as we have now found the substitute for ' on the real line. Next, we
observe that we have for any constant C' € R:

—g(w) dzdw ©o(z) —o(y) dzdw
/51 /51 —w[1/2 |z—w| Al /Sl Z w C) |z—w|1/2 ]z—w]
— / / Fla,y)(g(2) — C)dy oo (T (2), T (1))
RJR

by using divy /o F' = 0. If p = 1, we may even notice (observe that the compact support is not relevant
to the computations above) that then divy /o (F F(x,)) = 0. Therefore, the arguments in the proof of
Theorem 2.1 become immediately applicable to F and g'. Hence, this leads us to the realisation:

1/2

1/2 1/2

F:=2 - F'(z,y)

dxdy
|z -yl

P d1/29/ € H'(R),
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with the Wente-type estimate found in the preliminary section as well as in Mazowiecka-Schikorra
[57). Observing that H'/2(R) continuously embeds into BMO(R), we therefore find that F - d; 129’ €
H~'/2(R). Pulling now back to S, we may obtain use for smooth compactly supported ¢ on S*\ {—i}:

— N (% w 9(z) — g(w) dzdw
/Sl PR diagte)dz = /51 /Sl pla)F (e w) 2 — w2 |z —w]
// _ﬁ/(zy)@(ﬂl(x))m, (2.118)

|z — y|

The estimate on the circle may thus be obtained from the one on the real line, at least for smooth
compactly supported functions on the complement of a point, since the very same argument works
with respect to the stereographic projection with respect to any point on the circle.

To deduce the result on the entire circle, i.e. F'-dy/sg € H_l/Q(Sl), we split any smooth function
using a fixed partition of unity into two parts supported each on a compact subset of the complement
of a point, the points for example being the north and south pole, and apply the estimate from the
real line to each of these parts, using stereographic projections with respect to two different points.
Observe that the Gagliardo seminorn and the L2-norm of the parts are controlled by the original
(semi-)norm of the smooth function. Therefore, we obtain the desired Wente-type estimate.

To close this argument, let us observe that for a suitable ¢ € R (given by the integral of F - d; /29
over the circle), we can thus obtain the following estimate:

\ /S (F - diyog(2) = )p(2)dz| < CIIF gz lgllosalll
This is clear by going over to Fourier coefficients on the circle. This can be rephrased as:

|F - dijag = cllg-2 < CIE 2 lgll oo (2.119)

2.1.5.2 Version of Theorem [2.1.2.1] on S

In this section, we shall prove the following;:

Theorem 2.1.5.1. Let s € (0,1), p,q €]1,00[ and f € LF(R). Then, if p > FL., we also have the
inclusion Fz‘f’q(Sl) c W@ (SYY together with an estimate:

||f||Ws,(p,q>(sl) S ||f||p57q(sl)
The constant depends on s,p,q,n

This is in fact the only part of Theorem [2.1.2.1] we use throughout the current paper. The proof
proceeds as in Schikorra-Wang [79], see in particular the fourth section in this reference.

Proof. First, we notice that the following result, Lemma 4.4 in Schikorra-Wang [79], continues to hold
true:
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Lemma 2.1.5.1. Let k € Z,j € N and f; be the j-th Littlewood-Paley projection of f a periodic
distribution on R (or equivalently an distribution on S*):

Fi(x) =Y wi(k) f(k)e™,
keZ

where @; are as in the definition of the Triebel-Lizorkin spaces in section 2. Assume that x,y € R
together with |z — y| ~ 27F. Then for every r > 0, we have:

[£i(@) = fi)| S 2HA+ 27T (M ] @) (2.120)
@) S @+ 278 (M £ (@) (2.121)
where Mg denotes the Littlewood-Paley maximal function and the constants only depend on r.

The proof is exactly the same as in Schikorra-Wang [79], only referring to Schmeisser-Triebel [80]
Proposition 3.3.5 and Theorem 3.3.5 instead of the results for R™. Observe that only j > 0 need to
be considered due to the discrete nature of Fourier coefficients.

Having Lemma [2.1.5.1] available, we can argue analogous to Schikorra-Wang [79]. Let us observe

that:
/
1715 -1/ |Sjenfi@) ~ I\
Vs (pa) (1) S1 S1 |z — y|1+sa Y
p/q

5/ > 2k /Ak(m)\;fj(m) ~ iy | de, (2.122)

T \kezZ

where Ay (z) := {y|27% < |z —y| < 27%F'}. Notice that we replaced the distance function on the circle
S1 by the one on R and chose the integration domain appropriately to still estimate the expression

p
||f||Ws,(p,q)(Sl)'

As in Schikorra-Wang [79], let us introduce:

p/q
/ sz(1+sq)/ ’ij(x) - fj(y)‘qdy dr < Ry + Ry + Rs, (2.123)
T \keZ Ar(z) 5
where:
q p/q
R ::/ Zkasq)/ S i@ - )| dy|  de (2.124)
—m \ kez Ar(@) \ j<k
q p/q
R ::/ Z2k(1+sq)/ Z|fj(x)| dy dx (2.125)
- \ kez Ar(@) \ j>k
q p/q
Rs ::/ sz(qu)/ Z'fj(y” dy dx (2.126)

- \ kez Ar(@) \ Gk
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The estimate for each contribution now proceeds as in Schikorra-Wang [79]: For example, R; can be
dealt with by noticing that for some s > ¢ > 0

q q
M@ = W] = | D227 fi@) - f;w)]
J<k J<k
q
S o2 | sup2 7 £i(x) — f(y))
i<k sk
2K 27 f(w) — ()] (2.127)

J<k

Using now Lemma[2.1.5.1] we arrive at the following identity completely analogous to Schikorra-Wang
[79]:

5@ = )] < CE2F ML @)Y, ¥y € Ae), ¥ <k, (2.128)
for some constant C'(r) > 0 depending only on r > 0. Combining and , we find:
i p/q
Ri S / 7 ok1+0) / 2b<0 S 97| £y () — fi(y)|"dy | do
- \ kez Ay () <k
i p/q
< / Z ok(1+sq) / okeq Z 2*3‘6(10(7.)(12(1‘*16)(1 (M|fj|r(a:))Q/r dy dx
- \ kez Ay (@) i<k
p/q
< /7r Z ok(1+s9)9—kokeq Z 9—jeag(i—k)q (M\fj\”(x))q/r dx
T \keZ i<k
i p/q
< / Z 9—Jeq (M| |7"(x))‘1/7" 974 Z gk(s—1+e)q dr
T \j>0 k>j
< [ (oongh @)™ (2120)

where we use € > 0 suffciently small, such that s +& < 1. Applying Proposition 3.2.4 in Schmeisser-
Triebel [80], i.e. the maximal function estimate for LPl9-functions on S!, we thus deduce by the very
definition of f; and the Triebel-Lizorkin norm:

RS flly,

The other contributions Ry and R3 may also be deduced completely analogous to Schikorra-Wang
[79], but using the corresponding results for S! as found in Schmeisser-Triebel [80]. We thus may
conclude. n

2.2 The General Case: Arbitrary Closed Target Manifolds [103]

Now, we would like to extend the results from the previous section to arbitrary target manifolds. To
achieve this, we have to overcome various technicalities which we were able to avoid in the spherical
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case. For instance, there is no longer a simple characterisation in terms of the distance function or an
arbitrary global smooth function, which imposes difficulties in the choice of operators one considers
when solving the problem for short times. The arguments remain mostly similar to the ones in the
section before, but we have to be more careful at times.

2.2.1 Introduction

The goal of this paper is to etend the results obtained in the author’s previous work [102], where the
half-harmonic gradient flow with values in S"~! was studied. More precisely, the following result was
proven:

Theorem 2.2.1.1. Let ug € H/?(S'; 8" 1) be any initial data. There exists € > 0, such that if:
1(=2) g | p2(s) < e,

then there exists a unique energy class solution u : Ry x S — S"~1 C R™ of the weak fractional
harmonic gradient flow:
ug + (—=A)?u = uldy yul?,

satisfying u(0,-) = ug in the sense u(t,) — ug in L?, as t — 0. Moreover, the solution fulfills the
energy decay estimate:

I(=2) " u() [ 251y < I(=A)*uol L2(s1y.
In fact, u € C*(]0,00[xS') and for an appropriate subsequence tj, — oo, the sequence u(ty) converges
weakly in H'(SY) to a point.

Let us briefly recall the definition of harmonic and fractional harmonic maps. Harmonic maps are
the critical points of the following Dirichlet energy which is given for all maps u : M — N C R" in
H'(M; N) by:

1 o out  ou
B = [ o) 5 @) 5 @
where (M, g), (N,~) smooth Riemannian manifolds, u = (u!,...,u") and employing Einstein’s sum-

mation convention. In case M = Q C R™ and N C R” are isometrically embedded in R™ and R™ and
equipped with the Riemannian metrics induced by the standard scalar product, this reduces to:

1
E(u) = 2/Q \Vu|dz

One naturally is lead to the extension of the definition above to fractional harmonic maps. Namely,
we say that a map u : S' — N C R" is weakly 1/2-harmonic, if it is a critical point of the following

energy:
1

Bujalu) == 5 [ 1= ufde, (2.130)

with respect to variations in the following set:

H'Y?(S': N) := {ve H'Y2(SYR™) | u(z) € N, for ae. z € St}
Namely, the criticality condition means that for every ® € H'/2(S';R™) N L>°(S'), in particular all
smooth ® € C*°(S1; R"), we have:

%EW (7 (u + D)) ‘t:o —0, (2.131)
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where 7 is the orthogonal closest-point projection to IV, which is defined in a sufficiently small neigh-
bourhood of N and smooth due to N being smooth. As we shall see, this condition is equivalent
to:

dr(u)(—A)2u =0 in D'(SY), (2.132)

which is sometimes also stated informally in the following form, observing that dm(x) is the orthogonal
projection to TN for every x € N:
(=A)Y?u L T,N

It is clear that, in order to study the regularity of 1/2-harmonic maps, the first step lies in the refor-
mulation of . Naturally, corresponding definitions for R instead of S! are possible and due to
the conformal invariance, the theory of half-harmonic maps on S! and R are equivalent by virtue of
composing with the (conformal) stereographic projection. Such equations were first studied in Da Lio-
Riviere [2I] and questions regarding regularity, bubbling and general properties of such maps have been
adressed in the literature, see Da Lio [16]; Schikorra [76]; Da Lio-Schikorra [28], [27]; Da Lio-Pigati [20].

In this paper, we will study the associated evolution problem with the energy (2.130f) for arbitrary
closed manifolds N C R™. We shall see that this equation could be phrased as:

up + (—A)Y2u = (Id — dre(u)) (—A) %, (2.133)

or:

Ay(du, du) (s, )
o=yl

up + (—A)Y2y = dyjou - dy /o (dﬂL(u)) + divy o < dﬂL(u(y))ij> , (2.134)
for u being a function assuming values a.e. in N with appropriate initial condition u(0) = wug with
values in N. Other types of reformulations are possible and will appear later on. Similar problems
in the local setup have been studied in Struwe [89], [90] for the evolution problems associated with
the harmonic map equation and found existence in an appropriate sense. However, the case of weak
solutions was resolved by Riviere [68] in the case of small energy with values in spheres by means of
uniqueness and Freire [35] later on in general.

As in [102], we will focus here on the case of small energy for solutions in the weakest sense and
study a class of general solutions for arbitrary energy much like in Struwe [89]. Let us mention here
that a weak solution (see also Schikorra-Sire-Wang [77]) of the half-harmonic gradient flow is a function
u € HY([0, +oo[; L2(S'; N)) N L®([0, +o0[; H/2(S'; N)) such that

/ Oyu(t,x) - p(t, x)dxdt + / / dyjpu(t, ) - dyjp(t, x)drdt = 0, (2.135)
0 St 0 St

for all ¢ sufficiently nice functions with (0,-) = 0 and ¢(t,r) € T,u )N in all points (¢,z) €
[0, +00[xS. The restriction on the values of ¢ can be alleviated, but is omitted in order not to
obscure the definition (see and the following computations for details on the precise right hand
side in case of general ¢). We shall now prove:

Theorem 2.2.1.2. Let ug € Hl/g(Sl; N) be any initial datum and N be any closed manifold. There
exists € > 0, such that if:
|’(_A)1/4UUHL2(51) <eg, (2.136)
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then there exists a unique energy class solution v : Ry x S' — N C R" of the weak fractional

harmonic gradient flow (2.133), (2.134) satisfying u(0,-) = ug in the sense u(t,-) — wug in L?, as

t — 0. Moreover, the solution fulfills the energy decay estimate:
(=) u(®)[| 251y < [(=A) *uoll L2(s0)- (2.137)

In fact, u € C°°(]0,00[xSt) and for an appropriate subsequence t;, — oo, the sequence u(ty) con-
verges weakly in H'(S') to a point. Without the small energy assumption, a unique solution u €
C>(0,T[xSY) N H([0,T] x St; N) with non-increasing energy exists up to some time T that can be
bounded from below by the initial energy \|(—A)1/4u0\|L2(S1).

We would like to emphasise here that this result is new to our knowledge. It should especially
be noticed that while some existence results for weak solutions were known before (see Schikorra-
Sire-Wang [77]), the question remained open for non-homogeneous closed target manifolds. In our
discussion, there is no need to restrict to particularly symmetric target manifolds, the arguments are
completely general.

It would be interesting to study the behaviour of solutions to the half-harmonic gradient flow with
initial datum with high energy and see what happens. In particular, it would be worth investigating
blow-ups of the solution in finite time. If no blow-ups exist, then one may argue as in Struwe [89]
to extend solutions to arbitrary times, i.e. global smooth existence would be proven for all initial
data, with uniqueness of the solution among all that have non-increasing energy. Another intriguing
issue pertains to study the bubbling behaviour, as was initiated in Sire-Wei-Zheng [84] for bubbling
at t = +oo for the target space S' using a parabolic inner-outer gluing scheme well-known from other
parabolic PDEs. In this paper, the authors also conjecture that the half-harmonic gradient flow does
not blow-up in finite time, an intriguing conjecture that, to the autor’s knowledge, has yet to be
verified or disproven.

The key techniques employed in the current paper are similar to those encountered in [102].
Nonetheless, let us briefly sketch the general procedure in the proof of uniqueness and existence
for Theorem Firstly, existence is obtained following an argument involving the inverse func-
tion theorem in Banach spaces. We use the Fredholm properties of the linearisation of the non-linear
operator associated with the half-harmonic gradient flow to prove local existence for sufficiently nice
boundary data and then show general local existence by the techniques found in Struwe [89], estab-
lishing uniform estimates and using suitable approximating sequences. The most interesting point in
the argument involves a bootstrap argument based on commutator estimates from Da Lio-Pigati [20]
and regularity results for the fractional heat flow as seen, for example, in Hieber-Priiss [46]. A crucial
step is the investigation of the kind of fractional heat equations solved by the difference between a
candidate for a solution of the half harmonic gradient flow and its projection onto /N, which ultimately
allows us to prove that the candidate u indeed assumes values in IV, which is a-priori unclear due to
the general nature of the arguments involved.

Secondly, uniqueness follows similar to Struwe [89], using ideas and reformulations from Mazowiecka-
Schikorra [57] based on and arguments based on Riviere [68] to treat the energy class case
with small energy by some compensation phenomenon. In fact, the slight gain in integrability that is
obtained heavily relies on the emergence of an anti-symmetric potential after suitably rewriting the
the system and may be quantified as, for instance, in Da Lio-Pigati [20]. We refer to Proposition
for some details and the Appendix. The desirable properties of anti-symmetric properties have
first been observed in Riviere [70] and since been used also in the context of fractional harmonic maps
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(Da Lio-Riviere [2I]) and the outlined argument is completely in line with the results in there. Lastly,
the convergence result is an immediate adaption of Struwe [89], as has previously been seen in [102]
for the case N = S"~1L.

The paper is organised as follows: In Section 2, we discuss and introduce some of the key notions
for our later arguments. Section 3 starts our investigation of the fractional harmonic gradient flow in
the case of N being a closed, orientable hypersurface. The formula we find is reminiscent of the one in
Mazowiecka-Schikorra [57] and [I02] and emphasises the increased technical difficulty of dealing with
general N. In Section 4, we turn to arbitrary closed target manifolds N and first investigate different
formulations of the fractional harmonic gradient flow in Section 4.1. These turn out to be useful under
different circumstances and the equivalence of all of these forms is ensured for smooth solutions. Then,
we prove uniqueness of solutions under varying assumptions in Sections 4.2 by following Struwe [89]
and Riviere [68]. Uniqueness among strong solutions, i.e. solutions which are in H} (R; x S1), of
the half-harmonic gradient flow is a consequence of estimating the L?-norm of the difference between
two solutions with the same initial value, while uniqueness in the class of weak solutions relies on
slightly better integrability as established in the Appendix. Next, in Section 4.3, we deal with local
existence for smooth boundary data using ideas similar to Hamilton [43] and use estimates as in
Struwe [89] to deduce local existence and global existence for small initial energy as in [102]. Indeed,
the differences in the proofs in [I02] and the current paper are rather technical, as the technique relies
on general properties of the non-linearity (quadratic growth in an appropriate sense, orthogonality to
the tangent space of N, etc.), as would be expected from a reasonable approach to the problem at
hand. Convergence results as ¢ — oo are discussed in Section 4.4. The appendices complement the
presentation.

2.2.2 Preliminaries

Before we enter our discussion of the main result of this paper, we recall some notions from non-local
analysis. In particular, we present the definition of the Triebel-Lizorkin spaces on the unit circle, give
an equivalent characterisation under some technical assumptions as in Prats-Saksman [65] and define
the fractional gradient and fractional divergence that will appear later on, together with some useful
identities.

2.2.2.1 Fractional Laplacian and Triebel-Lizorkin Spaces

In this section, we recall the definition of the Triebel-Lizorkin spaces on the unit circle S' C R?
as well as some of the most relevant properties of the fractional Laplacian, at least for our purposes.
The current presentation follows the one in Prats-Saksman [65], Prats [64] and Schmeisser-Triebel [80].

We may define a natural metric on S! stemming from the identification S' ~ R/27Z, providing a
useful formula for the metric on the universal covering of S'. The natural distance function given by:

2= yl? = e — eV = [l 12,

sin <37;;3’>‘. (2.138)

which can be rewritten as:

|z —y| =2
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We shall implicitly use this metric, whenever we are working over S!, without emphasizing this fact
further. Next, we define for any f : S — R:

D)) = < / @) = FWI?_dy )/

lz -yl |z —y

for all 1 < g < oo and 0 < s < 1. This results in the following definition as seen previously in
Prats-Saksman [65]:

1l st = D)@ 1o
for every 1 < p < oco. If p = ¢, these spaces correspond to the usual homogeneous Gagliardo-Sobolev

spaces W5P(S ). The operator D, , and its main properties are studied in Prats-Saksman [65] and
the references therein.

As per usual, one denotes by D'(S!) the collection of distributions on S! and sometimes denote,
for notational convenience, by D(S 1Y the space C°°(S!) of smooth functions (the collection of test
functions). f(k) will always denote the k-th Fourier coefficient of f, for all f € D'(S!) and k € Z:

f(k) = %(f’ e—ika:> _ %f (e—ikz) , Vi eZ

Completely analogous to the situation on R”, the Triebel-Lizorkin spaces for S', denoted by sz’q(S b,
are defined for all s € R, p,q € [1, 0o[ by the following identity:
Fp (81 :={f eD'(8") | Ifllrs, < +oo}

Here we employ the norm defined below, analogous to the construction of function spaces on R™:

I fllEs, = (j{:2jswj(k)f(kﬁ¥kx> : (2.139)
jEN

Lr(ST)

keZ la

for an appropriate partition of unity (¢;);en consisting of smooth, compactly supported functions on
R satisfying:
supppo C Ba(0), suppyp; C {x € R [ 2771 <Ja| <2741} v > 1

as well as the boundedness property:

Yk € N : sup 2ijDkSOjHL°° S
ieN

JE

Such a family of functions can be easily constructed by the usual methods for Littlewood-Paley decom-
positions involving scalings. The Triebel-Lizorkin spaces on S', and more generally on the n-torus,
possess a theory analogous to the classical case of function spaces on R”, see Schmeisser-Triebel [80],
Chapter 3. In particular, Sobolev embeddings continue to hold (|80, Section 3.5.5]), identifications
with classical spaces such as LP(S1) ([0, Section 3.5.4]) and duality results ([80, Section 3.5.6]). We
shall use the properties of these spaces throughout this paper and shall refer to the given reference for
details. The homogeneous spaces is now defined by omitting the Fourier coefficient of Oth-order and
adapting the notions accordingly.

In our later considerations, it will be most convenient to be able to work with norms different from,
but equivalent to . The reason lies in the technical nature of the norm which we shall
not see explicitely emerge from the structure of the fractional gradient flow, but rather a different
incarnation. More precisely, in Prats-Saksman [65], the authors prove the following result:



82

Theorem 2.2.2.1. Let s € (0,1), p,q €]1,00[ and f € LP(R™). Then:
(i) We know W*®9(R") c F;q(R”) together with:

HfHFpS,q(]R”) 5 Hf”Ws,(p,q)(Rn) (2.140)

(i) If p > L., then we also have the converse inclusion together with:
Hf”W&(nq)(]Rn) S Hf”F;’q(Rn) (2.141)

The constants depend on s,p,q,n.

We mention that the spaces introduced before easily generalize to R™ with the obvious modifica-
tions. Thus, the result makes sense over this domain.

As seen in Prats-Saksman [65] and by using the properties in Schmeisser-Triebel [80], Triebel [97]
for periodic functions, we can similarily discover the following equivalence with Triebel-Lizorkin spaces
foralll < g<oocand 1 <p < oo: _ .

WP (st = £5 (SY), (2.142)
with equivalence of the corresponding seminorms, provided p > %sq. For a proof of a part of the
result above in the case S!, we refer to the Appendix in [102]. If s = 1/2 and ¢ = 2, then p > 1
is the requirement in Theorem [2.2.2.1| for the equality of F;/; and W1/2((@2) to hold. Moreover, if
q = 2, an ubiquitous situation throughout this paper, the result surely applies for all p > 2. It should
be observed that while F;}Q(Sl) c WeP(S') = Ws@P)(S') for p > 2, there does not hold equality
except for p = 2. The reader is reminded of the difference between the Bessel potential spaces and the
Gagliardo-Sobolev spaces, which is more or less the underlying statement of this inclusion. We will
generally omit mentioning the domain, if it is clear from the context.

On S!, the fractional s-Laplacian is defined as a Fourier multiplier operating on Fourier series:

(=A) f(k) = [k[** f(k),
for every k € Z and all 0 < s. On the other hand, for 0 < s < 1, this operator can be defined by a
singular integral as well:
f@) — f(y)
S —
(=A)f(z) =C(s)- P.V. @ mdy,

where C(s) > 0 denotes some constant depending on s. By the Fourier multiplier properties, fractional
Laplacians interact in a natural way with Triebel-Lizorkin spaces Flf’q(S 1), as is usual for this type of
function spaces. This means that it induces an isomorphism:

. t42 it
(_A>S : Fp,q ° = Fp,q7

for all p,q € (1,00) and t,t + 2s € R, see [80, Section 3.6.3] and the proof of the analogous statement
in the case R™.

In analogy, the s-Laplacian can be defined on R as a Fourier multiplier using the Fourier transform
rather than the Fourier series and leads again to an object which can also be characterised by a similar
principal value. We omit the details, as the formulas are virtually the same as for the circle, see for
example Garofalo [37] for an overview of different aspects of the fractional Laplacian.
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2.2.2.2 Fractional Gradients and Divergences

For our later use, we summarise and collect some of the ideas in Mazowiecka-Schikorra [57]. Namely,
we are most interested in the fractional gradient and fractional divergence and we recapitulate some
of the notions, as was already done in [102].

We denote by Myq(R x R) the set of all measurable functions f : R x R — R with respect to

the measure ‘ixfl;". One can make this definition equally well on S! by exchanging the domain R for

the S' and using the metric previously mentioned. Whenever a definition/property applies for both
domains, we shall sometimes denote this space by M,g.

For a measurable function f : R — Ror f : S — R, we define the fractional s-gradient as follows:

dsf(x,y) =

for all 0 < s < 1. The corresponding s-divergence is then introduced by means of duality. It should
be clear, but is often useful to know that:

dsf(ywr) = _dsf(xa y)

As stated above, by duality, for F' € Myg(R x R) or F € M,q(S* x S'), we are consequently able to
define for every ¢ smooth and compactly supported on R or just smooth on S' in the latter case:

div. Ple) = [ [ Pla)dpl ) 2

|z

This expression is hence defined merely in a distributional sense, i.e. by its duality relation with d.
For later use, we generally denote for F, G € M, over R or S':

F-G(z):= /F(:U,y)G(x,y) |33d—yy|

As an obvious special case, if F' = G we also write:

F-F(z) = |FP(2) = |Fl(2) = F - F(2)

One should immediately notice the relationship between the previously defined norms on W#®®)(S1).
Indeed, we have:

H’dsf‘HLP(Sl) = HfHWs«p,z)(sl)-

This provides a powerful characterisation of Triebel-Lizorkin spaces F;q(S 1Y in terms of the fractional
gradients ds, under certain special technical conditions on s, p, q.

It is also possible to prove up to constants which we shall ignore, as they have no effect on the
results:

(_A)Sf = diVs dsfa

which is particularily useful for the weak formulation of PDEs involving non-local operators. This
equation is to be understood in the following sense:

C. [ duf - dugla)do = [(-8)°F - gdo = [(-8)2F - (~8)*"gd.
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for the domains S' and R. Lastly, the following identity, sometimes referred to as fractional Leibniz’
rule, is often useful:

ds (fg) (z,y) = dsf(z,y)g(x) + f(y)dsg(z,y). (2.143)

This identity can be verified by directly inserting the definition. Another type of Leibniz rule is
summarised in the following formula:

(A2 (fg) = (A2 f g+ F(=A)2g —dyjof - di g, (2.144)

which again can be verified by directly inserting definitions. This formula also accounts for the com-
mutator behaviour. Therefore, the fractional gradient may be used to account for the error in the
Leibniz rule for the fractional Laplacian and specifies the order of the error.

In general, one defines L? ,(S! x S') or L? (R x R) as the set of all measurable functions, such that

the following norm is finite:
dyd:p 1/p
1Py, = ([ [1F@mp )

for 1 < p < co. Obviously, L(S! x S') and LS(R x R) are then to be introduced in the usual
manner. These spaces are, in some sense, related to the spaces W5 ®:),

2.2.3 The Fractional Harmonic Gradient Flow with Values in an orientable
Hypersurface

Before we turn our attention to the case of a general target manifold, we dedicate some time to
the uniqueness under improved regularity for the special case of an embedded hypersurface which is
orientable and closed. This case exhibits similar properties as in the case of the n — 1-sphere while es-
sentially containing all features encountered in the general case. Moreover, the harmonic map equation
possesses a slightly simpler form than in the general case, rendering this special case more tractable.
However, the main reason to consider this special case lies in the emergence of all phenomena which
we shall encounter in the general case, in particular the inclusion of a fractional divergence term, and
thus providing a toy example which will simplify our treatment of the case of a general target manifold.

Indeed, one of the main differences between the sphere S”~! and N a hypersurface will be that
the latter is described by a non-local PDE for the fractional harmonic flow which involves a fractional
divergence. The techniques used here can then be rather easily adapted to the more general framework,
as all estimates used are in some sense independent of the restrictions on N. The remaining properties
contained in Theorem i.e. (local) existence as well as the convergence as t — 400, shall be
proven in the next section for all N at the same time.

2.2.3.1 The Euler-Lagrange Equation of the Half-Harmonic Map

Let us consider N C R" a closed hypersurface, i.e. an orientable, compact submanifold of dimension
n — 1 without boundary. An important example is of course N = S"~!. Under these circumstances,
there exists a smooth unit normal field v over N which, using the tubular neighbourhood theorem
and some cut-off-function, can be extended to a smooth vector field 7 on all of R™, such that v = o



85

on N and that v is a unit vectorfield in a neighbourhood of N.

Our goal is now to rewrite the 1/2-harmonic map equation for maps with values in N. Following the
computations in [102], one may find along the same lines a formulation for the 1/2-harmonic gradient
flow. First, we recall from the introduction that a map v : S' — N C R” is called 1/2-harmonic, if it
is a critical point of the fractional 1/2-Dirichlet energy:

E(u) (=) ulde,

_ 1 |
) St

with respect to variations in H/ 2(S'; N). By compactness of N, we know that any element in this
function space is almost everywhere bounded:

HY2(SY: N) c L=(Sh)

Let now u(t) be a variation in the set of functions introduced in the introduction, such that u(0) = u
is a critical point of the fractional energy E. We may use the tubular neighbourhood theorem to
construct u(t) = w(u + tp) for some ¢ € C*°(S'). Here, we used 7 to denote the projection onto N
which is well-defined and smooth on a sufficently small neighbourhood and thus for ¢ small enough.
This means:

W£(0) = %u(t)‘tzo — dr(u)y

Then, we have for a critical point u of E:
0= %E(“(tmt:o
_ % (; ; ](—A)1/4u(t)]2dx> |
_ /SI(A)MU (—A) Y4/ (0)da

:/ (=A)Y2y - dr(u)pd, (2.145)
S1

t=0

which, thanks to dm being an orthogonal projection onto the tangent space T, N, can be rephrased as:
(=A)Y2y L T,N (2.146)

This computation holds even for N which are merely closed, there is no need to assume for example
codimension 1. This condition becomes however useful, if we would like to find an explicit formula for
the harmonic map equation like in the local case, see Struwe [89], or as we have seen for N = S"~! in
Mazowiecka-Schikorra [57] or [102]. Namely, we know that:

(—A)2u = A v(u),
where )\ is a scalar and depends on the point on S! inserted into u. Equivalently:
A= (—A)Y2u - v(w)

Take v to be any smooth, scalar-valued function on S*. We may then compute, by using the fractional

Leibniz rule (2.143):
/ A - dx :/ (=A)Y24 - v (u)da
St St
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= [ duyaue) - s () (o) 2
51 |z =y
= /Sl dyjou(z,y) - (dija (vou) (z,y)¢(x) + dy oz, y)v(u(y))) m
B /g 1 jsu(z,y) <d1/2 (v 0 (2,0 (0) + (e, ) Mm) \% |
(2.147)

where we used a change of variables (i.e. exchanging x with y and vice versa) to justify the last
equation. Let us observe that we therefore have:

)y(u(:l:)) + v(u(y))> (2.148)

A= d1/2u . d1/2 (I/ o u) + diVl/Q <d1/2U(l’, y 5

We emphasise that the operator divy /; is defined precisely as the dual of the fractional gradient dy /s,
so that the identity in fact holds true. Let us observe that the first summand is actually hiding a
quadratic structure similar to the one in the case N = S™"~! (see [102]) or the local case. Namely, we
observe that by the fundamental theorem of calculus:

v(u(x)) — v(u(y))

|z —y[/?

dyjz (vou) (z,y) =

1 1
- —m /0 4 (uly) + 5 (u(z) — u(y))) (u() — uly)) ds
1
— /0 05 (u(y) + s (u(z) — u(y))) ds - dy jzu(z, )
= Au(m’y)d1/2u(x7y)’ (2.149)

where we notice the similarity of A, in a certain sense with the term appearing in the local case. We
notice that A, is bounded, therefore giving the estimate:

‘dl/Qu‘Audl/Qu(xay)} < Hf‘iu”L°°’dl/2U|2

2.2.3.2 Toy Example: Uniqueness under Improved Regularity

We now turn to the gradient flow associated with the fractional harmonic map with values in N C R™.
Therefore, as in the case N = S"! treated in [102], let us assume that u,v are two solutions to
the fractional gradient flow taking a.e. values in the closed, orientable hypersurface N C R™ and we
suppose the following regularity conditions hold:

w,v € L¥(Ry; HY2(S)) N L2 (Ry; HY(SY):  wy, v € L2(Ry; L2(SY))), (2.150)

loc
In addition, they satisfy the gradient flow associated with the 1/2-harmonic map as described below

(see the discussion in [102] and the previous subsection for a justification of this equation):

wy + (=) 2w = dy jyw - Apydy jyw - v(w) + divy o <d1/2w(x,y)y(w(x)) ; ”(“’(y))> v(w), (2.151)

for both w = u and w = v, together with the boundary condition u(0,-) = v(0,-) = ug € HY?(S'; N).
It is intuitively clear that the same arguments as in the proof of Theorem 3.2 in [I02] should be
applicable to the current situation to deduce an analogous uniqueness result, as long as we assume
the same kind of regularity for the solution as there. Indeed, we shall prove:
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Theorem 2.2.3.1. If u,v both solve (2.151)) with the same initial datum ugy € Hl/Q(Sl;N) and we
assume that:

(=) u() | 281y, 1(=A) 40t 251y < I1(=A) 7 ugll 251y, VE € Ry,
then we have:
U=v p-a.e.

The strategy of the proof is analogous to the one for N = S"~! cf. [[02]. The main changes
mostly consist of finding suitable decompositions of the different contributions for the situation at
hand, in particular the divergence term. We therefore focus on providing the key estimates needed for
the proof and refer to our previous work for the remaining details:

Proof. The main idea is to study the non-local PDE solved by the difference between u and v. There-
fore, we are led to define:
wi=u— v,

and observe that:
w(0,-) = u(0,-) —v(0,-) =0.

We find that w solves the following PDE by linearity of derivatives and the fractional Laplacians:

wy 4 (=AY 2w = uy + (A2 — v — (—A)Y 2

= Ry + R, (2.152)
where:
Ry = dyjqu - Aydy jyu - v(u) — dy g0 - Aydy jv - v(v) (2.153)
Ry = divy )y (dl /Qu”(“(x)) ; ”(“(y))> v(u) — divy /o <d1 /Qv”(”(x)) ‘; ”(”(y))> v(v)  (2.154)

Naturally, we would like to estimate R; and Ry in a similar way as we have done for the n — 1-sphere.
We treat both contributions individually:

Claim: We have the following estimate:
|dy o0 (z, y)]?
R11(2) 5 (120l (2) + e ) by yael(@) + | (o) + o)) 22

Proof of Claim: We observe that by using the fundamental theorem of calculus, we can deal
with the fractional gradients of v(u),v(v), i.e. the additional term A,,, A,. Namely, we have:

Rl = d1/2’LL . Audl/gu - dl/QU . Avdl/Q’U
= (dl/gu . /[udl/gu - d1/2'l) . /iudl/g’l)> + dl/Q’U . <A'u — /L]) d1/2’U
=:Ri1+ Ri2 (2.155)

For Ry 1, we proceed by using the fundamental theorem of calculus:

1

d .

Riy = / — <d1/2 (1= s)v+su) - Audyyz (1 = s)v + 5“)) ds
0 ds
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1 d ~ dy
_ /0 - (/31 dija (1= s)v 4+ su) (z,y) - Au(z,y)dy /2 (1 = s)v + su) (x’y)| - yl) @

1
S /0 . |d1 2 (1= s)v + su) (z, )| - |[Au(z, )] - |d 2 (w—v) (2,3)] ey

1
< /0 ldy s (0 + 5(u — v))] () |da 0] (2)dis
< (Idyjaul(x) + [dy 20|(2)) - dy 0] () (2.156)

This contribution can be dealt with just as in the case N = S™~! after we test against w itself, see
[102]. Concerning R; 2, we may use:

AU(:Evy) - Av(l‘,y)
! 1
:/ dﬁ(U(?J)—i-S(U(x)—u(y)))ds—/ dv (v(y) + s (v(z) — v(y))) ds
0 0
1 d 1
- (/ 5 (o) + tuly) +5 (0(a) + i) = 0(s) = tw(s) ds )
/ d(dp) (1 = s)(v(y) + tw(y)) + s(v(z) + tw(z))) - (1 — s)w(y) + sw(x)) dsdt  (2.157)

This concludes the proof of the claim. O

Now we may obtain an estimate as in the case N = S"~! by testing against w and:

2 2 2 2
w;i(y)” + w;i(x w + |w|*(x
2 2
which enables us, together with the symmetry of the emerging integrals in z,y and thus exchanging
the order of integrals in = and y, to arrive at an estimate reminiscent of the first term on the right

hand side of equation (20) in [102].

It remains to consider Ry. This term does not possess an immediate analogue in the case N = S"~1,
thus it seems to require some additional work. Fortunately, the ideas that were involved in the
estimation of Ry (together with using the duality definition of div,/, and Leibniz’ rule for fractional
gradients as in Section 2) may be expanded upon to reach a suitable estimates. Let us first notice
that testing against w yields for v, (z,y) := (v(u(z)) + v(u(y)))/2:
dxdy

Bkl 2.158
|z —y| ( )

[ Rowds = [ [ sy (@) vila) = dysvdys (o 0)0) 1)
To conclude, we have to estimate this expression appropriately. We see:

dy jpudy s (V(w)w) vy (2, y) — dyjovdy s (v(v)w) vy (2, y)

= dyjoudy sy (V(w)w) vy (T, y) — dyjpudy jo (V(v)w) vy (z,Yy)
+ dyjpudyjo (V(v)w) vy (T, y) — dyjpvdy o (v(v)w) vu(z,y)
+ dy jpudy o (v(v)w) vu(z,y) — dyjovdy o (V(V)w) vy(2,Y)

=:Ro1+ Ropo+ Ro3 (2.159)

u
(
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More precisely, we have that:

Ry = dyjpudy s (v(u) — v(v))w) vz, y),

and:
Roo = dyjpwdyp (v(v)w) vu(z,y),
and finally:
Ro3 = dyjpvdy e (v(v)w) (vu(z,y) — vo(z,y))
We shall use the fractional Leibniz’ rule as already seen in Section 2, see :

%muwwaw:f@ﬂﬁigﬁ?+w<ﬂﬁ{gﬁ?,

which leads us to:
dijo (v(u) —v())w) (z,y) = (v(u(®)) — v(v(z))) dijpw(E,y) + dij2 (v(w) — v(V)) w(y)

So we may estimate Ry for example as follows:

/ R271d$
!

< [ syl @leule) - viv(a)lda
o [ zul) o () = @) )l

< [ lyaul@)ds ol @)l (2.160)

by using again the smoothness of 7 and renaming the variable of integration. This is a term that can
be treated as before.

The remaining summands Ra2 and Rs 3 are a bit more delicate to deal with, mainly because we
have to use another kind of estimate in our proceedings. Let us start with R and observe the
following: We shall denote by 7 the smooth closest point projection defined in a neighbourhood of
N and extended to all of R" by using a cut-off function (compare with the construction in the next
section for some more details). We have for all z € S!, using Einstein’s summation convention and
u = (uy,...,u,) and similarily for v and w:

v(v(z))iwi(z) = v(v(x)); (uz(fc) vi(x))
= v(v(@))i (O (v(z))i(uj(z) —vj(2)))

(/ / t0kjm(v(@) + tsw(x >>‘<uj<w>—vj<w>><uk<x>—w(x))dsdt)

( / / 1007 (v(x) + tsw(z ))-(uj(a:)—vj(x))(uk(a:)—vk(ac))dsdt>
. D;,:< )(u5() — ) (k) — () = D2 (o ) () (2161)

by using Taylor expansion around the point v(x). Observe that we exploited the fact that dmw(v(x))
maps to the tangent space Ty, IV of N at v(x), which immediately shows:

v(v(z))dr(v(z))w(z) =0,
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as v(v(x)) is orthogonal to the projected vector dm(v(x))w(z). If we insert this into Ry instead of
v(v)w, we see by using dow = dpu — dyv, boundedness of u, v and therefore also of w, and estimating
D and its fractional gradient using the smoothness of 7:

/ R272d$
S1

In fact, we used implicitly a decomposition of the following form:

< / dy ] (2) o] (I ol () + | 0] () dix (2.162)
Sl

dyje (v(v)w) (z,y) = di /2 <D}‘77’:ijk) (z,y)
= dy 3Dy (w,y) - w (x)w ()
+ D;;:(y) . all/2wj(337 y) - wh(z)
+ Dy W)w! (y) - dyjyw (. ), (2.163)

which can then be dealt with similar to the term Ry and R 2. Note that |d; pw|(z) and ]dl/QD;.f’,:\(x)
can both be bounded by |dyoul(x) + |d;/9v|(z) and that [[w] e~ < 400, as N is compact and u,v
both assume values a.e. in N. Similarily, it is clear that D;‘,: is bounded, due to the regularity of the
extended closest-point-projection .

To arrive at a similar estimate for Ry 3, we notice the following by using the formula above for
v(v)w and exchanging the labels z,y at some point:

/ Rz’gdl‘
S1

Comparing this with the estimates in the case N = S" !, we see that we may now proceed as in
the proof there, since the main estimate in equation (23) of [102] can now be generalized and the
remainder of the proof is of general nature and does not rely on any particular structure of S
To be more precise, the main point now is to apply Cauchy-Schwarz in order to deduce estimates for
the L?-norm of w at fixed times and absorbing all these terms, after maximizing over a small enough
time interval, in the left side. The absorption relies on a fractional Ladyzenskaya-type estimate and
the characterisation of Triebel-Lizorkin norms by fractional gradients. As a result, this concludes the

proof of Theorem [2.2.3.1 O

Naturally, the proof of uniqueness also continues to work for a variety of non-linearities which
are in some sense quadratic in the fractional gradient and sufficiently smooth by precisely the same
arguments. Moreover, as we have seen in the case of general hypersurfaces, certain perturbation terms
are allowed to appear without obstructing the argument, namely some kinds of divergence terms.
Therefore, it is expected that analogous results hold for fractional harmonic flows with values in arbi-
trary closed smooth manifolds by means virtue of a suitable quadratic structure similar to the local
case, where it is intimately connected to the curvature of the manifold. In fact, there is an explicit
formula for the half-harmonic map given in Mazowiecka-Schikorra [57] which we shall exploit in the
next section. There, we shall also present the missing argument for the improvement in regularity
needed to conclude the proof of uniqueness in the energy class for solutions with small 1/2-energy.

S/Sl(ldmu($)+Idl/zvl(w))ldl/zwl(l‘)lwl+(|d1/QUI(9«“)+Idl/avl(fv))Q(w)lwIQdﬂc (2.164)

To conclude this section, let us, for completeness’ sake, mention the following: The choice of
equation ([2.151)) is natural for orientable hypersurfaces, due to the existence of a unit normal vector



91

field v. Nevertheless, one could omit the use of such a vector field by using that the non-linearity in
the 1/2-harmonic map equation could be phrased as:

(—A)u(a)
— (Id - dr(u)(@)) (~A)u(2)

= P.V. Mdy —dm(u)(x)P.V. Mdy

st o=yl st e =yl
_py. [ M@ —uly) —dr(w)(@) (u@) —u)
51 |z —yl?
1 rl d
~PV. /S 1 /0 /0 (5 = 1)) () + st = 1) () — (o)t (. )y o)
=: /Sl P(a:,y)dl/zu(:c,y)dl/zu(x,y)|xd_yy|, (2.165)

where we denote again by 7 also an extension by cut-off of the closest point projection and use
m(u(x)) = u(z) for u being a solution to the 1/2-harmonic map equation in N. The map P is defined
appropriately:

1 1
Pla) = [ [ (s = D) (uta) + (st = Ou(e) = ) dsdt.

and one sees that it is clearly bounded. Observe that includes an implicit quadratic form
summing over the components of d; pu. The equation follows by using Taylor-type expansions. It is
clear that we could immeidately estimate directly in the same way as R; in the proof above
and obtain uniqueness this way. Moreover, it is easily seen that the gradient flow equation with the
non-linearity in and actually are equivalent for sufficiently regular solutions. Lastly,
this formulation also gives a closer connection with the case N = S"~! as we have previously seen in
[102].

2.2.4 Fractional Harmonic Gradient Flow with Values in a General Manifold

After having treated the case of orientable, closed hypersurfaces in some detail, we perform analogous
investigations to resolve the general case and finally also discuss existence and convergence of solutions
to the fractional harmonic gradient flow. In our computations and simplifications of the half-harmonic
map equation, we follow Mazowiecka-Schikorra [57], where the half-harmonic map equation was already
stated as well as treated and some of its features were already highlighted. We enhance the exposition
given there by analysing certain estimates in more detail, leading to the uniqueness result under
improved regularity following the process outlined in the introduction and seen in the previous section.
To prove that energy class solutions actually possess slightly better regularity properties than assumed
under some smallness condition on the energy which is uniform in time, one proceeds similar to the
one for S?~!. The major difference lies in the use of Morrey estimates in the case p = 2 following Da
Lio-Pigati [20], as we would like to deduce slightly better integrability and then apply the techniques
in Riviere [68] for arbitrary integrability of the fractional gradient. This change of method should
however not obscure the fact that the regularity gain once more stems from the hidden structure of an
anti-symmetric potential within the forumlation of the half-harmonic gradient flow. The discussion
of local existence and convergence on the other hand is very similar to [102], once we fix the right
formulation for the 1/2-harmonic gradient flow.
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2.2.4.1 Half-Harmonic Map Equation for general Target Manifolds

Preliminaries Before we begin our analysis of the fractional harmonic gradient flow, we want to
study the 1/2-harmonic map equation and its features. Throughout this chapter, we assume that
N C R" is a closed and smooth manifold, in particular it is compact and without a boundary. Let
us denote by Bs(N) the d-neighbourhood of N, i.e. the collection of all points in R" at a distance
< § from N. This definition obviously makes sense for any § > 0. By standard theory of smooth
manifolds, i.e. the tubular neighbourhood theorem, we know that the closest point projection is a
well-defined and smooth map:
7m: Bs(N) — N,

for sufficiently small § > 0, such that:

|mw(z) — x| = inf ||z —yl, Vae Bs(N)
yeN

One can show that the differential of 7 at any point x € NN is actually the orthogonal projection onto
the tangent space of N at x. The orthogonality of the projection means that the following holds:

Vo€ N: dr(x)? =dn(x) = dr(x)”

Let ¢ € C°(R™) be a smooth, compactly supported function, such that supp ¢ C Bs(V) and assume
that:
p(x) =1, Va € Bsj(N)

Then we may extend 7 to a map 7 : R® — R” by the following formula:
7(z) = ¢(z) - m(x), Vze Bs(N),

as well as 7(x) = 0 for every « ¢ Bs(IN). This map is clearly well-defined and smooth. It agrees with
7 on the set Bjo(N), but has the advantage of being defined globally, rendering certain definitions
and computations easier later on. By abuse of notation, we shall from now on refer to 7 as m to keep
the notation as simple as possible. It should be noticed at this point that the set of fixed points of 7
consists of N and a set N with positive distance from N due to the definition of the extension of the
closest point projection.

We recall that a function u € H'/2(S*; N) is called weakly 1/2-harmonic, if and only if:
(=A)Y2u L TyN < dr(u)(—A)Y?u =0, (2.166)

see Da Lio-Riviere [21], Mazowiecka-Schikorra [57] and the references therein. This can be easily
verified, as 1/2-harmonic maps are precisely the critical points in H 1/ 2(S'; N) of the energy:

E(u) (=AY dx

._1 ’
T2 a

Arguing as for hypersurfaces shows that the orthogonality relation above is another way to phrase
this relation. Computing the Euler-Lagrange equation using a variation of the form:

u(t) == 7m(u + ty),
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for ¢ € C*°(S') and t small enough, such that u + tp € Bsja(N), i.e. such that m maps u + tp

to a point on N a.e. and thus to conclude u(t) € H'/?(S'; N). By criticality, the Euler-Langrange
equation can be computed using differentiation of E(u(t)) with respect to ¢ at ¢ = 0:

& (5 [icarmor)| = [ carm cap (Guo) )

:/( A2y - dr(u)pda

dydzx
/Sl /Sl dy jou(z,y)dy 2 (dm(u)p) (z, )‘Iy_ o (2.167)

which is precisely how we understand ([2.166[). The product of the vectors is naturally understood as
a scalar product in the usual sense.

For later use, we shall sometimes write dr(u) for the following:
drt(u) = Id — dm(u) (2.168)

One should observe that for every x € N, the differential dr*(p) is actually another orthogonal
projection, meaning:

drt(x)T = drt(z) = dot(x)?

This can be easily deduced from the corresponding identities for dm(z).

Rewriting the Half-Harmonic Map Equation (2.166) Our first goal lies in the simplification
of the half-harmonic map equation (2.166)), similar considerations then apply to the 1/2-harmonic
gradient flow which is defined by the equation:

ur + (—A)?u L T,N, V(t,z) e Ry x S,

see also [102] for the case N = S™~1. Therefore, working merely with the 1/2-harmonic map equation
instead of the associated flow is for brevity’s sake.

In fact, we would like to write the fractional harmonic map equation in a similar form as in the case
of N = 5™ ! or even the case of closed, orientable hypersurfaces, since this form seems appropriate
for the proof of a Regularity Lemma similar to Lemma 3.4 in [102] and Riviere [68]. In addition,
such considerations are useful when studying uniqueness under improved regularity assumptions, as
we have seen both for N = S"~! and N being a closed, orientable hypersurface. Indeed, we rewrote
the half-harmonic map equation in both cases in such a way that enabled us to estimate certain
summands more easily and reveal a quadratic structure in the non-local PDE. The computations we
make are precisely the ones found Mazowiecka-Schikorra [57], we merely rewrite certain terms in a
manner more appropriate for our purposes and provide more general estimates than the ones found
in Mazowiecka-Schikorra [57].

Our goal is to establish the following slightly informal proposition:
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Proposition 2.2.4.1. Let u : R X St — N be a solution to the half-harmonic gradient flow. Then
the half-harmonic gradient flow can be rewritten as:

u+ (=AY 2u = Q, - dy jpu + RY™ + Ry + Ry, (2.169)

where €, is anti-symmetric and all terms and operators on the righthand side depend on w. Moreover,
the terms R, Ry™ and Ry satisfy estimates like:

VW
B (0)l S HwHF;/;HU\IF;/;HwHF;éz,
for all appropriate v,w, ¢ and p > 2.
The terms involved in the result above will be introduced step-by-step below.

First of, let ¢ € C*°(S!). Then we know by using the fractional version of Leibniz’ rule as seen

for example in (2.143)) with s = 1/2:
. — . . L
/Sl dyjou - dy jppdz /Sl dyjou - dy /o (dm(u)p) dz + /S1 dyjou - dyjo <d7r (u)ap) dx

_ ) 1
= /S1 dyjou - dy g (dw (u)gp) dz
_ I
= [ [ duzute ayatin @)t

dydz

+ /S1 /51 dy jou(, y)dﬂl(u(y))dl/%o(x, y)m

dy

(z)dx

(2.170)

This is the computation for the half-harmonic map, for the associated gradient flow, it would be
analogous since:

/ Ut - pdr + / dyjou - dyjppde
St St

= / ug - dm(u)pdr + / dyjou - dy o (dm(u)p) dz + / dyjou - dyjo (dﬂl(u)g:) dz
St S1 S1

= / dijou - dy o (dﬂ'J‘(u)go) dx, (2.171)
S1

and the remaining steps being now analogous, by noticing u; € T, N. Observe also that we used
(2.166)) in the second step of (2.170f) for u half-harmonic. We shall refer to the second summand as

Ri(p): -
Fule) = /S /S ) (uly) s o, )

The goal is to treat R; as a perturbation of a "main order term”, which we consider to be the
remaining one in (2.170f). To achieve this, we need the following Lemma that was already stated in
Mazowiecka-Schikorra [57]:
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Lemma 2.2.4.1. Let z,y € S' and u € Hl/z(S’l; N). Then the following holds for all z,y € S' such
that u(z),u(y) € N:

u@y—mw=dﬂwmxmm—u@»+[flﬁdum«1—wmw»+wmmﬂmm—u@»%wt
More precisely, fori=1,...,n, we have for the i-th component of u = (u1, ... ,un):
ui(@) — uily) = dr(u(y))ij(15(2) — uy(y))
/ / 04y, (1 — ts)uly) + tsu(e) (us () — uy(y)) (un(e) — wy(y))dsd,

adopting Einstein’s summation convention.

Similar identities and/or estimates already appeared in Da Lio-Pigati [20], Mazowiecka-Schikorra
[57]. We shall define the following quantity based on Lemma [2.2.4.1

1 1
Ay (dv, dw)(z,y) == / / td (dm) ((1 — ts)u(y) + tsu(z)) (v(z) —v(y))(w(z) — w(y))dsdt (2.172)
0 JO
This simplifies the result above considerably. In fact, we could restate Lemma [2.2.4.1] as

ui(w) = ui(y) = dm(u(y))i;(u;(@) = u;(y)) + A (du, du) (2, y),

We emphasise that this is one of the main points why we would like to consider 7 as a map defined on
all of R”. This way, we may insert any value into the function, meaning that even if (1—ts)u(y)+tsu(x)
is not necessarily in N or even close enough for the closest point projection to be well-defined, the
extension of the projection and thus the formula above remain defined everywhere. The proof is
an immediate and standard application of Taylor’s formula and/or repeated applications of the fun-
damental theorem of calculus and therefore omitted. We refer to Mazowiecka-Schikorra [57] for details.

Using the orthogonality of the projections dr and dr*, we may deduce (again using Einstein’s
summation convention):

ui(@) — i dydx
- dﬂ—L 7 d Z, _
1 /51 /sl |x—y\1/2 (u(y))ijdijapi( y)| —

/ / Ity (uels )_Uk(y))dﬁj‘( (Y))ijd1 205 (@, y) Ay
stJst g

|x—mv2 —y
Al (du, du)( dydzx
+/51 /sl 7 — ’1/2 )dWL( (Y))ijd1 /205 (, y)m
Al (du, du)( dydzx
/Sl /S1 iz — ’1/2 )dWL(U(y))ijdl/z@j(nyy)’x_y’a (2.173)

since:
dr(u(y))ixdm™ (u(y))ij =0, k. j,
due to orthogonality of the projection and dn' = Id — dw. We observe that the formula above for Ry
could also be stated as: Al (du,du) (2.)
Ry = divy o < 4 z - y|1/2’y dwl(u(y))ij>
This combined with the computations in show us that the fractional harmonic map equation
can actually be rephrased as:
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Lemma 2.2.4.2. Assume that u € Hl/Q(Sl; N) is a half-harmonic map. Then u solves the following
non-local PDE:

(—Ayﬂu_dwﬂrduzwr%w)+dwU2<A%ff35§y%mlm@»U> (2.174)

The proof is an immediate consequence of our computations above.

Comparing this with the previously investigated case of orientable, closed hypersurfaces and keep-
ing in mind, we notice the immediate similarities between the two equations. Indeed, this will
be a crucial point in reducing our computations to establish uniqueness under improved regularity
and obtaining the result basically for free from what we have already done.

We may prove the following estimates:

Lemma 2.2.4.3. Let ¢ € Fl/Q(Sl) for1/p+1/p' =1 and p > 2 finite. Then, for allv € F217/22(Sl),w
;’/22(51), we have:

Al (dv, dw)(z,y) , | dydx
—Z < . . .
= | [ P e o) s ) | S e o ol
(2.175)
In addition, for v,w € Fiv/QQ(Sl), we have:

Al (dv, dw)(z,y) , | dydz

dm iid T,Y)——

[, [ i )y s
dy

—/ Al (dv, dw)(z,y)dr(u(y)); —Ai(dv,dw)(y,x)dﬂl(U(w))ijﬁst(ﬂf)dw,
st/ T —y|

and as a result RY"" € L*(SY) with:

[Rillr2 < ”UHFj/f”quj/f (2.176)

Proof. The first estimate follows by letting 0 < s < 1 and observing:

Al (dv, dw)(z,y) dydx
d iid —
[ [ e W ) ot )

dydx
dsv(z,y)||dy jo_sw(z,y)||d x,
[ evta iy o)l sete. )

S vllyis,azsa lwllyiz—swa-seo lellize2 (2.177)

where we used the triangle inequality and Holder’s inequality. If we can choose s in a way, such that:

P 4 1 4
> 77> )
l—sp 3—4s's 1+44s

we may use the identification mentioned in the preliminary section. One notices that the latter
inequality is trivially true, while the first one reduces to:

4
N
p=2=3



97

which again holds trivially. So the choice of s € (0,1/2) is immaterial here (we just need to ensure that
we do not divide by 0 or have negative Holder exponents). Indeed these conditions lead to 0 < s < 1/p,
which clearly allows for a choice of s. Consequently, we may identify:

ir8,(1/8,4) _ 1hs i71/2—s,(p/(1—sp),4) _ 121/2—s i1/2,(p',2) _ l/2
s (1/s4) — et W i/2—s,(p/(1=sp) )_Fp/(l—sp),47 Wi/2.( )_Fp,727

and the norms are equivalent, as mentioned in the preliminary section, see Prats-Saksman [65]. By
using Sobolev embeddings for Triebel-Lizorkin spaces, this shows:

ol ,, S Tl , S Ioll e

as well as:
olgce S lwllpas S ol

p/(1—sp),4 /( —sp),2

Combining these inequalities with the estimate in (2.177)), we find the desired result:

Al (dv, dw)( dydx
[ AT ) e ) ] S el ol ol
StJst |»’U—y|/ E

For the second identity mentioned above, one observes that the equality mentioned holds by a simple
change of role between x and y. The estimate is then obtained by noticing;:

‘/51 SlAz 2 (dv, dw)(z, y)dﬂ (u(y))ij — A 2 (dv, dw)(y,x)dﬂ'J‘( (x ))Z]| dy

< [ [ sl ot 2o @)lds
< [ @iyl -2l @)

S s o0 @)l 0l @)l 21 ol
S el paallwl e el (2179)

|290J( z)dx

by applying Holder’s inequality twice as well as boundedness of dr and consequently for dnt. Observe
that we used once more the equivalent characterisation of the Triebel-Lizorkin norm in the case

g=2,s=1/2. O

The formulation in (2.174)) of the fractional harmonic map equation will already suffice for proving
uniqueness under improved regularity assumptions.

We shall continue similar to Mazowiecka-Schikorra [57] and further explore simplifications of the
leading term, i.e. the term:

N dl/m-(x,y)dl/gwwl(u»ij(m,y)|d_ysoj<x>dx: [ v dy ol () ()i ()
St Jst z y| St

Our main goal is to unveil an anti-symmetric potential, i.e. show that the half-harmonic map equation
could be rephrased as:
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Claim: There exists a remainder R, depending on u with good estimates to be established later,
such that the half-harmonic map equation can be restated as:

(—A) 2y = Q- dyjpu+ Ry, (2.179)

where Q € L2,(S1 x S;s0(n)) is an anti-symmetric potential.

Proof of Claim: Applying our previous computations and the formulation in (2.174]), we have
made the first steps and already are aware of estimates for R;. It remains to further simplify the other

term in (2.174) to find an anti-symmetric potential. Using Lemma |2.2.4.1 we may replace dl/gu(m, Y)
by the following expression:

dy
, 1 iy
/Sldl/Qul(l" y)dl/Z(dﬂ- (u))lj (33, y) ’I‘ — y’
dy
_ L )
- /91 d1/2 (dﬂ' (u)>” (x7y)dﬂ-zk(u(y))dl/Zuk(x7y) ’l‘ — y|
. dy
1 7
[ e () | G At ) o)
The second summand is defined to be:
. dy
R €L i %y
Rofa) = [ gy () | ) A )L (2180)
The first summand may be rewritten one last time to obtain:
/ d1/2 (Wl(u)> (5177?J)Gl?Tz'k(U(?/))dl/zuk(ff?a?J)L = Qjg - dl/zuk + R, (2.181)
51 ij [z =yl
where:
Q]k($7 y) = dﬂ-(u(y))lkdl/Q (dﬂ-L(u))” ($, y) - dﬂ-(u(y))wdl/Q (dTFL(’LL))Zk ($7 y)7 Vi, k, (2182)
as well as:
dy
yp— .. L
Ro(a) i= | dn(u(w)sdyyz (W) | @p)dyzun(eny) 2
dy
= /Sl dW(U(y))z‘deL(U(x))ikdl/zuk(%y)m
dy
= - /S1 d1/2 (dW(U))zj (m, y)dWL(U(ﬂf))z‘kdUzuk(L y)m» (2.183)

simply because of orthogonality of the projections. We highlight that QO = —Q7 i.e. we have found
an anti-symmetric potential similar to the case N = S"~!. We will sometimes write €, to empha-
sise the dependence on u. This also suggests that an increase in integrability should be obtainable
in the critical case of the non-local PDE, i.e. for u € H'/?(S'). This ends the proof of the Claim. [

We close this preliminary examination of the half-harmonic map equation by summarising these
computations in the following equivalent equation for fractional harmonic maps:

(—=A)Y2u = Q- dyjpu+ Ry + Ry + R, (2.184)

where we use the definitions (2.173)), (2.180)), (2.183) as well as (2.182)). This is exactly the form we

have previously mentioned in the Claim above. Let us remark that the following holds:
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Lemma 2.2.4.4. Let v € F;/;(Sl) w e F21/22(Sl) with p > 2. Then:
1B 2o S Mlell gy e l1oll ol 2,

and z'fv,wEFl/2

RYY < . . .
185 z2 S Nl gasallol s ol o

where: J
VW, 1 1 Yy
R2 T /S’l d1/2 (71' (u>>w (.%',y)Au(d’U,d'lU)<$,y)|x_y|3/2

Similar estimates can be obtained for Rs by using a variant of Lemma |2.2.4.1].

The proof is similar to the one in Lemma 2.2.4.3] One notices that by Sobolev embeddings for
Triebel-Lizorkin spaces F’ ,/ 2(S hc Li2 (S1), we may deduce that:

Ry, Ry € Fyp(8Y)
with estimates analogous to the ones in Lemma [2.2.4.4]
Proof. We see:
dy
[z =y

)

R @S [ st plldta,plld-zly)
and therefore, by using Holder’s inequality:

||R§’w||Lpng2 S ||U||Ws,<1/s,3>||w”v‘vs,<1/s,3>||U’|W1—2s,(2p/(p+2—4sp),3>

S IIMHFmHwHFmHvHFuz, (2.185)

where we used Sobolev embeddings for Triebel-Lizorkin spaces in the last step. We emphasise that
changing between the spaces W4 and F >4 1s possible by Prats-Saksman [65], see Theorem [2.2.2.1
and the comment afterwards in section 2, due to:

1 3 2p 3
-> , > )
s 1+43s" p+2—4ps 4 —6s

of which the first inequality is trivially true and the latter reduces to:

6
8p—123p>3p+6—12ps:>p>5,

which is trivially true for all s because p > 2. So one merely has to take care that the Holder
exponents remain in (1,4+00), which is easily ensured as in Lemma The second estimate is
obtained along the same lines, merely changing Triebel-Lizorkin spaces. The estimates for Rz follow
from similar considerations by using Lemma but this time by expanding around wu(z) instead
of u(y) which only requires minor modifications. Thus we are done. O

As in [I02], we may also find the corresponding fractional harmonic gradient flow to be therefore:

. Al (du, du)(x,
i+ (—A) 20 = dy jyu - dy o (dﬂi(u)) + divy 9 < (|$ > y‘)ISZ y) dﬂi(u(y))ij> (2.186)

=Q, 'd1/2u+R1 + Ro + R3, (2.187)

where the latter equation uses the expressions for €2, R1, Ro, R3 introduced above in (2.182)), (2.175|),
(12.180)), (2.183).
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Other useful Formulations for the Fractional Harmonic Gradient Flow In the proof of
existence of local solutions to the fractional harmonic gradient flow, we shall make use of a slightly
different formulation for the 1/2-harmonic gradient flow. Therefore, we list already here several equiv-
alent (at least for sufficiently regular u) formulations of the main equation (2.186)):

The most basic formulation of the gradient flow we are studying is:
ug + (=A)Y?u L T, N,
which characterises solutions of the gradient flow with values in N a.e.. This can be rewritten as:
u + (A2 = (=AY 2r(u) — dr(u)(—A)Y?u, (2.188)
where we use for u € N almost everywhere:
(=AY 2x(u) — dr(u) (= A)Pu = (—A)V 20 — dr(u)(—A) 2y
= (Id — dr(u)) (—A)?u
= dnt(u)(—=A)Y?u L T,N, (2.189)

which is in fact the same as dm(u)(u; + (A)Y/?u), since u; € T,N a.e.. A key advantage of this
formulation is that we may encode the condition u € N a.e. directly inside the equation, see the proof
of local existence of solutions below. A major drawback on the other hand is that this formulation

obscures the compensation phenomena at hand. Lastly, there also exists a formulation analogous to
(2.165)) by using arguments analogous to the ones needed to prove Lemma [2.2.4.1] This leads to:

Ut + (_A)1/2u = Z PV/ Pkl(u(x)a u(y))dl/2uk(xv y)dl/Qul(xa y)‘d_yv (2'190)
kim1 S1 T —y|
where P¥ = (PM ... PM) with:
P (u(z), uly)) (ur(x) — up(y)) (w(@) —w(y))
non ool
=S [ [ Do (s = sthulw) + (14 st = s)u(e) (o) - un0)) () ~ wly))dst
k=11=1"0 70
(2.191)

One observes the immediate similarity with (2.165)) as well as the quadratic structure of the RHS
of this formulation. This formulation is again useful in proving uniqueness and regularity, but the
connection to the formulation in [102] for N = S™~! is less apparent than with (2.186]).

2.2.4.2 Uniqueness of Solutions to the 1/2-Harmonic Gradient Flow

We discuss now the uniqueness of solutions to the 1/2-harmonic gradient flow. Our approach is similar
to the one in [102]. Thus, we first discuss uniqueness in a class of functions which have more regularity
than strictly required to make sense of solutions and follow the approach in Struwe [91] to establish
uniqueness for such ”strong solutions”. Then, we expand this result to arbitrary energy class solution,
i.e. the class of functions with minimal regularity for the fractional gradient flow to make sense, by
using techniques similar to Riviere [68] to squeeze some more integrability out of solutions with small
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energy. In fact, we will rely on the techniques in Da Lio-Pigati [20] which will turn out to be important
to establish a slight gain in regularity by means of compensation phenomena tied to the emergence of
an antisymmetric potential (notice that the appearance of such a potential from a slightly different
point of view is already hinted at in Section 4.1 and in Mazowiecka-Schikorra [57]).

Uniqueness under Improved Regularity Assumptions We are now able to turn to the study
of the gradient flow associated with the fractional harmonic map with values in N C R" being a
general closed manifold. As previously in the case of a closed orientable hypersurface, let us assume
that w,v are two solutions to the fractional harmonic gradient flow taking a.e. values in a general
closed N C R"™. Clearly, this implies boundedness of u,v due to the compactness of N. As before in
Section 3, we assume that the following regularity conditions hold:

u,v € PRy HY2(SY); wyve € PR LA(SY); w,v € L, (Ry; HY(SY)), (2.192)
In addition, they satisfy the gradient flow associated with the 1/2-harmonic map as described below:

Al (dw, dw)(z, y)
|z — y[1/2

wi + (=) Pw = dy jpw - dy (dWL(w)> + divy /o ( dWL(w(y))zj> ; (2.193)

for both w = u and w = v, together with the boundary condition u(0,-) = v(0,-) = ug € HY?(S").
We mention that, as we have seen in the previous subsection, the right hand side of is precisely
the non-linearity associated with the fractional harmonic map equation for functions taking values in
N. The equation could be derived along the same lines, cf. [102].

Let us present the main uniqueness statement in analogy to Theorem [2.2.3.T}

Theorem 2.2.4.1. If u,v both solve (2.193|) with the same initial datum ug € Hl/z(Sl;N) and we
assume that:

H=2) 4 0ut) | 25y, (=) 40(8) [ 12051) < (=) gl 2qr), VE € R,

then we have:
U=

The proof is actually going to proceed analogous to the case of closed orientable hypersurfaces.
We will provide some of the details below and the proof naturally extends to the case of solutions u, v
defined only on a subinterval [0, 7] C Ry.

Proof. First, we observe that since dnt = Id — dr, we know:
diys (drt () (@,9) = —d o (dm(w)) (),
and we therefore would like to estimate the following;:
1
dr(u(z)) — dr(u(y)) = /0 d(dr) (1 - syuly) + su(@)) ds - (u(z) —u(y)),  (2194)

using Taylor expansion and understanding the differential d(dw) as previously in Lemma [2.2.4.1} If
we define:

1
Bu(w.y) = [ () (1= s)u(y) + sula)) ds.
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which is clearly bounded thanks to the smoothness of m and its definition as an extension, we may
rewrite:

dyjou-dyso (dWL(U)) = —dyjpu - Bu(z,y)d; jou,

which renders the fractional harmonic flow equation virtually the same as previously in the case of N
being an orientable closed hypersurface:

) Al (du, du)(z,
up + (—A)Y2y = —dy jou - By(,y)dy jou + divy /o ( (|x - y‘)152 y) dwl(u(y))ij> ,

and completely analogous for v.

We may now use a decomposition as in ([2.152)). The first remainder involving By, (x,y) can be
estimated analogous to (2.155]) by obvious modifications of the estimates provided there. The second
remainder, i.e. the fractional divergence, has a similar form to (2.158) and may be decomposed as in

2-159):

Aﬁjif;d;)lﬁf D ()il o — A“'j”_d;fl(/ﬁ D e (u(y) s 0
- A?(éuLd;')lg’y)de(U(y))ijdmw - Aéﬁiu’_d;)l%y) dr (u(y))ijdy jpw
A% (’iu’_d;)lsf’ y) dr(v(y))ijdy jpw — A?(iv’_d:’)l(/? ) dr(v(y))ijdy jpw
e (1) — ST )y (2199

One may now estimate these terms as in the case N a hypersurface summand by summand. For
example, in the first summand we may estimate the difference between A, and A, by |w(z)|+ |w(y)]
and estimate one of the dyu by its L°°-bound to arrive at an estimate of the form:

Al (du, du)(z,y) , | Al (du, du)(x,y) , |
[ A e )y o) — S )y )y

S [ Wyl @)l o)

Observe that we have to exchange labels x, y at some point. The other terms can be estimated in a
similar manner.

The estimates are therefore obtained completely analogous to the case N a hypersurface, applying
Young’s and Holder’s inequality, leading to an estimate for w = u — v of the following form:

1 1 [T 14,
Il +5 [ 1A @)l
1/2

1/2 T
Sé(/ / |w|4dxdt) (/ / (Id1/2u|+\d1/2v\)4dxdt> (2.196)
St 0 g1
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which can then be treated as in N = S™~! in order to conclude uniqueness by an iteration argument,
we refer to [I02] for the details. The estimates invoked are independent of S"~! and rely on general
properties of u provided by (2.192]), therefore generalising to our current situation. O

Naturally, as in the case of N being a hypersurface, one may also use the formulation in (2.190))
to deduce uniqueness, see also Section 3 for some more details. The proof proceeds analogously and
is omitted.

Small Initial Energy: Regularity Lemma in the Case p > 2 To deduce uniqueness of frac-
tional gradient flow in energy class under some additional assumption, we have to establish some
higher regularity for energy class solutions of the fractional gradient flow. In the case of the n — 1-
sphere, we managed to achieve slightly better regularity properties of the solution by using Wente-type
estimates from Mazowiecka-Schikorra [57] and the invertibility of certain operators as in Riviere [68].
In the general case, we will also prove an existence and uniqueness result for a modified operator
under higher integrability, which will then be useful to establish the higher regularity needed. In a
second step, we shall show that higher integrability actually holds for solutions in H'/ 2(S') by means
of compensation-compactness as in Da Lio-Pigati [20], completing the proof.

A key Lemma is the following:
Lemma 2.2.4.5. Let u € HY/?(S') and f € L*(S") and assume that u solves:

(=80 2= dyjau s (am 0) + vy (B i) ) 1 (2aom)

Then, if there exists a p > 2, such that (up to adding a constant):

-1/2
u € Fp,2 ,

then we immediately conclude:
we F(SY, Va2

The proof relies on the techniques in Riviere [68] and using the remainders and their associated es-
timates established earlier, see Lemma|2.2.4.3|and [2.2.4.4] One should observe that (2.193)is naturally
of the form (2.197)) for almost every fixed time ¢t € Ry. This is apparent by chosing f = —dsu.

Proof. First, we write:
(—A)2u=Q-dyjpu+ Ry + Ry + Rs + f,

where Q, Ry, Ro, Rg are all as previously introduced in this chapter, see as well as ,
, . We may approximate € by a smooth Q vanishing in a neighbourhood of the diagonal
and lying in Lgd(Sl x S1) and u by a smooth function @ in H'/2(S'), the norms of the differences
being arbitrarily small in the respective spaces:

12 = Qe — all e < <,
for € > 0 to be determined later. Then, we may rewrite this equation as:

(—A)1/2u+ (Q _ Q) . d1/2u+ Rlﬂfu,u + Rgfu,u + Rgfu,u
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=Q-dijpu+ RY + Ry + Ry + f (2.198)

As for N = S"~!, we may restrict our attention to the case of vanishing Fourier coefficients by removing
the averages (i.e. 0-th order Fourier coefficients) associated with each summand individually in .
This means, in order to render the fractional Laplacian invertible, we consider v = u — 4(0) instead of
v = u below and remove averages for the contributions Ry, R, R3 and ) - d; jov. Let us observe that:

v (=) ((—8) 20+ (2= Q) dyav + RYTM 4 RS 4 RS

=v+(-A)71? ((Q —Q). d1/2v) +(—A)"Y2 (Rf‘“’“ + RV 4 Rg‘“’”) (2.199)

defines an invertible mapping from Fpl’/; to itself, if we assume that Q and @ are sufficiently good
approximations. Use the estimates in Lemma [2.2.4.3] and [2.2.4.4] as well as the estimate:

1@ 9) - dyjsoll 25, 190~ Dlzz, ol e

and the continuity of the embedding Lit2 (S1) — Fp_,; / 2(S 1) to deduce that the maps are sufficiently

small in operatornorm, rendering (2.199) a small perturbation of the identity map and therefore
invertible itself. One may also observe that the RHS of (2.198)) lies in L?(S*) for any ¢ < 2 (using
smoothness of the approximating terms), which is in the dual of Fp; /% thanks to Sobolev embeddings.

£12,

This implies that there exists a unique solution v € b2

v+ ()2 ((Q = Q) dyjpv+ RYTM 4 R RETY)

= (—A)71/2 (Q ~dyjpu+ RY" + Ry + RY" + f) (2.200)

This shows that if u € F;/;(S 1) for some p > 2, it also lies in this space for any ¢ > 2 by existence
and uniqueness of solutions to the equation above due to the invertibility of the map and the natural
inclusions F;/QQ — F (117/22 for every p > q, keeping in mind that the RHS of (2.200)) is independent of v.
This concludes the proof of Lemma [2.2.4.5 O

Small Initial Energy: Regularity Lemma in the Case p =2 The missing step in order to be
able to apply Lemma to our energy class solution of the fractional harmonic gradient flow at
a fixed time is provided by the following:

Lemma 2.2.4.6. Let u € HY?(SY)NL®(SY) and f € L*(S") and assume that u solves the non-local

PDE: ,

A, (du, du)(z, y)
|z —y['/2

(—A) 2 = dy jou - dy jo (dwi(u)) + divy /g < dwi(u(y))ij> +

Then there exists p > 2, such that:
ue B (SY).

Combining Lemma [2.2.4.5| and [2.2.4.6] yields the following corollary:
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Corollary 2.2.4.1. Let u € H/?(S") N L>®(SY) and f € L*(S') and assume that u solves:

Al D (u(y) ) + 1.

(=AY = dy jou - dy /o (dWL(u)) + divy o (

Then we know: '
we EV2(SY), vp>2.

We observe that this corollary is essentially the analogue of [I03, Lemma 3.4] in the case N = S"~!
and thus should suffice in order to conclude our investigation into the uniqueness of the fractional
harmonic gradient flow with small initial energy. Indeed, we shall show that the same arguments, like
proving a uniform bound for the H!'-norm of u(t) at fixed times, carry over in the next subsection.
For the proof of this result, we refer to the Appendix of the current section, as it is an adaption of
the work in Da Lio-Pigati [20] which is not of particular interest on its own. It relies on commutator
estimates that essentially quantify the gain of integrability precisely and allow for a Morrey bootstrap
argument in order to arrive at increased integrability and, as a result, show that u € F;/QQ(S 1Y for
some p > 2. Thus, we shall continue with the uniqueness result for weak solutions with small initial
energy.

Small Initial Energy: Application of the Regularity Lemmas We are finally able to apply
the results from the previous subsections to the case of an energy class solution u of the 1/2-harmonic
gradient flow with values in N C R™ a closed manifold. The steps are completely analogous to the
case N = S"~1 and Riviere [68], cf. [102]. To be precise, we shall:

1. Conclude that for fixed times t, we have u(t) € H'(S') by Corollary [2.2.4.1

2. Apply a fractional Ladyzhenskaya-type estimate, i.e.:

lollze < Clloll 2 lIollb2,, Yo e HY2(SY), (2.201)

analogous to [102] and smallness of the energy (together with non-increasing energy) to obtain
a uniform estimate for ||u(t)|| 1 for almost all times ¢ € [0, +00]

3. Conclude that u is actually a strong solution and therefore, the previous uniqueness result applies

We will be proving the following as the main result, which we have already mentioned in the intro-

ductionas part of Theorem

Theorem 2.2.4.2. Letu: R, x S' — N CR", N a closed and smooth manifold, be a solution of the
weak fractional harmonic gradient flow [2.193)) with initial datum ug € HY/2(S; N) and satisfying the
following regqularity assumptions:

we L¥Ry; HY2(SY); g € LX(Ry; LX(SY))
Then there exists € > 0, such that among all such u satisfying the smallness condition:
[(~A) A u(t) e < e Ve R,

the solution to the fractional harmonic gradient flow (2.193|) with initial datum ug is unique.
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In particular, if we assume that the 1/2-energy:

Bya(u(t) = 5184 (t) s )

is non-increasing in time, as motivated in the case N = S"~! by [103, Lemma 3.3], the smallness
condition could be rephrased as:
(=2 4| 251y < e

An important first step in the proof of Theorem [2.2.4.2]is the following:
Proposition 2.2.4.2. Let u: Ry x S' — N C R" satisfy the following regularity assumptions:
we LRRy HY2(SY): w € L2(Rys5 LX(SY)

Moreover, assume u solves the half-harmonic gradient flow equation (2.193). Then for almost every
time t > 0, we have:

u(t) € HY(SY)

The proof is more or less an immediate application of Corollary [2.2.4.1] once we observe that
u € N for almost every (t,z) € Ry x S! implies u(t) € L°°(S') for almost every time ¢.

Proof. First, by noticing that we may apply Corollary [2.2.4.1| with p = 4, we notice that u(t) € H'(S!)
for almost every ¢t € R, since the RHS of the rephrasing of the fractional harmonic flow (2.202) below
is in L? and the Riesz potential preserves the L?-norm. Indeed, we see for a fixed time ¢:

A (du du) )
EREE

Use the remainder estimates in Lemma and the bounds on By (z,y) to find that the first two
summands lie in L2(S!), see @ and the estimate in Theorem for St withp=4,¢=2,s =
1/2 for the first summand in @D Hence, by standard elliptic estimates for the fractional Laplacian
or simply observing that with R being the Riesz transform, we have:

Al (du, du) (z,y)
|z —y|/?

(=AY 2u(t) = dyjou - dy o (d?TL(U)) + divy g < dWL(u(y))ij> — Oyu(t) (2.202)

Vu(t) =R <d1 ot dy (dﬂ'J‘(u)) + divy ( de(u(y))iO - 8tu(t)> o (2.203)

and R being a continuous operator on L?(S!), we are led to the following estimate:

a7 51y < C (lu®)lI72 + Nldijpu®)lI72 + | 0ult)|72)
< C (14 s pu(d]2: + [Dru()|2) (2.204)
where we used u(t) € N almost everywhere for almost every time ¢ to bound the L?-norm of u(t) by
an L°°-bound depending only on N. To provide some more details, the first two summands on the
RHS of the equation (2.202)) may be estimated by the L?-norm of |d1/2u|2(x), see Lemma|2.2.4.3|in the

second case with u = v = w and the treatment of uniqueness for a rephrasing of d; pu - dy /5 (d7rL (u))
in terms of By (x,y) which is bounded. We highlight that:

lldyj2u()Pl72 ~ [lu()% )2,
4,2

by Theorem [2.2.2.1] which together with Corollary [2.2.4.1]in the case p = 4 allows us to conclude that
u(t) € HY(Sh). 0
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The remainder of the proof of Theorem [2.2.4.2] is now contained in the following Lemma:

Lemma 2.2.4.7. Let u be as in Theorem [2.2.4.3. If ¢ > 0 is sufficiently small, then for almost all
t € ]0,4o00[:

w151y S 1+ [0cult)lp2(s1y,
with a constant independent of w and t. This implies w € L? (Ry; H'(SY)) and thus proves Theorem

loc
2243

Proof. Tt is clear that thanks to the (local) L?-integrability with respect to time, it thus remains to
study the following contribution:
lldy j2u(®) PN 72 = a1 /2ma ~ N ~ 1(=2) 7 u@)l[7a (2.205)

4,2

Using the same ideas as in the proof of the uniqueness statement for N = S"~! (see [102]), we may
estimate this using fractional Ladyzhenskaya-type estimate (2.201)) (obtained by some cut-off function
applied to the periodic extension of u or using [103, Lemma 3.1] and Theorem for v = (—A)Y4u
by:
ldyj2u()Pl72 < C a2l (),

We recall that the homogeneous norm may be used by means of a perturbation-argument using
constants as in the case N = S™~!. Therefore, we have the energy term appearing as for N = S"~!
and provided it is smaller than some ¢ > 0, we find:

lldaj2u(®)PII72 < C'I(=2) " u(®) |2 u@)IF < C'e - lu(@)llF,

where £ > 0 is an a priori energy estimate as in Riviere [68]. If € > 0 is sufficiently small, we may
absorb this term in the left hand side of (2.204)) to arrive at:

(1= CC') - [ul®)llE 51y < C (1+ [0pu(t)]72) = Ilu(t) (1 + 0u(®)ll7z) .

< C
Iy = 7= e
which thus yields an estimate for the H!-norm, if, for example, 0 < ¢ < 1/(2C’C). We observe that
hence, by the integrability properties of dyu and the constant function:

CAS LIZOC(R—HHl(Sl)) (2206)

This allows us to employ Theorem [2.2.4.1] as the local regularity of the derivative is now apparent.
This proves precisely the result in Theorem [2.2.4.2] which is also stated in the introduction of the
paper and thus concludes our investigation of the fractional harmonic gradient flow with small initial
energy. O

2.2.4.3 Existence and Regularity of Solutions

It remains to establish that solutions of the fractional harmonic gradient flow exist and are smooth,
at least locally, and even globally smooth, provided the initial energy is sufficiently small. The ideas
behind the proof are mostly the same as in [102], once we have rewritten the fractional harmonic gra-
dient flow in a slightly different way. It should be noted that the existence result we prove is extending
the one in Schikorra-Sire-Wang [77] which only deals with certain closed manifolds N that possess
nice symmetry properties. The result in its generality presented here is, to the author’s knowledge,
new.

Before entering the proof, let us quickly recap the steps that we shall take in analogy to [102]:
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1. Define the half-harmonic gradient flow operator and compute its linearisation which is a Fredholm
operator

2. Show that the kernel of the linearisation is trivial by first showing that any element of the kernel
is smooth and then applying a maximum principle for the fractional heat equation

3. Establish local existence for smooth boundary data using the injectivity of the linearisation and
the Fredholm properties by using the Inverse Function Theorem

4. Deduce general local existence and global existence in the case of small initial energy by providing
uniform estimates for solutions that allow us to approximate the boundary values and show that
the corresponding solutions converge then to a solution of the half-harmonic gradient flow

An Equivalent Reformulation of the Main Equation A key step in [I02] in order to derive
local existence lies in the application of the Inverse Function Theorem in Banach spaces to argue
along the lines of Hamilton [43]. As one can see in the author’s previous work [102], the property that
the solution assumes values only in S™~! is merely proven after establishing existence and therefore
crucially relies on the fact that u € N is ensured by the 1/2-harmonic gradient flow, provided the
initial datum takes values in N. It is thus reasonable to expect that we shall treat the target space
after establishing local existence. Nevertheless, the choice of formulation of the fractional harmonic
gradient flow we study will be of great importance when it comes to verifying « € N a.e.. As a result,
we first would like to think about the right kind of equation to study.

First, in [102] we used the following sequence of equivalent characterisations:
ut,z) € S" e jut,z)P =14 |ult,z))]>-1=0

Unfortunately, quite such a simple characterisation is not available for general N. However, if we let
7w : R™ — R™ be the extended version of the closest point projection, see Section 4.1, we may see for
u at least continuous and u(0) = ug smooth with values in N:

u(t,z) € N & n(u(t,z)) = u(t,z) & |u(t,z) — w(u(t,z))> = 0,

for all (t,z) € [0,00[x.SL. The key observation is that due to the continuity and the fact that 7(z) = =
only on N and possibly on a subset of the complement of a sufficiently small neighbourhood of N,
the identity 7(u(t,x)) = u(t,z) for all (¢,z) actually necessitates u(t,z) € N, as u(0,z) € N for all
x € S'. The minimal regularity imposed by assuming u is continuous actually prevents u from ever
leaving IV, since the set of fixed points of 7 is a disconnected union of N and a second set disjoint from
N. To summarise, if we start with u(0,-) € N and we know that u remains in the set of fixed points
of m and is continuous, then due to the disconnectedness of the fixed point set, we auutomatically get
m(u(t,z)) = u(t,z) for all t,z. Thus, even though the extension 7 is not canonical, the condition:

jult, ) — w(u(t, ) =0, ¥(t,) € [0, 00[x 5",
is the analogue we are looking for to the function |u|?> — 1 in the case N = "~ 1.
Now, we would like to think about the fractional heat-type equation solved by |u — 7(u)|?. This

will provide us crucial information about the ”correct” choice of non-linearity to study in connection
with the 1/2-harmonic gradient flow. So we are interested in computing:

B (Ju— 7m()|?) + (—A)2 (Ju — m(u)]?)
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For now, we assume that u is actually smooth to justify our calculations. Then:
O (]u — 7r(u)]2) =2 (us — dr(u)ug) - (u — m(u))
Completely analogous to the computations for local existence and regularity in [102], we have:
(=) (Ju = m(u)?) = 2(=2)"2 (u = m(w)) - (u = 7(w)) = |dy/p (u = 7(u))|”

Therefore:

(—A) 1/2 (|u —7( )

) (u—m(u)) + ( A (w=m(w)) - (u—m(u) = |dyyz (u—m(u)

— 2(Id — dn( u)(ut—i— (—A)L/2 >~(u—7r(u))
2 (dr(u)(—A)"2u = (~A)2(r(w))) - (= () = [dy /2 (u = 7(w))

— 2(1d — dr(u))r(w) - (u = (w)) +2 (dr(u)(~A)"2u — (~A)2(r(w))) - (u - 7())
—|dyyz (u—7(w)) |, (2.207)

where we write:
w4 (—A)u = r(u), (2.208)

with r the non-linearity depending on u we are trying to find. We emphasise here that so far, we
have only used simple manipulations and r(u) is a quantity we still need to choose in such a way that
(2.208)) is a reformulation of the half-harmonic gradient flow.

Thinking about (2.207)), one might be led to consider the following non-linearity:
r(u) := C(dn(u),u), (2.209)

where we define:
Cl(a,b) := R(aVb) — a(—A)"?b (2.210)

In particular, for the expression relevant to our further computations this implies:
C(dm(u),u) = R (dr(u)Vu) — dr(uw)R(Vu) = (=A% (x(w)) — dr(u)(—A)Y 2y (2.211)

Here, we denote by R the Riesz-Hilbert transform on S'. Naturally, (2.210) extends to vector-valued
or matrix-valued maps in the natural way. Additionally the operator is already studied in Da Lio-
Pigati [20] and one of the results there, which easily translates to S by the same arguments, is the
following:

Proposition 2.2.4.3 (Lemma E.2, [20]). Assume that a € F34(S'),b € F},(S') with s > 1/p,1 <
p,q < 0o. Then, for any v > 1/p, we have the following estimate:

1C @ D)l sty S Nlallg ysm 1Bl 2 s
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The proof only relies on the characterisations of the Bessel-Sobolev spaces and the use of Littlewood-
Paley decompositions, both of which continue to hold on S* by Schmeisser-Triebel [80] and our dis-
cussion in Section 2. We thus refer to Da Lio-Pigati [20] for the proof.

Observe that Proposition [2.2.4.3] actually also hints at nice bootstrapping estimates available for
C(a,b) and therefore, solutions of can be expected to be smooth, provided the initial datum
is smooth as well, compare this with the ideas in [102]. However, for the moment, we would like to
explore how this choice of r(u) affects the computation in by using the form :

0 (Ju— () + (~A)"2 (ju— w(w)?)
=2(Id — dm(u))r(u) - (u = 7(u)) +2 (dW(U)(—A)”Qu - (—A)l/z(W(U))) (= m(u) = iz (u—m(u))
2(1d — dr(w) ((~2)"2(x(w) — dr(u)(~A)"?u) - (u = 7(w))
(dw(u)(—mwu - <—A>1/2 (r())) - (= m(w)) = |du 2 (u = () [
= —2dr(u) ((—A)"*(r(w)) = dr(u) (~A)"2u) - (u = 7(w)) ~ |dy o — 7(w))
2 (dm(m(u)) — dm(u)) (( A)2(m(u)) —dW(U)(—A)I/QU) (u—m(u) = dyja(u = m(w))]?, (2:212)
where in the last line, we used that u — 7(u) is orthogonal to Ty(,) N and thus:
dr((u)) (u — () = 0.

Applying the fact that dm(m(u)) is an orthogonal projection and therefore symmetric, we may deduce
the equality above in (2.212)). Using now Lipschitz-continuity of 7 and its derivatives as well as
smoothness, we may therefore show:

O (lu —m(w)?) + (—A)Y/? (Ju—m@)]?) < C - |u—m(u) (2.213)

where C' is a constant depending on u. We expand a bit on this step in the next subsection when
determining the kernel of the linearisation of the operator induced by the fractional harmonic gradient
flow. Since u — w(u) = 0 at time ¢ = 0, we may therefore invoke a maximum principle inspired by the
one in Hamilton [43] just like in [I02] to deduce:

lu—7(u)|> =0, Y(tz)€l0,o0[xS,
and consequently:
u(t,z) € N, VY(t,z) € [0,00[xS?

We notice that this precisely proves the required condition on the values of u. Additionally, the argu-
ment works equally well on [0, 7] x S, thus it applies also to local solutions of in time. This
observation will be crucial, as it will allow us to forget about the condition on the values at first and
focus on the analytic aspects of the PDE.

Local Regularity Similar to [I02], we shall prove the following result dealing with local regularity
of solutions:
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Proposition 2.2.4.4. Let ug € C*(S'; N). Then there exists a T > 0, possibly depending on ug,
and a smooth map u € C*([0,T] x S*) solving the following non-local PDE:

u + (A0 = (=AY 2r(u) — dr(u)(—A)Y?u, (2.214)
and satisfying u(0,-) = ug. Additionally, by the result in the previous subsection:
u(t,z) € N, V(t,z) € [0,T] x S,

and, as a result, (2.214]) becomes the half-harmonic gradient flow equation (2.193]).

The last observation is due to the fact that if w € N, then dn(u) is the projection onto the tangent
space T, N and 7(u) = u, i.e.

(=A) 20 (u) — dr(u)(=A)?u = (=AY 20 — dr(u)(=A) V20 = (Id — dr(u))(—A) Y,

which implies that the RHS of (2.214)) is actually orthogonal to T3, IN. This is pecisely the meaning of
(2.193)), see also the computation in Section 3.1, Section 4.1 and [I03], Section 3.1].

Proof of Proposition|2.2.4.4. The proof actually goes along the very same lines as the proof of Proposi-
tion 3.2 in [102], using the local Inversion Theorem for Banach spaces and slightly better integrability
combined with a bootstrap procedure which now uses Proposition [2.2.4.3|instead of the Lemma proven
in [102].

Step 1: Setup
As seen in [I02] by Fourier representation, we may find @ solving the fractional heat equation:

i+ (=A)Y2a =0, a@(0,-) =wuo

By the same argument using an explicit formula for @, we know that u is actually smooth, as ug is
smooth. Let us now define the following map for 1 < p < oc:

H : WyP([0,T] x S*) — LP([0,T] x SY)
H(v) == (@ +v); + (A2 (@ + v) — Cdn(i +v), @ + v) (2.215)

Here, u € Wy P([0,T] x S') ¢ W([0,T] x S') denotes the subspace of functions in W'2([0,T] x S1)
with u(0,-) = 0. We observe that if H(u + v) is vanishing on some subinterval [0,7p] C [0,7], then
U + v is actually a local solution to the half-harmonic gradient flow . Therefore, it suffices to
establish the existence of v with this property. To achieve this, as in [102], we will show that H maps
a sufficiently small neighbourhood of the zero function to an open neighbourhood of H (@) and then
choose f € LP([0,T] x S*) such that f equals 0 on an interval [0,7p] and agreeing with H (%) on the
remainder of [0,7]. Choosing T} sufficiently small, f then lies in the image of H and thus a function
v with the desired properties exists.

Step 2: Fredholm Property of the Linearisation
To follow the program outlined above, we would like to invoke the inverse function theorem for
Banach spaces. Let us observe that H is Frechet-differentiable and:

dH(0)h = hy + (=A)Y2h — C (d (dr) (@)h, @) — C (dr(a), h)
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If we are able to show that dH (0) is invertible, then the inverse function theorem would apply and we
may argue as previously stated. Using Theorem 3.1 in Hieber-Priiss [46], we deduce that:

h s hy 4+ (=A)Y2h,

on the function space above is actually invertible. Therefore, if we can establish that the remaining
summand:

h— C (d(dr) (a)h,u) + C (dr(a),h), (2.216)
is compact, then dH (0) would be Fredholm and thus:
dH (0) is invertible < dH(0) is injective
Indeed, one may observe that (by using V(ab) = Va - b+ a - Vb and the definition of R):
C(a,b) = (=A)"2a-b—R (Va-b) — 2dy sa - dy j2b,
which shows that the second summand in (2.216|) is a compact map. Indeed, we have:
Cl(a,b) = R(aVb) — a(—A)'/?p

= R(V(ab)) — R(Va-b) — a(—=A)"?b

= (=A% (ab) — (=A)2a - b — a(=A)Y?b — R(Va - b) + (=A)2a - b

= —2d) j5a - dy jsb — R(Va - b) + (=A)2a - b, (2.217)
where we used in the last equality the singular integral formulations of the fractional Laplacian.
Reordering now provides the desired formula. For the first summand in (2.216]), we may just use
Proposition [2.2.4.3] and compactness of Sobolev embeddings. In both cases, we may easily deal with
all terms involving @ by using the smoothness of this function. Thus, the operator dH (0) is Fredholm.
Since dH (0) consists of an invertible operator and a compact one and adding a compact operator does

not affect the Fredholm index, which means that dH (0) has index 0. As a result, invertibility of dH (0)
becomes equivalent to injectivity.

Step 3: Regularity of Elements in the Kernel
Next, we want to investigate the kernel of dH (0) to ultimately show that the linearised operator
dH (0) is injective. We argue by contradiction, i.e., assume that A is such that:

dH(0)h = 0.

Using Proposition we now may deduce that h € C*°([0,T] x S'). Namely, we observe that the
summand C' (dr (), k) is arbitrarily regular with respect to z by using Proposition[2.2.4.3] Integrability
in LP follows, as we may uniformly estimate all terms involving @ due to smoothness. For the second
summand, we may argue analogous to [102]: By Proposition we see:

I(=2)*2"Y4C (d(dm) (@)h, @) Lo(s1) S ld(dn(@)hl g3 511V Lo (s
S Ihllzegsty + 1(=2)*R] Lo (s), (2.218)
where the inequality involves constants depending on 4, and therefore also:

(= A)*27 YA (d(dm) (@), @) || oo o.ryxsty S IRlleoryxsty + 1(=A) 2kl Loqoryxst)
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Let us now see the following for any ¢ € C>([0,7] x S') with compact support strictly contained in
[0, 7] x S'. Then we have:

/ / AY2h (=8, + (=AY pdadt

Sl

- / [ B 0+ (A () e
Sl

/ /Sl w)h, @) + C(dn (1), h))(—A)s/%de/ h(0,z)(—A)* (0, z)

Sl

- / Sl(—A)S/Q (C(d(dr)(@)h, @) + C(dn (D), b)) pddt (2.219)

where we observed that (—A)S/ 20 is still compactly supported and smooth as well as the equation
solved by h and the initial condition h(0,-) = 0. Therefore, (—A)*2h solves an inhomogeneous
fractional heat equation with RHS in LP. Arguing by using the connection of 0; + (—A)I/ 2 with the
Laplacian and using an extension:

(. 2) h(t,z), if t >0
,T) =
—h(—t,z), ift<0

by symmetrising of h to times ¢ € [T, 0] (the resulting map (—A)%/ 2h solves a Laplace equation with
RHS in WP i 1n the distributional sense and we may thus argue by elliptic regularity), we find that
(—=A)*2h € W, ’p([O T] x S'). Notice that as h(0) = 0, the extension & is well-behaved. Arguing
as in [102] using Hieber-Priiss [46], where existence and uniqueness of solutions to the half-harmonic
gradient flow in appropriate Sobolev spaces is implicitly treated, we may thus deduce:

(=A)*2h e WHP([0,T] x SY), Vs € [0,3/4], (2.220)

by using the estimate in Proposition [2.2.4.3] as specified before. The next step is to actually find an
equation solved by d,h =: h’'. This is achieved by using a slightly modified version of the equation

dH(0)h = 0 using ([2-217). Namely, we use:
he+(—A)2h = C(d(dr(@)h, @) — 2d, o (dn () - dy joh — R (Vdnr () - h) + (=A)Y2 (dn(@)) - h (2.221)

If we differentiate both sides with respect to x, this leads to:

(at + (—A)1/2) K = C((d(dn(@)) h+ d(dr (@)K, 7)

— 2dy jo (dm (@) - dy joh — 2dy 5 (dre (@) - dy ol
— R (V (dn(@)) - h) — R (Vdr(a)-h')
+ (=A)Y2 (dr (@) - h 4 (=A)Y? (dr(@)) - B (2.222)

A direct computation using (2.220)), we thus know that the RHS of the equation lies in LP([0, T] x S*).
Arguing as before using distributional solutions for the symmetrisation and the connection to the
Laplacian as well as Hieber-Priiss [46], we deduce:

r e WhP([0,T] x SY)
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Inserting this into the main equation dH (0)h = 0, we thus find by differentiating with respect to ¢:
h e W2P([0,T] x S*)

By iterating similar to [102] and our computations starting from (2.222)) as above and repeating the
same steps for higher and higher derivatives, using the connection to the Laplacian and Theorem 3.1
in Hieber-Priiss [46] repeatedly, this shows:

Vs € Rsg: (—A)*h € WHP([0,T] x S1)

Using the equation dH (0)h = 0, we may also discover estimates for higher order derivatives in t-
direction. Hence:
he () WHP(0,T] x 8%) € C>([0,T] x S")
keN

Therefore, any h in the kernel of dH (0) is actually smooth.

Step 4: Kernel is trivial and thus dH(0) is invertible

It remains to establish that actually A = 0. The trick is as in [I02] and the argument presented
actually provides the argument for the missing step to prove in Section 4.3.1: We study the
fractional heat-type equation satisfied by |h|?. One finds:

O (|h?) = 2hs - h, (2.223)

as well as:
()2 (|hf?) = 2(=A)"?h - h — |dyjoh|*. (2.224)

Combining ([2.223)) and (2.224]), we find:

O; (|n) + (—2)2 (|n[?)
=2hy - h+2(—=A)Y2h - h — |d'1/2h|2

—9 (ht + (—A)1/2h> -h— |dy joh)?
= 2(C (d (dr) (@)h, @) + C (dm(ii), h)) - b — |dy ;22 (2.225)

Notice the similarity with (2.213)). Our goal is now to estimate the terms involving C' in an appropriate
manner. For example, we have:

|C(d(dr)(@)h, @) = )R (d(dr)(@)h - Vi) — d(dr)(@)h - (~A)?G
<R (d(dm)(@)h - V)| + [kl [[(=A)20]] L o1)x 51 (2.226)

which shows that we merely have to estimate the contribution of the Riesz operator. We know that
up to a constant, we have for any x € S':

R (d(drm)(@)h - Vi) (z)
~ —PV. / d(dm)(i(z))h(z)Vi(z) — d(dr)(i(y))h(y)Vily)) cot <x;y> dy
< —py, [ S Vile) - M EDNT) o (24 g,

St lz — ]
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S W@l [lullez + |dy b ()| d(dm) (@) || oo [ Vul| Lo, (2.227)

where we used the formula for the distance on the circle |z —y| = 2sin((x —y)/2). The formula follows
by using the fractional Leibniz rule adapted appropriately here. By analogous computations using

, we find:
|C(dm (@), h)(x)] S [h(2)| + |dyj2h|(z) (2.228)

The constants in (2.227)) and (2.228) may depend on @ and on the target manifold N (via the projection
7 and its derivatives), but they are independent of h. To summarise, we have found the following:

¢ (|R?) + (=A)2 (In[?) < Can|hl (|h(2)] + |dyj2hl(z)) = |dyjoh]?,

where C’@N > 0 is a constant depending on @ and N. By using the arithmetic geometric mean
inequality, we may deduce:

- x Can
Can[B] (|A(2)] + |d1 /2Pl (2)) = |d1j2h|* < Can[hf* + == IR[ + 8ldyj2h]* = [dy j2h]?,
and choosing § = 1, we find:
3 (|h?) + (=2)V2 (|n?) < Can|h|®.

Invoking the maximum principle for the fractional heat flow yields just as in [I02] that A must assume
its global extremum on [0,7] x S! at time ¢ = 0. However, as h(0) = 0 and |h|? > 0, this implies:

|h?=0= h =0,

which finally implies injectivity of dH (0). Therefore, dH (0) is an injective Fredholm operator of index
0, which shows that it is surjective, thus invertible. Local existence of WP-solutions to the equation
(2.214]) exist.

It remains to verify smoothness of such a solution uw. This follows by a bootstrap argument similar
to the one for h, but taking a bit more care. The key observation is that in each step of the bootstrap
of h, Holder regularity with sufficiently close a to 1 is sufficient to obtain the desired estimates, i.e.
a > 1/2 and thus p > 4 suffice. Let us for now take p > 8 to make the arguments easier, as we shall
see below any p is possible anyways. Namely, we have at every fixed time:

I(=2)*27115C (dm(w), w)l| o gsry S Nldm(w)l s, o0 IVl Logs)
S llullgoa(syyllullwresty, (2.229)
if 1 —1/8=7/8 = a > s and by integrating in time-direction:
I(=2)*2718C (dr (u), w)| 1o o,11x.51) S Il oo (o,7%.5m) 1l (o, xs1) (2.230)
Arguing as for h before by symmetrisation and Hieber-Priiss [46], this shows:
(—=A) 20 e WEP((0,T] x SY),

for all 0 < ¢ < 3/4. Next, we verify that u € W?2P for all 1 < p < co. This follows from the formulation

(2.214) by rewriting:

(—A)1/2 (r(u)) (z) — dw(u(x))(—A)l/Qu(x) - PV m(u(z)) — W(u(y))‘_ dﬂ(f;(x))(u(x) — u(y))d
St r—y

Y
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By using Taylorapproximation, we see for every j € {1,...n}:
mj(u(@)) — mj(u(y)) — dmj(u(@))(u(z) — uly))
1
= /0 dmj((1 = t)u(y) + u(@))(u(z) — uly)) — dmj(u(@))(u(z) — u(y))dt

= Z/ (O (1 = Duly) + tu(z)) = Opmj(w(z))) (ur(z) = ur(y))dy

Yy / / (t = D) (s — sthuly) + (1 + st — $)u(@)) (g (@) — u(y)) () — wly))dsdt

k=11=1

=: P (u(z), u(y)) (ug (@) — up(y))(w(z) — wly)) (2.231)
This is precisely the form we alluded to in Section 4.1.3. Therefore:
(=) (r(w) () — dr(u(@))(—A)u(z)
dy

=) PV / P (u(x),u (y))dl/zwg(%y)%/ﬂl(%ﬂ)f

(2.232)
k=1 |z — |

Notice that P?* are bounded and thus the RHS of the flow is actually bounded, since we know u € C%
for a > 1/2 and:

(A2 (m(u) () — dr(u(@))(~A)"?u Z PV/ P (u(), u(y))d jpu (2, y)dy jpu (2, y)| df/
k=1
u\xr) —u 2
N /S1 H|x)_y|(2y)dy = |d1/2u\(x)2
< llull o, (2.233)

where a > 1/2. This implies that u € W1P([0,T] x S1) for all 1 < p < +o0, since the RHS of the
fractional harmonic gradient flow for u is thus bounded and therefore in all LP-spaces, see Hieber-Priiss
[46].

Our goal is now to establish higher integrability: We may now differentiate this expression with
respect to x to find:

i ((—A)1/2 (v(w) (t,2) = dm(u(e))(~A) Pu(t,2))

- va P(u(a),u <y>>d1/2u%<%y>d1/2“l<$’y>|xd—y|
k=1 ’
ZPV sz (u(z),u (y))dl/Quk(:c,y)dl/zUE(xay)|xd_yy|

k=1

(aPtute). ) (5(2)) ) dyusto )t (2.234)

|z — |
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It can now he seen, using again Holder continuity and the previously proven regularity as well as
Sobolev embeddings:

d

(=) (mw(w) (t,2) = dm(u(@))(=2)?u(t,z)) € LP(0,T] x 5.

This now shows:
u € W2P([0,T] x S1), (2.235)

by inserting the regularity «' € WP into the main equation to establish higher regularity in time-
direction. Higher order regularity can now be proven by iteration. The result of Proposition [2.2.4.4
therefore follows. O

Let us observe that Proposition [2.2.4.4] actually proves existence of solutions to the fractional
harmonic gradient flow for sufficiently small times for all closed target manifolds N, provided the
initial datum is smooth. This is due to the openness of H(0) being an interior point of the image and
therefore, if we modify H(0) for times ¢ < ¢ to be 0 and else as H(0), then the resulting map is in the
image and thus for some v, it is the same as H(v). However, this already implies that % + v solve the
half-harmonic gradient flow for times up to ¢ = ¢ and by the computations in the introduction to this
section, u + v takes values in N.

In the next section shall remove the regularity assumption on the boundary data by following
Struwe [89] as in [102].

Global Regularity by Approximation, Existence as a Byproduct To prove existence and
regularity of solutions in the case of general initial data, we first have to be able to approximate the
boundary data sufficiently well by smooth functions, The following result follows precisely as in [102]
and the proof is therefore omitted:

Lemma 2.2.4.8. Assume N is an arbitrary closed manifold. Let w € H'/2(SY; N). Then there exists
a sequence uy, € C°(SY) N HY2(SY; N) such that:

Huk - uHHl/Q(Sl) —0, k— .

The next lemma proven in [I02] continues to hold, as its proof relies on general properties of the
Triebel-Lizorkin spaces on the unit circle, while the target manifold is irrelevant:

Lemma 2.2.4.9. There exist C > 0 not depending on R,u, T, such that for any smooth u on [0, T] x S*
and 0 < R < 1, the following estimate holds for all xq € S*:

/ / AV utdzdt < € sup / [(=A)Y4u(t)|2dz

AV drdt + — //| AV dadt |
</ /BR (zo) R?

(2.236)
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by density the same result applies for all w € H'([0,T] x S1), and all boundary terms uy = u(0,-) €
HY2(SY), with bounded 1/2-Dirichlet energy. Similarily, we have:

T
/ (=AY *u*dzdt < sup / (=AY () [Pda
0o Jst 0<t<T,zeS! JBr(z)

T 1 T
< / \(—A)1/2u]2dxdt+ﬁ / \(—A)1/4u|2d:pdt>. (2.237)
0o Jst 0o Jst

Furthermore, due to the orthogonality of the RHS of (2.193) with respect to the tangent space
of N, we also may generalise the following lemmas found in [102], as the orthogonality is the only
property used:

Lemma 2.2.4.10. Let u be a sufficiently reqular solution of the 1/2-harmonic gradient flow in N as
previously defined with u(0,-) = ug taking values in N. Then the following holds for all T > 0:

1 1
ST 2o 1) < 5 I=0) o2

In fact, the energy T \\(—A)1/4U(T)|]L2(S1) monotonically decreases in T

As in Struwe [89], we may introduce for 0 < R < 1 and ¢ € [0,T]:

1
En(u; 1) = = / (=AY ou(t) 2da, (2.238)
2 JBp(@)
for the local energy and also:
e(R) =¢(R;u,T):= sup Egr(u;z,t) (2.239)

z€S1,te(0,T
The local energy estimate from Struwe [89] and [102] continues to hold by the same proof:

Lemma 2.2.4.11. There exists a constant C > 0 such that for everyu : [0, T]x S* — N in H'([0, T] x
SYNL>®([0,T); HY2(S1)), ug = u(0,-) € HY2(S'; N) solving the half-harmonic flow equation
and satisfying the energy decrease property as in Lemma any 0 < R < 1/2 and (t,xo) €
[0, T] x S, the following estimate holds:

En(u: 20,1) < Eap(u; 20,0) + C <];2E(uo) + \g\/es@R)E(uo))

< Esp(u;x0,0) + C <R7i2 + \]/;> E(ug), (2.240)

where E(ug) = Ey/5(up). In the second inequality, we used the trivial estimate between the local energy
and the global one under the energy decay.

Again, the proof is referred to Lemma 3.17 in [102], there are no real differences as the orthog-
onality of the RHS in (2.193)) to the tangent space of IV removes the non-linearity in the computations.

It therefore remains to verify the following results as in Struwe [89):

Lemma 2.2.4.12. The following generalisations of the results in [89] hold true:
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1. Lemma 3.7 in [89]: There exists 1 > 0 such that for anyu € H' ([0, T]xSH)NL>([0, T); H'/?(S"))
solving (2.193) with values in N and any R < 1/2, there holds:

T T
/0 . |Vu|*dzdt < CE(ug) (1 + R3> , (2.241)

with C independent of u,T, R, provided (R) < e1. Here, u(0,-) = ug € HY/?(S';N) is the
initial value.

2. Lemma 3.8, Remark 3.9 in [89]: For any numbers e,7, Eg > 0 and Ry < 1/2, there is a 6 > 0
such that for any u, satisfying the conditions as in 1., solving (2.193|) with values in N and any
I C [r,T] with measure |I| < 0, there holds:

/ [(—A) Y4 Pdedt < e, (2.242)
1Js1

provided €(R1) < €1, E(ug) < Ey. The same holds with T = 0, if we consider a sequence uy,
associated with converging initial data u,(0) in HY?(S").

3. Lemma 3.10, Remark 3.11 in [89]: Let u be, in addition to the assumptions in 1., a C*([r,T] x
SY)-solution to (2.193), then, for every 1 < p < 4oo, there exists a LP([r,T] x S')-bound on
ug + (—A)Y2u with a constant only depending on E(ug), 7, T and R, provided (R) < e1. Here,
7> 0 in general and 7 > 0 in case ug is smooth.

The proof is analogous to [89], we merely rely on the quadratic estimate for the non-linearity given
by:

S° PV [ d (o). uw))ds (o )y ) 2| S e )

k=1 st r —yl

Therefore, as in [102], we refer to [89], as the proofs are obvious modifications of Struwe’s techniques
and the previously presented bootstrap procedure for solutions to fractional heat-type equations.
Arguing as in Theorem 4.1 in [89], we may also deduce that for sufficiently small energy at time ¢ = 0,
global existence is ensured. Otherwise, blow-ups may occur.

2.2.4.4 Convergence of Solutions as t — +00

If we look at the proof of [103 Theorem 3.4], it is clear that the arguments immediately generalises
to the following Theorem by the same proof:

Theorem 2.2.4.3. Let u € L*>(Ry; HY/2(SY)) and us € L*(Ry; L*(S1)) be a solution of the fractional
harmonic gradient flow (2.193) with values in a closed manifold N C R™ and with initial data ug €
HY2(S': N). Assume that:

I(=2)u(®) g2 < [1(=2)*ugll2 <&, V€ Ry,

for e > 0 sufficiently small. Then, for a suitably chosen subsequence tp, — 400, the sequence of maps
(u(ty,))ken C HY(SY; N) converges weakly in H'(S') to a 1/2-harmonic map in N.

We refer to the proof in [102] for details. Again, for sufficiently small ¢ > 0, we may even deduce
that the limit function is a constant map to some point in V.
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2.2.5 Appendix: Morrey Regularity and Increased Integrability as in [20]

In this appendix, we briefly go into some more details of the proof of Lemma [2.2.4.6] We recall that
in the paper, we referred to Da Lio-Pigati [20], in particular Theorem D.7 and Corollary D.8. Let us
expand upon this:

We assume that u solves the following equation:

Al (du, du)(z, y)
|z — y[1/2

(=A)Y2y = dyjou - dy o <d7TJ'(U)> +divy g < dﬂL(u(y))ij> + f, (2.243)

then we notice that:
/ dyju - dy o (dm(u)p) do = fedz,
S S1
by arguing as in Section 3.1.2. Therefore, this shows:
dr(u)(—A)Y?u = dr(u) f

We shall sometimes write dr instead of dr(u) and drt instead of dr(u), implying the appropriate
functions to be inserted.

If we define w = u o I1~! using the stereographic projection as in Da Lio-Pigati [20], this becomes:
dre(w) (—A) 2w = dr(w)7.

and therefore:

(=AY 2w = dr(w) f + drt(w)(—A) Y w, (2.244)
where: 0
F_ —1
f= 1+ l‘zf oI
We let:

vi= (=A)Y 4w, (2.245)
and by following precisely the arguments as in Da Lio-Pigati [20] on p.31-32, we find:

(=AY = Qv + Qo + (—A) V4 (dﬁ)) +2(=A)dat - drto — T(drt,v) + f (2.246)

Here, Q = drt(—A)/*drt — (=A)Y4drtdrt, Q) == T*(drt,dr) and T are the same objects as
defined in Da Lio-Pigati [20], in particular 7" and T™* are the following commutators:

T(Q,v) = (—A)4(Qu) + (—A)*Q - v — Q(—A)/*v (2.247)
T*(P,Q) := (=A)*(PQ) — (-A)/*P-Q — P(-A)*Q, (2.248)
satisfying the estimates due to compensation properties of T, T™:
IT(Q, ) l2 wmem) S QI 17210l L2(R;Rm) (2.249)
I7* (P, @)l 2 agmem) < 1P psso g grsony | Qi o gy (2.250)

for P,Q € HY?(R;R™ ™) N L®°(R) and v € L*(R;R™). See Appendix C in Da Lio-Pigati [20] for
further details. Due to the similar structure of the equation, it is not surprising that the following
holds:
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Theorem 2.2.5.1 (Theorem D.7, [20]). The map v = (—A)Y*w has (—A)Y*(dnv), R(=A)/*(drtv) €
LY(R) and there exists o > 0, such that:

1(=2)Y(dm0) | (B, (@o)) + [R(=A)H(dr )| 1 (3, (o)) S 7
for all v > 0 and uniformly in xo € R.

Proof. The change of gauge argument and localisation estimates work equally well in the case of our
new equation . Thus, Step 1 carries over word by word. In Step 2, we just need to change the
estimate slightly to account for f. Namely, we replace (—=A)Y4(Qh) in Da Lio-Pigati [20] immediately
by (—A)l/ 44y with 10g being the pullback under the stereographic projection of wg which solves:

(—A) 2wy = Qoll - f,

with @ the gauge from Da Lio-Pigati [20]. The argument proceeds as outlined in section 5 and shows

that (—A)'/*@yg lies in all LI(R), for 2 < ¢ < oo, by Hardy-Littlewood-Sobolev inequality. Therefore,

we insert (—A)!/%by, obtaining the same expression as on the bottom of p.32 of Da Lio-Pigati [20]

and by using Hoélder’s inequality to estimate:
(=)ol 28, (o)) S 77

for any § €]0,1/2[ and the estimates on p.33-34 in Da Lio-Pigati [20], one may deduce completely

analogous for some 0 < vy < 1/4:

vl L2.00 (B, (z0)) ST

)

for all » > 0 and xg. Thus, Step 2 of the proof of Theorem D.7 still applies.

The remainder of the proof of Theorem D.7 in Da Lio-Pigati [20] can now be generalized as well.
The application of Adams’ embedding is immediate, the L?-Morrey decay of v can be obtained by
the same trick and due to this, Step 3 holds. Finally, Step 4 and thus the conclusion of the proof of
Theorem follow completely analogous by commutator estimates. O

Looking at Corollary D.8 in Da Lio-Pigati [20] and its proof reveals that the local integrability
(—A) V4w € L (R) follows immediately by the same arguments as given there. Therefore, the
remainder of the argument in section 5 can be applied and provides the desired gain in integrability.

2.3 Bubbling and Global Weak Existence Theory [104]

To conclude our investigations of the half-harmonic gradient flow, we shall now focus on the behaviour
at points where energy concentrates in finite time. We see that when energy concentrates, a bubble
forms, i.e. after suitable rescalings the maps converge to a half-harmonic map with values in a sphere.
Thus, one also obtains natural bounds on the energy required to accumulate at such points and we
may strengthen the existence results in the previous subsections by gluing together solutions of the
flow. This is the second part of the current section and treats global existence of weak solutions in two
ways: Directly by a variational and limiting argument as well as by a gluing procedure. The former
may even provide an example of a solution with potentially increasing energy, a phenomena known in
the case of the harmonic gradient flow.
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2.3.1 Introduction

Among the most prominent partial differential equations is the harmonic map equation. Its relevance
derives from the way they emerge naturallyﬂ as well as the fact that the associated PDE, especially
in the critical realm (i.e. if the domain is two-dimensional), is related to the creation of power-
ful techniques in the context of regularity theory for PDEs such as Hélein’s moving frames method
(Hélein [45]), an adaptation by Riviere [70] of Uhlenbeck’s Coulomb gauge construction (Uhlenbeck
[98], Wehrheim [100]) and bubbling techniques (Sacks-Uhlenbeck [75]). The harmonic map equation
has later on also inspired the introduction of fractional harmonic maps by Da Lio-Riviere [21], [22].
The corresponding regularity theory for fractional harmonic maps, based on contributions by a vari-
ety of authors including Da Lio-Riviere [22]; Schikorra [76]; Da Lio [16]; Da Lio-Schikorra [27], [28];
Mazowiecka-Schikorra [57], and bubbling analysis (Da Lio [I7], Da Lio-Laurain-Riviere [18]) have led
to generalisations of various ideas from the local world, such as Wente/Coifman-Lions-Meyer-Semmes-
type estimates, gauge techniques, Pohozaev identities and many others to the fractional world.

Let us take a step back and recall the main definitions that we shall be using. For the moment, let
us take (M,g), (N,~) to be arbitrary closed Riemannian manifolds. We mention here that we shall
usually assume N to be isometrically embedded in R", a property guaranteed by Nash’s embedding
theorem for sufficiently big n. Using such manifolds, one is naturally led to define the following
Dirichlet energy for maps v : M — N:

B = [ o esuto) <x>§;‘;<x>daz, (2.251)

where we assume for convenience that M, N are embedded submanifolds of the Euclidean space and
use Einstein’s summation convention. Naturality of this definition becomes apparent if one realises
that given M = T™ the m-dimensional torus:

™ =S'x...x St
—_——
m times

as a domain as well as the target space N = R™ with the corresponding natural, flat Riemannian
metrics, the energy simplifies to the usual Dirichlet energy:

E(u) = ;/Tm \Vu|*dx (2.252)

Critical points of (2.252) satisfy the corresponding Euler-Lagrange equation:
—Au =0,

which immediately, by means of elliptic regularity, yields u € C°°(T™). As a result, it is natural to
wonder what one is able to say about the regularity of critical points of the general energy .
In some sense (see also Evans [34]), the condition that u takes values in N may be interpreted as a
Lagrange-multiplier, introducing non-linearity into the Fuler-Lagrange equation. This immediately
leads us to the first key definition:

2The action induced by the Dirichlet energy in Quantum Field Theory leads to the so-called sigma model, connecting
harmonic maps with instatons. See also Chapter 2.4 in Jost [51].
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Definition 2.3.1.1. A map u € H*(M; N) is called (weakly) harmonic, if and only if it is a critical
point of the energy function E defined in ([2.251) among competitors in H'(M; N).

Here, we define H'(M; N) to consist of all functions u € H(M;R") such that u(x) € N for almost
all z € M. Consequently, the choice of space is appropriate for both the energy functional E as well
as the condition of u assuming values in V. It should be emphasised here that critical points do not
only include (global/local) extrema, but also saddle points.

As usual in variational problems, computing the Euler-Lagrange equation is the first step towards
regularity results and in the case of harmonic maps, one obtains the following sequence of equivalences:

u is (weakly) harmonic < (—A)pyu L T,N in D'(M)
< (=A)pyu = A(u)(Vu, Vu), (2.253)

where A denotes the second fundamental form of NV and A is the Laplace-Beltrami operator of M.
This already highlights the intimate connection of harmonic maps to curvature and geometry of the
manifolds and indeed, existence of harmonic maps may be tied to conditions on the curvature, see
for example Schoen-Yau [82]. A particularily striking feature of the PDE (2.253) is the quadratic
structure inherent to the last equivalence above:

|A(u)(Vu, Vu)| < C|Vu\2,

for some constant C' > 0, which immediately singles out the case of M being two-dimensional as
being critical. Unsurprisingly, if «w € H', then the RHS of is in L'. In this case, as Calderon-
Zygmund theory does not apply to L'-functions, one merely deduces Vu € L*»*, so we have regularity
properties of the same homogeneity as at the start and therefore, standard bootstrapping techniques
are unsuccessful in obtaining higher regularity. What is even worse, there is no general regularity
theory for solutions of similar equations with smooth quadratic non-linearity. This may be seen from
the following scalar PDE for u € H'(B1(0); R), B1(0) denoting here the unit ball in R?:

—Au = |Vul?.

In this case, by using v := €%, one may immediately construct counterexamples by using the obser-
vation that the above PDE is equivalent to —Awv = 0 and then considering suitable versions of the
fundamental solution, see Riviére [73, p.32-34] for details.

Fortunately, in the case of the harmonic map equation , the non-linearity behaves much
better due to its special geometric structure. Namely, by the combined efforts of various authors
including (but not limited to) Béthuel [4], Griiter [41], Hélein [44], Morrey [62], Riviere [70], Shatah
[83] and others over decades, we know nowadays that weakly harmonic maps are always regular. A
common feature among proofs of regularity is the use of compensation results based on properties of
2D-jacobians as summarised by Wente’s estimate, see Wente [101], and later extended to arbitrary
div-curl quantities and determinants by Coifman-Lions-Meyer-Semmes [14] which we state here for
the reader’s convenience:

Proposition 2.3.1.1 ([101]). Let r > 0 be arbitrary, 1 < p < 2 and B,(0) C R? be the ball of radius
r around 0. If u € WHP(B,(0)) and a,b € WH2(B,(0)) are such that:

— Au = 0,a0,b — 0,b0ya, (2.254)
and u has vanishing trace on 0B, (0), then u is actually continuous and the following estimate holds:

lull oo + 1Vl p2a + (IV2ull 2 S [[Val g2 [ VB]| 2 (2.255)



124

The reader is reminded that both 8,ad,b and 9,b0,a individually only lie in L'(B,(0)) (at best
guaranteeing Vu € L>*), but their linear combination d,ad,b — d,bdya still behaves better and thus
leads to Vu € L>!,

A similar result continues to hold for the RHS of , provided it consists of a product of a
divergence-free and a rotation-free vector field for higher dimensional domains (see Coifman-Lions-
Meyer-Semmes [14]). In fact, the underlying key result is a Hardy-regularity estimate for the RHSﬂ
One may wonder how this estimate assists us in establishing regularity for equations such as , as
at first glance the non-linearity in appears to have a completely different character. The idea
is that, despite the initial lack of 2D-jacobians in , by either employing Hélein’s moving frames
[45] or Riviere’s change of gauge approach [70], one may reveal the hidden structure of jacobians in the
harmonic map equation. This is best illustrated in the case M = T2, N = S"~!, where the harmonic
map equation reads:

— Au = u|Vul?. (2.256)
Also in this very special case, there is no 2D-jacobian or div-curl quantity involved in the formulation

at this point. Nevertheless, Shatah ([83]) observed that the equation (2.256|) is actually equivalent to
the following conservation laws:

Vi,j e {l,...n} :div (u;Vu; — u;Vu;) = 0. (2.257)

Thus, we have (see Section 2.6 in Hélein [45] for regularity also in the more general case of N being
arbitrary):

—Aui = Z uiVuj . VUJ'
J
= Z (u1Vu] — uJVul) . Vu]' + ujVuz- . VUj
J
= Z (u1Vuj - ujVul) . VUJ', (2.258)
J

where in the last line we used the observation that ) ;ujVuy = 0, as u takes values in Sn~1 and thus
this may be interpreted as a vector of scalar products between u, which belongs to the normal space
of S"~1, and partial derivatives of u, which lie in the tangent space of S"~! by virtue of u assuming
values in the n—1-sphere. Consequently, it is thus completely clear that > ;Uj Vu,; = 0 holds. Keeping
Shatah’s conservation laws in mind, the structure of Wente’s/Coifman-Lions-Meyer-Semmes’
estimate is now uncovered by applying Hodge decompositions to find suitable vector fields for a for-
mulation involving 2D-jacobians. By localising, splitting » into harmonic and zero-boundary value
parts, one may establish a suitable Morrey decrease and this ultimately allows, by virtue of Adams
embedding, to conclude that Vu € Lf . for some p > 2, the details may be found in Hélein [45]. The
remaining part of the regularity proof is then a bootstrap argument.

A generalisation of the notion of harmonic maps was developed years later by Da Lio and Riviere
in [21] following the spirit above. Let us denote by H?*(S';R") the space of functions, such that:

HS(SYR™) = {u : S — R™ measurable ‘ Z(l + [n)®|a(n)? < +oo}, (2.259)
neZ

3In contrast to L', the Hardy space H! is well-behaved with respect to Caldéron-Zygmund operators and thus elliptic
regularity results apply in this case, see Coifman-Lions-Meyer-Semmes [14] and Grafakos [40].
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where 4(n) denotes the n-th Fourier coefficient of u:

1
o

2
u(n) : / u(z)e” """, Vn € Z.
0
The space H'(S'; N) is then defined as the subspace of H'(S'; N), again using Nash’s embedding
theorem, such that u(x) € N for almost every x € S*.
Taking N to be an embedded submanifold of R” with the induced Riemannian structure, we are
able to introduce the s-Dirichlet energy, s > 0 any positive real number, given by:

Ey(u) = /51 [(=A)*2u?dz, Vue H3(S',N),

and in the same step generalise the notion of (weakly) harmonic maps as well:

Definition 2.3.1.2. A map u € H*(S'; N) is called (weakly) s-harmonic, if and only if it is a critical
point of the energy function E4 for variations in the space H*(S'; N).

The fractional Laplacians (—A)S/ may be defined by Fourier multipliers or using principal value
integrals, we refer to Nezza-Palatucci-Valdinocci [63] for some exposition or the next subsection where
both kinds of definitions are introduced. These maps are related to (branched) free-boundary minimal
discs (Da Lio-Riviere [21], Da Lio-Pigati [20]) and singular limits of Ginzburg-Landau approximations
(Millot-Sire [60]), so there are again interesting connections to geometry.

There is no particular reason to use S' instead of R as the domain and most results are available
in both cases. If s = 1/2, which will interest us particularily, F; /2 is conformally invariant (under
the trace of Mobius transformations) and, as a result, the stereographic projection between R and S!
enables us to switch between R and S! seemlessly. For the remainder of this paper, we shall restrict
our attention to the case s = 1/2.

As a very simple first case, if N = R, the Euler-Lagrange equation reads:
(=A% =0,

which, similar to the harmonic case, immediately proves regularityﬂ In general for an arbitrary closed
target manifold N, the Euler-Lagrange equation has a similar formulation as well as structure to

(2.253)), namely it becomes:
1
u is i—harmonic & (=A)Y2u L T,N in D'(SY) (2.260)

In Da Lio-Riviere [2I], the equation above has been rewritten using Three-commutators to reveal
compensation structures inherent to (2.260). In addition, in the case N = S™"~! we may push the

similarity with (2.256]) further by noting the equivalence of (2.260)) with:

(—A)2u = u|d; jpul?, (2.261)

4For instance, in terms of Fourier coefficients:

(CAyu(n) = [n|*a(n), Vn e Z.

This is clear in the case S* as the domain, as it requires @(n) = 0,Vn # 0, hence v must be constant.
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where we use the framework of fractional gradients as introduced in Mazowiecka-Schikorra [57]:

dy

dy jpu(,y) = wlo) - uly) |y joul?(z) = /S1 |d1/2“(x’y)|2m‘

|z —y[V/2

In [103], similar formulations with a quadratic non-linearity were obtained. For completeness’ sake, let
us emphasise here that we use the natural distance [z —y| = |¢"® — %] = 2[sin(%5¥)| on S! ~ R/27Z.
It should also be stated here that the fractional gradients provide a very natural framework for non-
local operators and relate to the Gagliardo-Sobolev spaces and Bessel-Sobolev potential spaces (see

Chapter 6.1.2 in [40]), see also Prats [64], Prats-Saksman [65].

It is interesting to observe that the key features of are also present in : Both possess
a quadratic RHS (see as well as [103] for general N) and are critical equations not allowing for
simple regularity by bootstrap techniques. Indeed, in [103], we even establish a ” curvature-like” formu-
lation similar to in general, but the structure is most easily recognizable in the case N = S" 1.

Regularity properties of half-harmonic maps have been studied extensively and we know that every
critical point of the half-Dirichlet energy is smooth, provided N is smooth as well. The investigation
was started by Da Lio-Riviere [21], [22] and later expanded by other authors, for example in Schikorra
[76] and Mazowiecka-Schikorra [57], the proofs becoming increasingly similar to approach in the case
of the harmonic map equation. In the literature, there are essentially two established approaches
which are in a certain sense two sides of the same medal: Three-term commutators based on improved
regularity of certain linear combinations of terms and non-local Wente/Coifman-Lions-Meyer-Semmes
estimates. For illustration, Three commutator estimates are in some sense various incarnations of
estimates of operators such as:

T : L2(R;R™) x HY2(R;R™™) — H2(R;R™),
defined by:
T(0,Q) = (=A)/4(Qv) = Q(=A)*v + (=A)1Q v
It is immediately clear that this operator quantifies the defect of Leibniz’ rule for the 1/4-Laplacian.

For instance, it is proven in Da Lio-Riviere [21] that:

1T (0, @l gr—1/2 SNl a2l 2

One should keep in mind that a-priori, each summand in 7 (v, Q) individually does not belong to
H-12,

To draw even more similarities to the harmonic map equation, we focus for now on the non-local
Wente/Coifman-Lions-Meyer-Semmes estimate found in Mazowiecka-Schikorra [57]:

Proposition 2.3.1.2 ([57]). Let s € (0,1) and p € (1,00). For F € L?,(R x R) and g € W*¥ (R),
where p' denotes the Holder dual of p, we assume that dive ' = 0. Then F - dsg lies in the Hardy
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space Hl(R)ﬁ and we have the estimate:

1F - dsgllwrwy S N1 e, mxry 191l (m)-

The general s-gradient is introduced in analogy to the 1/2-gradient and we say that divg F' = 0, if

for all p € C°(R):
dydx
//F(x,y)dsw(x,y)_ =0.
R JR |z =yl

Lastly, we define:

Ay

lz =yl

These notions and results also apply for S as a domain and we refer to Mazowiecka-Schikorra [57]

for details. In particular, we have used the following spaces for F': R x R — R and ¢ : R — R in the
formulation of Proposition [2.3.1.2}

F-dsg(z) = /RF(x,y)dsg(x,y)

p p dydz 1/p
FeLyRxR) < |[Fllr rxr) = \F(z, )P ——— < +o0, (2.262)
° R JR |z -yl
and: Uy
- 9(z) —g(y) | dydz P
g e W (R) < [|gllie. _<//’ < +o0, 2.263
®) = gl = ( [ [ [LD20) D2 (2.263)

equipped both with the natural (semi-)norms associated with these spaces. We refer to the paper
Mazowiecka-Schikorra [57] for further details.

Regularity theory for half-harmonic maps is now mostly analogous to the harmonic map case, up
to taking care of tail estimates (i.e. estimates involving an infinite sum of localisations to larger and
larger balls with a smaller and smaller weight, see p.15-19 in Mazowiecka-Schikorra [57] as an example)
emerging due to the non-locality of the equations. In the current paper, we shall just give an outline
in the case N = S"~! following the observations and work in Mazowiecka-Schikorra [57]: Shatah-like
fractional conservation laws hold

Vi, j € {1, e n} : diVl/Q (u,;dl/guj — ujdl/Qui) =0,
leading to a reformulation of ([2.261]) as:
(—A)2u; = Z (widy jpuj — wjidy jous) - dy jouj + Zujd1/2ui - dy jouj,
J J

where, in contrast to the harmonic map equation, the last term is now not vanishing as the fractional
gradient is not necessarily tangential to S”~!. Nevertheless, using 7 the closest point projection to
the target manifold S™~!, or in general N, extended suitably and Taylor expansion, we see:

u(@) —uly) = m(u(z)) — 7(u(y)) = dr(u(@)) (uw(z) — u(y)) + R(u(z), u(y)),
5The Hardy space H'(R) is the subspace of L'(R)-functions such that:
Mo (f)(@) = sup[@: x f|(z) € L'(R),

where ® is a Schwartz function on R with [®dz = 1 and ®:(z) = 1/¢ - ®(x/t). Various other, sometimes simpler
characterisations (for example H'(R) ~ FT,(R)) exist and the relevance of Hardy spaces stem from their ”good”
behaviour with respect to Caldéron-Zygmund operators, especially when compared to L' (R). We refer to [40], Chapter
6.4, for details on the theory of Hardy spaces and their relation to Triebel-Lizorkin spaces.
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with |R(u(z), u(y))| < |u(z) — u(y)|?. Hence, the defect of dyjou being non-tangential is controlled.
Noting that dm(u(x)), written as a differential to highlight the emphasis on its interpretation as linear
approximation, is the tangent projection at u(z), we may deduce, as is done in detail in [57, p.15-19],
that the remainder may be considered to be of lower order and thus does not obstruct the argument.
Then, localising and applying Wente/Coifman-Lions-Meyer-Semmes-type estimates, we arrive again
at a Morrey decrease and, by Adams embedding (Adams [I]), at higher integrability and thus Holder
regularity of half-harmonic maps. Following for instance Da Lio-Pigati [20], one may bootstrap this
information to deduce smoothness of solutions.

The considerations above hopefully convinced the reader of the close connection between 1/2-
harmonic and harmonic maps and their Euler-Lagrange equations, at least in the structure of their
proof and, in some sense, their relation to the geometry of the target manifold. This relation is
something that we exploited in the papers [102], [103] to establish a theory for the half-harmonic
gradient flow in analogy to Struwe [89] and obtain even a weak uniqueness statement in the small
energy realm by extending the techniques introduced in Riviére [68]. Thus, we shall embark on a
short survey of some results pertaining to the harmonic gradient flow before turning to the discussion
of the half-harmonic gradient flow.

To start, let us present the main equation: We consider functions u : [0, T[xM — N, M, N being
isometrically embedded submanifolds of some R¥ and T' € R U {4+oc} and would like to solve the
following equation:

ou — Apru = A(u)(Vu, Vu), (2.264)

for a given initial datum u(0,-) = ug(-) € HY(M; N). The relevance of this PDE derives from approx-
imations of stationary points (i.e. harmonic maps) and questions pertaining to the homotopy of maps
like whether any given map in H'(M; N) is homotopic to a harmonic one (see also Eells-Sampson
[33]). The latter question not being true in general, one may wonder what kind of convergence and
regularity properties are to be expected in finite time as well as when t — +o0o. We shall see, also
in the case of the half-harmonic gradient flow, that bubbling may potentially occur and especially in
the harmonic flow, a variety of different types of bubbling (finite time, infinite time, reverse bubbling)
may manifest, see especially the extraordinarily well-suited approach to bubbling using the inner-outer
gluing scheme (Davila-Del Pino-Wei [29]). We recall that, rather informally, a bubble is a harmonic
map which is created by energy concentration in smaller and smaller neighbourhoods of a point after
blow up using rescalings. Outside of the blow up point, the flow will behave nicely and be smooth,
but at the bubbling point itself, energy accumulates and results in the formation of a so-called bubble.
We refer to Struwe [89] for more details.

The harmonic gradient flow was first studied by Eells and Sampson [33] culminating in an existence
result for minimizers of the Dirichlet energy homotopic to any given initial datum, provided that the
target manifold has non-positive sectional curvature. However, the first general result that applies
independent of any geometric properties (such as sectional curvature) was given by Struwe in [89] for
two-dimensional domains and extended to arbitrary domains in Struwe [90]. We state the result here
in a special case, as it may be found for example in Riviere [68]:

Theorem 2.3.1.1 ([89]). Letug € H*(T?;S"~1). Then there exists a solution u € H'(]0, +-o00[; L?(T?))
of the harmonic gradient flow:

O — Au = u|Vul>  in D'(]0,T[xT?), VT >0, (2.265)
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together with the boundary conditions:
u(0,z) = ug(z), for all x € T?, (2.266)

and satisfying E(u(t,-)) < E(ug) for all times t > 0. The solution u is reqular on |0, +00[xT?2, except
in a finite number of points (tx,xr), k =1,..., K, for some K € N. Additionally, u is unique in the
class € C H} ([0, +00[xT?) which consists precisely of the u € H\ ([0, +oo[xT?), such that:

loc

ImeN,ITH=0<T) <...<Tp <oo: u€ LT}, Tip1[; WH(T?)),Vi <m —1 (2.267)
Finally, there exists a constant C > 0 independent of ug, such that:
K < C - E(ugp) (2.268)

Theorem immediately addresses existence, regularity and bubbling questions as well as
providing a first uniqueness result (at least for strong solutions, i.e. solutions with sufficient regularity
to make sense of the equation in the L?-sense). Interesting features include the fact that bubbling may
occur (Chang-Ding-Ye [12]), nevertheless no energy is lost in the process. So the energy as a function
of time is continuous and monotone up to the creation of bubbles which account for the jump down
in energy completely. This also guarantees that the amount of bubbles that form is finite, due to the
quantisation of energy associared with bubbling and harmonic maps.

The proof of Theorem relies on testing the equation against itself or appropriate
derivatives (testing here referring to integrating the PDE multiplied by the test function). As a first
simple example, let us test against Jyu, i.e. we integrate the equation against 0;u, in order to
find:

T T T
/’ ]@N@m+EmUw—Eww—/)/!Wﬁm&+/u/@(HWW>Mﬁ—QCM®)
o Jr2 o Jr2 o Jr2 2

since Jyu is tangential to S~ !, while u is perpendicular to the tangent space, it spans the normal
space to S"~! C R™. This proves for instance that the energy is non-increasing along the harmonic
gradient flow, a property expected as we follow the steepest desecent of the Dirichlet energy. Testing
against pdyu instead of dyu, where ¢ is some cutoff-function leads in a similar way to control of the
localised energy and hence of energy concentration, a crucial tool in establishing estimates in the proof
in Struwe [89]. Testing against —Aw yields control for the second order derivatives:

T T

/ / (Opu, —Au)dzdt + / | — Aul|*dzdt

0 T2 0 T2
T
= / (u|Vul?, — Au)dzdt
o Jr2

17 I

< / |Vu| dedt + / | — Aul?dxdt, (2.270)
2 0 T2 2 0 T2

which after absorption may be rewritten as:

1 T T T d 1
/ \—Au\2da:dt§/ / yvu\4dmdt+/ — (/ \Vu]2> dt
2 0 T2 0 T2 0 dt 2 T2

T
< / \Vul*dzdt + E(ug). (2.271)
0 T2
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The L*-norm may be estimated as in Struwe [89] using Ladyzhenskaya’s estimate (Ladyzhenskaya
[52]). As a result, allows for uniform estimates in terms of the initial energy and the energy con-
centration. The latter, i.e. concentration of energy, is controlled by the inequalities obtained by
testing against pd;u as we mentioned above, which allows us to reduce this dependence to an es-
timate based on the energy distribution at time 0. So ultimately, by an approximation process as
well as the uniform estimates established just as in Struwe [89] along the lines sketched above (as
well as testing against further suitably chosen functions), one obtains existence of solutions for arbi-
trary initial values in H!(T?; S"1). The rigorous treatment of the estimates is referred to Struwe [89].

There are several natural questions to ask from here: Firstly, one may wonder if bubbling in
finite time is actually possible. This question is answered by Chang, Ding, Ye [12] by using explicit
solutions in the corotational setting. They construct subsolutions blowing up in finite time and prove
that appropriate boundary conditions exist to transfer the blow up to a solution of the harmonic map
flow.

Another question pertains to whether the energy decay is necessary as an assumption. Indeed it is,
without this no uniqueness statement is possible. For instance, in Topping [94], other kinds of blow ups
violating the monotone decay of energy are constructed by using so-called reverse bubbling and prove
existence of "non-physical” solutions. Furthermore, various types of blow ups may be considered using
the inner-outer gluing scheme, studied by Davila, del Pino and Wei [29] and various other authors.
It should be stated that a kind of non-uniqueness phenomena can already be observed for the linear
heat equation in R" (for example in John [49]) where we need some decay at co to ensure uniqueness,
so these kinds of issues are not unexpected.

Lastly, it is natural to inquire whether uniqueness also holds among weak solutions/energy class
solutions. One may show that this is true, at least for solutions with non-increasing energy and has
been shown by Riviere [68] and Freire [35]. Riviere’s argument works for the small energy regime and
for the target manifold S ! and employs an ingenious absorption argument that allows to deduce
that the solution is actually a solution in the strong sense. The key result in such an approach may
be stated as follows:

Lemma 2.3.1.1 ([68]). Let u € HY(T? 5" 1) and f € L*(T%}R") and assume that u solves the
following non-linear quadratic PDE:

— Au=u|Vul|? + f (2.272)
Then u € H?(T?; 5" 1).

It should be noted that Lemma [2.3.1.1| gives the maximal amount of regularity one may expect
from a general u solving such an equation. In the context of the harmonic gradient flow, it may be
applied (for almost every fixed time ¢t > 0) to:

—Au(t) = u(t)|Vu(t)]* — dpu(t).

This equation actually holds for almost every time, provided u € H*(T?; S"!) is a weak solution, as
can be seen from standard arguments. Thus, we deduce that for all such times u(t) € H?(T?; " 1).
However, this does not suffice to prove uniqueness, as we need an L?>-bound on the H?-norms when
integrated over time. This follows however immediately by using a version of Ladyzhenskaya’s estimate
(Ladyzhenskaya [52]):

IVu@)|[a S 1Vu@)2Vu@)l g S Euo)llu@)| 2,
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so we arrive at, by using elliptic regularity as well as |u(t)| = 1 almost everywhere:
lu(®)l < lu@®llz + @ V@ ? = o) , 1+ Buo) lu®)lle + 9@z, (2:273)

so if E(ug) is sufficiently small, the H2-norm on the RHS of (2.273) may be absorbed in the LHS of

(12.273]) to deduce:
w2 S 1+ [|0w(t)] L2,

and by integrating over time intervals, the desired local integrability follows and allows for the appli-
cation of Theorem 2.3.1.7 to conclude.

The proof of Lemma may be found in Riviere [6§] or [I02] for the half-harmonic gradient
flow where a natural analogue holds. Indeed, the techniques discussed so far naturally generalise to
the framework of the half-harmonic gradient flow. The motivation to study this gradient flow stems
once more from approximation of solutions to the half-harmonic map equation as well as the interest
in expanding ideas from the local world to the fractional one. This is what the author has done in
[102] for the case of the target manifold being a sphere and in [I03] for the target manifold being
any closed, isometrically embedded N. Since we shall restrict our considerations later on to the case
N = S"~1 anyways, let us focus on this special case, where the equation takes the form:

Opu + (—=A)2u = uldy jpul?
The most natural formulation of the half-harmonic gradient flow equation in IV is phrased as:
o+ (=AY L T,N inD'([0,T[xS")

First, one may wonder what was known about the half-harmonic gradient flow before [102]. In
Schikorra-Sire-Wang [77], the authors had already constructed solutions to the gradient flow of various
non-local energies of similar type as the 1/2-Dirichlet energy by a discretisation procedure. Unfor-
tunately, the result was limited to target spaces with inherent symmetry such as the sphere due to
the limits taken. In a different paper Sire-Wei-Zheng [84], the bubbling as ¢ — +oco was investigated
by adapting the inner-outer gluing scheme well-known in the case of the harmonic map flow to the
non-local framework, establishing that bubbling is possible for N = S' at time ¢t = +o00. The authors
of Sire-Wei-Zheng [84] further conjectured that bubbling may actually only occur asymptotically, so
no finite time bubbling is possible due to dimensional peculiarities of R and S'. The conjecture is,
according to our best knowledge, still open and under investigation.

Let us now turn to the main result as found in [I02] that answered some of the questions about
the half-harmonic gradient flow:

Theorem 2.3.1.2 ([102]). Let ug € H'/?(S'; 8" 1) be any initial data. There exists € > 0, such that
if:

Eyj(ug) <, (2.274)
then there exists a unique energy class solution u : Ry x S — S"~1 C R™ of the weak fractional

harmonic gradient flow:
Oru+ (—A)2u = uldy joul?, (2.275)

satisfying u(0,-) = ug in the sense u(t,-) — ug in L?, as t — 0. Moreover, the solution fulfills the
energy decay estimate:

Eya(u(t)) < Eyja(u(s)) < Eyja(ug), VE>s € 0,400
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In fact, u € C*(]0,00[xS) and for an appropriate subsequence t, — oo, the sequence u(ty,) converges
weakly in H'(SY) to a point.

If ug has arbitrary enerqgy, then we still get the existence of a solution to on some time inter-
val [0,T[, where T = T(ug) > 0 depends on the initial datum. There exists a similar characterisation
of T(up) as in Struwe [89], namely saying that T'(ug) is the first time such that:

1
limsupe(R;u,t) >e1, VR€0, -], (2.276)
t—=T 2
where:
1
e(R;u,T):= sup  Egr(ujz,t) =  sup / [(=A)Y4u(t) Pda, (2.277)
z€S1 te0,T) 2e5,tc[0,T] 2 JBr(2)

measures concentration of energy and €1 > 0 is a quantity appearing in the proof of the result and is
independent of ug, R, T.

The latter half of Theorem is implicit in [I02] due to the nature of the local existence
proof. As already hinted at earlier, the entire result continues to hold true if we use an arbitrary N
instead of S"~1. As the proof of this result is similar in spirit, but different in various technical and
computational aspects from Struwe [89], we do not go into the details of the proof, but we just present
some of the basic steps as in the case of the harmonic gradient flow to indicate key similarities and
differences: The main idea is, as for the harmonic gradient flow, that testing against v and its
derivatives again yields the desired control of energy concentration and higher regularity estimates.
As a result, one may deduce existence and regularity similar to Struwe [89], once we have a sufficient
local existence theory for smooth ug. Once more, as a first example of the testing-technique used,

testing (2.275)) against d,u enables us to deduce that:

T
| [ ol dade + Bya(um) = Byja(uo)

T T 1
= / /1 |Oyu|*dxdt +/ /1 ) <2|(—A)1/4u|2> dxdt = 0, (2.278)
0 S 0 S

again using the fact that d;u € T;,S" ! L w, leading to monotonicity for smooth solutions of . If
we were to test against ¢d,u instead of dyu, local energy control and thus estimates on the concentration
of energy in points of S’ is obtainable (some technicalities due to the non-locality of (—A)'/4 require
attention in this step). To have uniform estimates, we remember that in the case of the harmonic
gradient flow we tested against —Auw, so it is natural to expect (and this of course holds) that a similar
control can be derived by testing against (—A)'/2u for the half-harmonic gradient flow:

T T
/ / (Byu, (—A)Y?u)dadt + / / |(—A)2u2dzdt
0 St 0 St

T
- / / (uldy sl (—A)2u)dadt
0 S1

17 1 (7
= / / dy jpul*dedt + / / (=) 2u)dzdt, (2.279)
2Jo Jst 2Jo Js

and from here, one argues by employing a fractional version of Ladyzhenskaya’s inequality as well as
absorbing suitable terms on the RHS into the LHS of the inequality above. The uniform estimates
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in terms of initial energy and the concentration of energy are obtained by testing with further maps
derived from u in much the same way, see [102], [I03]. Thus, once we are able to establish existence
of solutions to the half-harmonic gradient flow for small times and regular boundary data, we may
deduce the general existence and regularity result by approximation completely analogous to Struwe
[89] building on the uniform estimates that are obtained in this way.

This leads us to consider the half-harmonic gradient flow for smooth boundary data ug. Local
existence for the half-harmonic gradient flow in this case can be obtained by studying the following
operator:

H:W([0,T] x S*) — LP([0,T] x §%),  H(u) == ue + (—=A)2u — uldy jpul?, (2.280)

for p > 2. Notice that for solutions u of the half-harmonic gradient flow, we of course have H(u) = 0.
Applying the inverse function theorem to H, therefore investigating invertibility of the linearisation
DH (v) for some suitable extension v of ug, allows us to deduce that solutions with arbitrary pre-
scribed smooth boundary data do exist (at least for times ¢ € [0, dp] with dy > 0 sufficiently small
and depending on up). Later on in the current paper, we shall provide an alternative proof of the
local existence result for the half-harmonic gradient flow in [I03, Prop. 3.2] based on a fixed-point
argument involving Banach’s fixed point theorem that again allows us to show existence for a short
period of time by different means (a previously unpublished, yet unsurprising approach).

Lastly, we shall turn to the uniqueness of solutions to the half-harmonic gradient flow in the energy
class: The argument in Riviere [68] generalises thanks to the following Lemma which is a fractional
version of Lemma 2.3.1.1}

Lemma 2.3.1.2 ([102]). Let f € L*(S*;R"™) and assume that u € HY?(S'; S"=1) solves the following
equation:
(=AY = uldy jgul* + f. (2.281)

Then, we have the following improved reqularity property:
ue HY(SY 8™ .

The proof of uniqueness for weak solutions with sufficiently small energy now follows as before
in the local case by absorption and employing a fractional Ladyzhenskaya-type estimate that may
be proven by means of Fourier coefficients and Sobolev embeddings. Namely, one obtains as in the
outline of the proof of Lemma

(—2)2u(t) = u(t)|dy jpu(t)]” — dpu(t),
for almost every fixed time ¢ > 0, so that by applying Lemma [2.3.1.2}
u(t) € H'(SY), (2.282)
for almost every t. As a result, we have by using the definition of the H'-norm:

e S ()32 + 11 (~A) ()35
<1+ [y pu®PI32 + 1(t) 2
ST =) @l 2l (-8 @)z + 1(~A)2u(t) 2 ) + |oru(t) |3
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< L [[(=A) ()22 + I1(=2) (@)l lla(t) 12 + [9eu()] 2
< L+ Eyjo(uo) + Erpauo)l|u(t) 12 + [9ru()] 2. (2.283)

Details on the individual estimates may be found in [102], in particular the fractional Ladyzhenskaya-
type estimate in line 3 of . From here on, the considerations become the same as in the proof of
Lemma by absorbing the H!'-norm on the RHS of the equation into the LHS, provided
E12(ug) is sufficiently small. Integrating both sides of in time yields the desired regularity
properties to apply the uniqueness result in Theorem

For completeness’ sake, we would like to mention that in a later work Hyder-Segatti-Sire-Wang
[47], the authors consider an alternative version of the half-harmonic heat flow not based on the L2-
gradient flow, but rather on ideas similar to the connection noticed by Caffarelli and Silvestre [11]
between fractional Laplacians and Dirichlet-to-Neumann and reading:

(8; — A)Y?u L T,N,

which allows for a monotonicity formula. Such a formula is unknown in the case of the flow .
It is obvious that both flows allow for the same stationary solutions, namely half-harmonic maps, but
the approaches are independent. Additionally, the authors of [47] establish regularity outside of a
lower dimensional set, but not answering questions relating to the uniqueness of such solutions.

In our current work, we will use the characterisation above in order to state and prove
results regarding bubbling. In fact, we shall show that at most finitely many points exist where
bubbles form. By observing that the bubbles are non-constant half-harmonic maps, we may further
show that there must localise a quantum of the 1/2-Dirichlet energy which gets removed from the
flow. To summarise, we shall obtain the following new result:

Theorem 2.3.1.3. Let u be a solution as in Theorem and let xo € S be a point, such that:

lim sup/ [(=A)Y4u)?dz > ey, VR >0, (2.284)
t—T Br(zo)

where g1 > 0 is as in [103, Lemma 4.10]. Then there exists a half-harmonic map v : R — S"~1 such
that:
Um — v weakly in H'(R) and strongly in H'/?(R), (2.285)

where Uy, s a suitable rescaling and translation of u.

Therefore, by using such considerations, we may conclude that the solution constructed in [103]
may be extended by L2-continuity and will be smooth except for finitely many times 0 < T} < ... <
T; < 400, which may be characterised by concentration identities as in Theorem [2.3.1.2

Theorem 2.3.1.4. Let ug € H1/2(Sl; S"=1), then there exists a weak solution of (2.275) with non-
increasing 1/2-Dirichlet energy:
u: [0, 400 x ST = N,

with u € L>([0, +oo[; HY2(SY; 8" 1)) N HY([0, +o0[; L?(S'; S*1)) such that, except for finitely many
times 0 <17 < ... <1y <Tj1q1 :=~+o00, the function u is smooth:

u€ C®(Ty, Tes1[;S™ 1Y), VE=1,...1.
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Moreover, we may bound the number I = l(ug) as follows:

(o) < E(Uo)’
€0

where g9 > 0 is the minimum amount of 1/2-energy a non-constant, half-harmonic map with values
in S"1 must possess.

Of course, both of the results for S” ! carry over to the general manifold case N without major
changes.

In a future paper, we will investigate the smoothness at the critical times outside of bubbling
points. This issue is quite delicate due to the non-local nature of the equation at hand and thus
requires more care than in Struwe [89] where suitable localisations are immediately available. Fur-
thermore, the question whether bubbling may even occur remains open and under investigation as
well, see also p.3 in Sire-Wei-Zheng [84] for a conjecture in this direction. Additionally, the global
existence result in Theorem is still new in the case of arbitrary target manifolds, as previous
papers such as Schikorra-Sire-Wang [77] have either only dealt with special target manifolds or with
solutions for a possibly short amount of time as in the author’s previous work. Finally, the author is
aware of current research Struwe [93] concerning the half-harmonic gradient flow based on techniques
involving harmonic extensions and, once more, arguments similar to Struwe [89]. Thus, alternative
approaches to the problem at hand may be possible.

The structure of the paper is as follows: In Section[2.3.2] we will quickly recall the necessary notions
used throughout the paper, in particular fractional gradients and divergences, Triebel-Lizorkin spaces
on S' and the fractional Laplacian. In the following Section we provide proofs and statements
for properties of the half-harmonic gradient flow. In particular, in Section we provide an
alternative proof of local existence of solutions based on a fixed point argument. Afterwards, we
investigate bubbling in finite time in Section [2.3:3.3] studying the concentration of energy, resulting
in a proof of Theorem Lastly, Section deals with extensions and other ideas to find
global solutions to our main PDE, proving Theorem

2.3.2 Preliminaries

In this brief preliminary section, we shall introduce some of the most important notions used through-
out. In particular, we discuss Triebel-Lizorkin spaces on S', provide a short summary of fractional
gradient and fractional divergences based on Mazowiecka-Schikorra [57] and finally recall some of the
main results associated with the fractional heat flow. Most of the results are discussed in more detail
in [I02] and the references provided therein.

2.3.2.1 Triebel-Lizorkin Spaces on the Unit Circle and Fractional Laplacians

Firstly, we shall discuss Triebel-Lizorkin spaces on the unit circle ST C R? and recall some of the most
important properties of and formulas for the fractional Laplacian. Much of the current presentation
is due to Prats [64], Prats-Saksman [65] and Schmeisser-Triebel [80]. Throughout, we shall use the

distance:
. r—y
_ul=9 r=J
ool =205 (“57)).
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for all z,y € S' ~R mod 277Z.

We define for any f : S' — R the following quantity based on the fractional gradients dsf(z,y) =

J@) 1),
1/q
Ds 4 </ |dsf(x,y)] ’> , (2.286)

lz—yl®
forall 1 < ¢ < ooand 0 < s < 1. We refer to the next subsectlon for some details on the fractional
gradient dsf. Then:

1l st = D) @)oo, (2.287)
for every 1 < p < oo. If p = ¢, these spaces correspond to the usual homogeneous Gagliardo-Sobolev

spaces W*P(S1), see Prats [64], Prats-Saksman [65].

Furthermore, we shall denote as per usual by D’(S') the set of all distributions on S' and occa-
sionally use D(S!) as an alternative notation for the space C*°(S!). Finally, f(k) shall always be the
k-th Fourier coefficient of f, for all f € D’(S'). It is formally defined by:

1

Fk) = o= {fe7h) = %f (e—““’) . VkeZ (2.288)

In Schmeisser-Triebel [80], it is shown that one may define Triebel-Lizorkin spaces for S, denoted by
Fj (S 1), completely analogous to the usual space Fj ,(R") for any parameters s € R and p, q € [1, oo[:

Fyo(8Y) = {feD'(8Y) | I flr, < +oo} (2.289)

The norm is defined by:

s | (o)
jeN

keZ

: (2.290)
Lr(S1)

lq

for a suitable partition of unity (¢;)jen consisting of smooth, compactly supported functions on R
with the properties:

supp o C B2(0), suppy; C {z € R [ 2771 < |z] < 27H1} v > 1

as well as:
Vk € N : sup 27%|| DF ;|1 < 1
JjEN
One may develop, as for example seen in [80, Chapter 3|, a complete theory of Triebel-Lizorkin spaces
on S' and more generally on the n-torus T" by following the techniques of these spaces on R™. We
refer for further details to Schmeisser-Triebel [80], but for now it suffices to be aware that all tools
and results for Triebel-Lizorkin spaces F;  (R") are also available for Fy; (T").

It turns out that the fractional gradients are exceptionally useful in studying non-local problems.
As an example, the following result found in Prats-Saksman [65] is key to many of our arguments,
allowing us to restrict our considerations to fractional gradients rather than fractional Laplacians:

Theorem 2.3.2.1 (Theorem 1.2, [65]). Let s € (0,1), p,q €]1,00[ and f € LP(R). Then:
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(i) We know W*@9)(R") ¢ prq(R”) together with:

1 mmy S 1 s .0 ey (2.291)

(ii) If p > n?_qsq, then we also have the converse inclusion together with:

1 v, @my S 1N s emy- (2.292)

The constants depend on s,p,q,n.

By using the properties in Schmeisser-Triebel [80] for periodic functions and employing Theorem
2.3.2.1} we can arrive at the following equivalence with Triebel-Lizorkin spaces for all 1 < ¢ < oo and
1<p<oo: ' ‘

W (st = £5 (1), (2.293)

with equivalence of the corresponding seminorms, provided p > 5 fsq. As a simple, but important

special case, let us observe that if s = 1/2 and ¢ = 2, then p > 1 is the requirement in Theorem

2.3.2.1| for the equality of F;’/22 and W1/2(®2) to hold. Some more details and a proof of one direction
of Theorem [2.3.2.1] can be found in the appendix of [102].

Finally, we would like to briefly address the fractional Laplacian. The simplest definition is based
on the Fourier multiplier properties of the Laplacian itself, leading ultimately to the following definition
for the fractional s-Laplacian on Fourier series on S':

(ZA)f (k) = [k f(k), (2.294)

for every k € Z and all 0 < s < 1. There is an alternative formulation as a Cauchy principal value,
which actually leads to the same operator and is often useful:

(=A)V2f(z)=C - PV. Mdy, (2.295)

st |z —yl?
where C' > 0 denotes a suitable constant. Similar formulas with less explicit kernels exist for 0 < s < 1,
these are omitted for accessibility of the presentation. Additionally, it is of course possible to define
the fractional Laplacians also on R", leading again to two different characterisations (as a Fourier
multiplier and Cauchy principal value) with the same type of formulas. The details are thus omitted.

An essential property of function spaces is their behaviour under Fourier multipliers, for example
extending results such as Mikhlin’s multiplier theorem for LP-spaces. As the fractional Laplacian is
obviously a Fourier multiplier operator, one expects characterisations of the spaces F,; (S 1) based on
these operators, compare with the Bessel potentials. Indeed, one easily sees (Schmeisser-Triebel [80]):

s . t+2s St

(=A): Fp7q — sz,q7
for all p,q € (1,00) and t,t + 2s € R. This should not be surprising and follows along the same lines
as in the case of Triebel-Lizorkin spaces on R". Observe the use of F (S ) rather than Fy (S h

indicating the use of homogeneous Triebel-Lizorkin spaces, which are again defined as usual, see also
Schmeisser-Triebel [80].
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2.3.2.2 Fractional Gradients and Divergences

Next, we would like to discuss in some depth the notion of fractional gradient and its derivatives,
like the fractional divergence and certain weighted LP-spaces. The presentation greatly draws from
Mazowiecka-Schikorra [57] and is a shortened version of [102]:

One may introduce M,4(R x R) as the set of all measurable functions f : R x R — R with respect

to the weighted Lebesgue measure |i1flg|. In complete analogy, we do the same for S' instead of R

as the domain, denoting this space by Mg if both R or S! are possible as domains. Naturally, the
associated LP-spaces, denoted L, are of interest and the defining (semi-)norms are given by:

dydz \ /P
Pl = ([ [irar 22, (2.296)

for 1 < p < co. The space L3(S! x S') and L(R x R) as the sets of essentially bounded functions
with the essential supremum as the (semi-)norm. Later on, the following quantity, defined in terms of
F,G € My, will be useful:

d
F.G(z) = /F(x,y)G(w,y)|$ _yy| (2.297)
In the special case F' = G, this becomes:
F.F(z)=|F]*(z), |F|(z):=+/F- F(x) (2.298)

Of course, this shows:
1713, = [ 1FP(e)d

Let us finally turn to the definition of fractional gradients: For a measurable function f : R — R
or f: S = R, we define for 0 < s < 1 the fractional s-gradient by:

f(x) = fy)

de(x7y): ‘(E*yls

€ Mod)

and the corresponding s-divergence by means of duality, i.e. for F' € M q4:

(divs F, @) = //F(w,y)dsgo(x,y)m, Y € C°(R) or C*(Sh) (2.299)

It is obvious that:
dsf(y,r) = —ds f(x,y)

Also, a version of Leibniz’ rule holds true:

ds (fg) (x,y) = dsf(z,y)9(x) + f(y)dsg(z, y)

Naturally, divs F' is only well-defined in a distributional sense.

Using the notions introduced for functions F' € L’; ; and as we have already stated in the subsection
before, we do now have:

Ids f1C pr(sty = I1f lirs.o2 (1) (2.300)
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We refer to Theorem [2.3.2.1|for the significance of this. Finally, the fractional Laplacian also has a place
in the setting of fractional gradients and divergences, behaving much as expected from A = divoV:

(=A)*f = Csdivsds f, (2.301)

for some constant C's > 0 depending on s. Equation (2.301)) has to be read as follows for g a smooth
test function:

Cs/dsf-dsg(x)dx:/(—A)Sf-gdx:/(_A)S/Qf.(_A)S/ng:p

A key result to establish, for instance, regularity of fractional harmonic maps or the uniqueness of
weak solutions to the half-harmonic gradient flow with small initial energy is the following Wente-type
estimate:

Lemma 2.3.2.1 (Theorem 2.1, [57]). Let s € (0,1) and p € (1,00). For F € L' (R x R) and
g € WP (R), where p' denotes the Holder dual of p, we assume that divy F = 0. Then F - dgg lies in
the Hardy space H'(R) and we have the estimate:

IF - dugllp ey < 1F ]z exry - N9llipe g)- (2.302)

In the case where s = 1/2 and p = P = 2, we may immediately deduce F - d,g € H™Y2(R)
following the Sobolev embedding H'/?(R) — BMO(R) with analogous estimates. Naturally, the
result also remains valid in the case of the domain being S*:

Lemma 2.3.2.2. For F € L?,(S* x S') and g € HY?(S"), we assume that divip F' = 0. Then
F - dy/yg lies in the space H=2(8Y) and we have the estimate:

IF - dyjogllirrasny S 1Pz (st - Nolgirasny- (2.303)

We refer to [102] for some details of the proof.

2.3.2.3 Fractional Heat Flow

The presentation of this subsection follows Garofalo [37] and we refer to it and the references men-
tioned therein for details.

A natural PDE to consider is the fractional heat flow equation derived from the operator 0 +(—A)?*.
One may be motivated by the ubiquity of the heat equation in general mathematics or by the interest
in the fractional harmonic gradient flow, whose linearisation is closely connected to this equation. Of
course, semi-group theory provides a suitable theoretical framework to discuss questions of existence,
regularity and uniqueness of such solutions. For our purpose, it will be sufficient to introduce the heat
kernel (at least in the special case s = 1/2) and discuss some of its basic properties.

A natural approach to solve the equation for the fundamental solution of the homogeneous equa-
tion:

Ou+ (—A)°u=0, u(0,x)=7do(x),

on [0, 00[xR would be to apply a spatial Fourier transform, leading to the following equation for the
Fourier transform:

da(t, &) + [€]*5a(t,€) =0
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Solving this ODE for fixed £ leads us to:
a(t,€) = eI 5y () = eI (2:304)

The fundamental solution is thus the Fourier inverse of this expression and in the case s = 1/2, the

following explicit formula exists:
t

ull,r) =C s

(2.305)
C being a suitable constant. A fundamental solution on S! may be constructed by periodic extension,
so we discover an analogous kind of heat kernel. It should be noted that outside of (¢,z) = (0,0), the
heat kernel is smooth, thus implying the smoothing property already well-known from the standard
heat flow.

The fractional heat semigroup may be used for various things, such as a formula for the fractional
Laplacians by subordination, see Garofalo [37]. We are more interested in the immediate regularity
properties. By using Duhamel’s principle, one may indeed solve the problem:

ow(t,x) + (—A)°v(t,z) = f(t,x), V(t, x) €]0,00] x S! (2.306)
v(0,z) = g(x), vz € St (2.307)

Regularity may be obtained either by semigroup theory or, if s = 1/2, using the ellipticity of d; +
(—A)'/2 which is contained in:

(0 = (=2)"2) (9 + (=2)12) = (81 + (-2)"2) (8 — (~2)"?) = 6} + &

Therefore, if s = 1/2, an LP-theory with estimates as expected does exist, see also Hieber-Priiss [46]
and the discussion in [102] on the regularity of local solutions.

2.3.3 Half-Harmonic Gradient Flow

In this section, we go into some depth regarding some specific aspects of the proof of Theorem
To be precise, we shall supply the reader with an alternative proof to the local existence result for
smooth ug given in [102], [I03] for some brief interval of time based on Banach’s fixed point theorem,
present a detailed account of the proof of Lemma [2.3.1.2] since this argument is beautiful and provides
potential insight into the way Hodge decomposition may be substituted in the non-local case. The
way to conclude from this uniqueness for weak solutions follows by using similar arguments as in
the introduction and we refer to [102] for the details. Following this, we shall then discuss bubbling
processes based on concentration estimates in localised Gagliardo seminorms and rescaled versions of
the solution. The approach is quite similar to Struwe [89], however the non-locality renders quite a
few steps more difficult and requires us to refine some estimates we have previously established in
102, Lemma 3.11-3.12]. Only after having this estimate available are we in a position to address
boundedness of suitable rescalings of the solution to the half-harmonic gradient flow. To conclude this
section, we discuss global existence of solutions by using two distinct approaches, one producing a
solution based on Theorem with non-increasing energy, while the other proves existence based
on variational arguments, but does not immediately exhibit monotonicity of energy.
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2.3.3.1 A Local Existence and Regularity Result

In this first subsection, our goal is to prove the following:

Proposition 2.3.3.1. Let ug € C*°(S'; S"~1). Then there erists a solution u : [0, T]xS' — S"~1 with
u(0, ) = ug of the equation (2.275)) which is smooth on some time interval [0,T], where T = T (uy).

This result was already proven in [102] by introducing an appropriate solution operator H (see
(2.280)) and applying the inverse function theorem. The key observations were that firstly, the lin-
earisation of H at any smooth function is indeed Fredholm with index 0 and thus injectivity and
invertibility become equivalent. Secondly, an argument based on maximum principles shows that
smooth elements in the kernel of the linearisation are always trivial. Bootstrapping to deduce suffi-
cient regularity then bridges the gap between the two observations and amounts to the existence result

stated as Proposition [2.3.3.1

Here, we will take a slightly different approach and substitute the use of Fredholm theory by
employing a standard argument based on Banach’s fixed point theorem. For the remainder of this
section, we shall denote by:

WLP((0,T] x 8Y) = {u € W((0,T] x 8) € |u(0,-) = uo},
where ug € C*°(S1;5"71) is a given boundary value. Indeed, we shall prove:

Lemma 2.3.3.1. Let ug € C*°(S'; 5" 1) and p > 4. Then the map:
L 1 1, 1

SWP(0,T] x S%) = WP([0,T] x S%), (2.308)

mapping u € W ([0, T] x S1) to the unique solution S(u) € WP ([0, T] x SY) of the following system:

8:S(u) + (—A)Y2S () = uldy jpul?, V(t,z) € [0,T] x S* (2.309)
S(u)(0,z) = up(x), Ve € S (2.310)

Given R > 0 sufficiently big and T > 0 sufficiently small, then S is a contraction of the closed ball of
radius R around ug, denoted Br(ug), onto itself and thus possesses a fixed point.

We remark at this point that by then employing the same kind of bootstrap procedure as in [103],
we immediately deduce that the fixed point is smooth, thus Proposition holds, once we have
established Lemma [2.3.3.1] The reader should notice that we tacitly omit any assumption ensuring
u(t,z) € St for (t,x) € [0,7] x St. This is no oversight, but relates to the fact that by employing
the maximum principle for parabolic equations immediately proves this from the equation , see
the proof of Proposition 3.12 in [102].

Proof. First, one should observe that u|d; pul* € L>([0,T] x S') C LP([0,T] x S'). This follows by
Sobolev embeddings into Holder spaces and the compactness of the domain. Therefore, the operator
S is actually well-defined.

By abuse of notation, we denote by wug also its extension to [0,7] x S which is independent of
time. Let us consider the following for arbitrary u,v € Wa([0,T] x S):

1S (u) = S()llwro < lluldyjzul® - vldjovf||ze
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S = ollzollullZa e + [0l lldyj2(u = 0)llze (Jullore + [0llcare)

STYllu = || oo ullwre + [0llwre - TP llu=vllcaz - (lullwre + o)

S (R [luollwr#)? - TP [ — vl w1, (2.311)
where we emphasise that all estimates have no further dependence on T'. This may be seen by mirror-
extensions and applying the Sobolev embeddings on potentially larger sets. Thus, we may conclude,

provided R is given:
S is a contraction, if T is sufficently small.

Thus, it remains to be seen that provided R > 0 is sufficiently large, then for every u € Br(ug), we
also have:
S(u) € Br(uo)

To see this, we have to consider the difference:
= |luo — S(uo)llwrs

We define for now R = 2d and then choose T' > 0 so small, that the Lipschitz constant in (2.311]) is
1/2. Let us notice that for any u € Br(0), we have:

luo = S(w)llwrr < lluo = S(uo)llwrr +[1S(uo) = S(u)l[wrr

IN

luo — wllwrs

IN
ol
_|_
w\:o‘\"H
Il
=

(2.312)

thus:
S(u) S BR(U()).

This now concludes the proof of Lemma [2.3.3.1} as Wy?([0,T] x S) is a complete metric space due
to the continuity of the trace operator. O

2.3.3.2 Uniqueness: Lemma [2.3.1.2

In this short section, we shall explain the proof of Lemma [2.3.1.2] which can be seen as Riviere’s
Lemma ([68]). Recall that we are interested in solutions u € H'/?(S'; $"~1) of an equation of the
form:

(—A)2u = uldy jgul* + f, (2.313)

where f € L2(S';R™). We observe the following (using Einstein’s summation convention):

<diV1/2 (Uidl/Zuj - Ujdl/QUi) 790>D'(Sl)
uzdl/Quj - Ugd1/2uu d1/2<P>L2 (S1xS1)

/Sl /51 —u;(y))(p(z) —wly) () (ui(2) — ui(y))(p(z) — ¢(y) dydz

|z —y? |z — y?

— / / d1/2uj($, y) (dl/g(ulcp)(x’ y) _ dl/QUi(.T, y)@(y)) ‘dy_dm
51 /s e
_ /S1 /51 dy jpui(,y) (dl/Q(Uj(P)(.%',y) — d1/2uj($,y)g0(y)) ’;ly_dz’
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= / / d1/2ui(95,?/)d1/2(uj90)($7y) - d1/2uj($7y)dl/2(ui90)(xu Y) dy_d:c
s1Jg1 lz -yl
= /S1 wi(@)ldyjgul? () - uj(@)¢(x) — uj(@)|dy jpul* (@) - ui(2)(x) — filz)u;(2)p(x) + fi(2)ui()p(e)de
= [ () @) = uy@)fla) el (2314)
which reveals, in analogy to Riviere [68]:
Vi,j € {1,...,n} : divy (uidl/Quj - Ujd1/2ui) =uifj —ujfi (2.315)

One may solve now for i, j as above the equation:
(=AY = uifj — u;fi,

for ¢;; € H 1(S1). Observe that we may choose these in such a way that ;j = —j;. Then it becomes
clear:

divy o (widy jouj — ujdy jpu; — dyjothij) =0
Thus, defining €2;; = u;d; pu; — ujdy ou; — dyjtij, we find:

Here, T'(u) is the remainder as already found in Mazowiecka-Schikorra [57] and [102]: It is given by
T(u) = (T (u),...,T™(u)) and

. - 1 & dy
A4 1,... 2T (u) = = dy joui(x,y)|d y)|?
P (L n}: Tiw) 2Z;Lmu@yﬂwwﬂ$w|u_ﬁ
One may generalise this remainder as follows:

i 1 dy
T (u,v,w) = 5 Z/Sl d1/2ui(x7y)dl/ﬂ)k(xvy)d1/4wk($7y)ma
k=1

such that T'(u) = T'(u,u,u). This term has good integrability properties, see the proof of Lemma 3.8
in [I02]. To simplify, let us notice that 1) € H'(S') < W1/2P(S1) by Sobolev embeddings for every
p < 400 and thus, using Prats [64]:

dyjot - dyjpu € LY(SY), V1<g<2,
since |dy joul € L*(S") by u € H'Y2(SY). Thus, can be rephrased as:
(—A) 2= Q- dy pyu+ T(u,u,u) + f, (2.317)
where f = f +dy ot - dyjou € LI(S?) for all 1 < ¢ < 2.
The key idea in Riviere [68] is now the following: We try to approximate 2 by a smooth Q with

vanishing 1/2-divergence, such that: .
12— Qllpz, <,
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for € > 0 small. Similarily, we approximate u by a smooth @ in Hl/z(Sl). Then ([2.317)) leads us to:
(—A)Y2y— (Q - Q) cdy jpu—T (u, u—it, u—it) = Q-dy jput+T(u, u, @) +T(u, i, u—ii)+ f = f (2.318)

Since divyo(2 — Q) = 0, we notice that we are in the realm of the fractional Wente-type estimate in

Proposition [2.3.1.2, Namely, if v € Fpl’/QQ(Sl) for some p > 2, then we have by Holder’s inequality:

[(2-8)

<12 = € . . .

Lz, S10= Dl ol gage <o ol o
2p’

Since F;,{ 22 (S1) < L2 for p’ the Holder conjugate of p by Sobolev embedding, the inequality above

immediately yields:

[(2-) o] 1l

In the case p =2, i.e v € F217/22(S1) = H'/2(S"), then by Proposition [2.3.1.2] we get immediately:

| (2=2) - diou] S 192 = Qllsz 0l 72 < 2+ ol e
In an analogous manner, the estimates in the preliminary section show us:
T (0= = @) oasn S = @3l asn < 22 ol
for all p > 2. This shows us that the operator:
v v — (—A)Y? ((Q—Q) -dl/gv—i-T(v,u—ﬂ,u—ﬂ)) )

actually defines an invertible operator (one has to be slightly careful at this point and restrict to v
having vanishing mean), for any p > 2, from F;/QQ(SI) to itself, provided & > 0 is sufficiently small.

Keeping the RHS of (2.318)) in mind, it is immediate that it lies in LY for all 1 < ¢ < 2 by estimates
from the previous subsection. Thus:
(—A)~2 (Q <dyjou + T (u,u, @) + T(u, @ u — @) + f) € ELy(SY) = FY} (sY),

q
2—q 12

for again all ¢ € [1,2[.

The conclusion of Lemma [2.3.1.2] follows now by noticing that 7(v) = (—=A)~'/2f does possess

a solution v € F;/;(S 1) by invertibility for each fixed p > 2, provided £ > 0 is sufficiently small.
Observing that due to compactness of S, we have:

EYHSY) € BylA(SY) = HY2(sY),

by choosing € > 0 so small, that invertibility holds for p = 2 and some p > 2, we conclude that the

solution v € F;’/;(Sl) must also lie in H'/2(S"). Since u € H'/?(S') is already a solution and by
invertibility actually the unique one, we deduce:

v=u=uc€ F;/;(Sl)



145

As p > 2 was arbitrary up to possibly choosing better approximations for even smaller € > 0, we find:
we E2(SY), vp e[l +oof

Taking p = 4, we deduce:
|dy jpul® € L*(S"), (2.319)

which combined with |u| =1 almost everywhere and (2.313)), we thus conclude:
(—=A)Pu = uldyjpul® + f € LX(S) = w e H?(SH 5771,

which is the required conclusion.

All that remains to do is to justify the approximation of  and u. Since the latter is standard
and does not require any further interesting considerations, it is omitted here. The former, however,
requires some care. Thus, let € > 0 be arbitrary and we shall consider the following approximation:

Qs := Q- 1p,,

where:
V6 > 0: Ds:={(z,y) € S' x S|z —y| > 0}

So D; omits a neighbourhood of the diagonal. It is clear by Lebesgue’s dominated convergence, that:

Qs — Q, as 0 — 0, (2.320)

in the space L2,;(S' x S1). Thus, take & so small that:

9
19— Ol 2, < = (2.321)

Now, we may argue by convolution by a suitable smooth kernel to replace {25 by a smooth function,
again denoted 25, which vanishes close to the diagonal {z = y}. This is again standard and thus
omitted.

The final obstacle to overcome is to adapt Qs € C°°(S* x S!) in such a way that:
divy /s =0
To achieve this, we shall solve the following problem:
(—A)2hs = divy o Qs,

i.e. solving the weak equation:

dydx dydz
(=A)2hs, o) d1/2h6 2, y)dy j2(, ) — Qs(x,y)dy pp(z,y)———, Vo e C®(S).
St \37 - y\ Ss1Jst [z —y|

Existence of such a solution is immediate, as in the case of {25, one may define the divergence directly
as a smooth function. One may immediately notice that since Q5 € L2, we have:

(—=A)2hs € HV2(S") = hy € H'(SY),
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together with the estimate:

L e

dydx
= [ (@w.0) ~ o) dy ol )
51 |z — y|
<19 = Q2 sl o (2.322)
ultimately proving:
€
hsll /e S 1€ = Q2 < 5

where we used in the computation above that divy/; 2 = 0. Therefore, by choosing 6 > 0 sufficiently
small, we have:

1925 — dijohs — Q12 S e, (2.323)

as well as:
divy jo (R — dijohs) = divy s Qs — (—A)/?hs = 0. (2.324)

It should be emphasised that (—A)Y/2 = divy /g ody /5 in complete analogy to A = divoV. This is
precisely the desired approximation and thus concludes the proof of Lemma [2.3.1.2 O

2.3.3.3 Bubbling-Analysis and Concentration of Energy

In the current section, we will first study the concentration of energy in greater detail and with more
precise estimates. Two main results shall be obtained: Firstly, we shall improve the following Lemma
3.16 in [102]:

Lemma 2.3.3.2 (Lemma 3.16 in [I02]). There exist C > 0 not depending on R,u,T, such that for
any smooth u on [0,T] x St and 0 < R < 1, the following estimate holds for all xog € S*:

/ / 1/4u\4d:cdt<C sup / [(=A)Y4u(t)|2dz
/ / 1/2u\2d$dt—|—/ / |(= A2 dzdt |
BR CC()

(2.325)

by density the same result applies for all w € H'([0,T] x S1), and all boundary terms uy = u(0,-) €
HY2(SY), with bounded 1/2-Dirichlet energy. Similarily, we have:

T
/ (A uftdadt < sup / (=AY Vo (t) 2da
0 Jsi (z)

0<t<T,xeS1!

T
< / (=AY 2y 2dxdt+— / I(— 1/4u|2d:xdt>. (2.326)
0 S1 g1

The improvement will be in the order of power of R that occurs and this is indeed crucial for a
non-local rescaling argument to work, for instance giving an improved exponent in Lemma
Namely, we shall show that R~3 may be replaced by R~2 which allows for suitable rescaling and a
blow-up procedure. Secondly, we will connect the condition to an analogous condition for
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the localised energy in balls, sacrificing potentially focus by allowing for ”larger” balls in which the
localised Gagliardo-seminorms are bounded from below. Observe that due to the non-local nature of
the 1/4-Laplacian, e(R;u,t) takes into account not only value of u(¢, ) in a ball, but on the entire S*.
However, contributions ”far away” are not as important (these are dealt with by enlarging the balls
under consideration) and thus we may restrict our attention to the local Gagliardo seminorms on balls.

An Improved Version of Lemma 3.16 in [102] In this brief subsection, we shall argue why the
following refinement of Lemma 3.16 in [102] holds true:

Lemma 2.3.3.3. There exist C > 0 not depending on R,u, T, such that for any smooth u on [0, T] x S!
and 0 < R < 1/2, the following estimate holds for all xo € S*:

/ / AV urdzdt < C sup / (=AY u(t) P
BsR(iUo) 0<t<T J Bpr(zo)
( / / A2y Qda:dt—ir— / |(— 1/4u\2da;dt>,
Bgr(zo) S1

(2.327)

by density the same result applies for all u € H*([0,T] x S1), and all boundary terms ug = u(0,-) €
H'Y2(SY), with bounded 1/2-Dirichlet energy. Similarily, we have:

T
/ (=AYt dzdt < sup / (=AY () [2da
0o Jst (

0<t<T,zeS!

”
T 1 T

(/ \(—A)l/%y?d:cdHRQ/ / \(—A)1/4u]2dxdt>. (2.328)
0 St 0 g1

Proof. The key observation lies in the following estimate: In [I02] and [I03], we used the rather crude
estimate:

/ / PV/ A () 28 = 2W) dy’ dedt
st st |z — y|3/2
1 (@) — o)l
1/4 ——=dy - —d dxdt 2.32
/ | AP - [ R (2:329)
A)/4 2 9
S [ [ 1A P (2:330)

where ¢ is a cut-off function on some subset Bgr(zo), zo € S'. In [102] and [103], we then obtained
by summing for a suitable covering by balls with finite-intersection property the terms .
Instead of using , we will now use and obtain a more precise estimate. For each fixed
value z € S! (observe that if we are able to obtain a bound independent of z, one may argue as in
to finish), we have then a sum:

5 les(o) = )P
P

Jel
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which we want to estimate in order to establish using and summation over a suitable
covering. Here, ¢; are the corresponding cut-offs to a suitable covering, i.e. they are supported in
balls of radius R (¢; being equal to 1 on the ball with same center and radius 3/4R) with the property
that every point is contained in at most 3 of these balls. In fact, the covering should be as in [102],
taking balls of radius R around ?% points which are evenly distributed along the circle and observe
that such a covering immediately has the finite intersection property (indeed, any given point lies in
at most 3 such balls). Now, if ¢;(z) # 0, we use the estimate:

lpi(x) — i(y)?
EEEE

1 < 1 1

< Vellie——5 S = ——
e —y2 Y R |z —y[1/2

Notice that ¢(x) # 0 only holds true for finitely many j (due to the choice of balls above, recalling
that ¢;(z) # 0 only if « lies inside the associated ball), this number being independent of R, so by
integrating over S' and exploiting the integrability of 1/|z — y|*/? on S! in y, we deduce that the
contribution of these terms may be bounded by 1/R?.

Next, we have to consider all terms with ¢;(x) = 0. By choice of the covering by balls with equal
radius and equally spaced along the circle, see [102], it is clear that then:

| —y| > R,

for some & > 0 independent of R. Indeed, the cover may be chosen in such a way that for § > 0
small and independent of R, we have that for 2 € S, Bsp(x) lies in one of the balls of the covering.
Then only finitely many have non-empty intersection with this ball around z and thus all others must
satisfy

|z —y| > IR,

for y in the remaining balls. Taking next the ball which gets closest to x among all with empty
intersection with Bsg(x), we have that again only finitely many have non-empty intersection with this
one, namely a maximum of 3 again, all others satisfy

2 —y| > (cHi)R,

for y these balls. The reason for this lies in the fact that provided there is no intersection with a
ball Bj, then the midpoint M; of B; must have at least one midpoint of a different ball between x
and M;. So the distance must be larger by 3R/4 than the distance for the closest point of the ball
with midpoint in between. Iterating such an argument, see also Figure and observing that the
number of intersecting balls may be controlled independent of R, we arrive at the estimate ultimately
required. Thus, by integration of these summands, we obtain a sum of the form:

1 2 1 1
3 - < < . VR€0,1/2]
3/2 . 3/2 ~ p3/2 ~ R2° )
jer, B (34 + 5) R R

4

"The points labelled are the midpoints, the coloured arrows give the size of balls and x is marked purple. It is clear
that z lies in the balls around My, M7, M. These are treated as in the case po(z) # 0. Every point y in the ball around
M3 has now a fixed distance in terms of slightly less than R from x at least, say R as in the proof. For the ball around
My, the minimum distance is increased by a step between midpoints, i.e. 3R/4. The same holds for Ms, etc.. Naturally,
the same argument may be done for going over to M_1,M_o, ..., ultimately giving the result in the proof. Reducing
the overlap of balls leads to better estimates. Moreover, the estimates may be made uniform in x which is done in the
proof (the argument just requires one to treat all balls that contain one point of the ball around My with the first case,
leading to 5 balls being covered by this case, while the others are still treated precisely the same way as outlined.
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M_, Mo M, M, M; M,

| | —_— | |
Radius of balls: R d(z, Br(Ms3)) =R d(Msz, My) = %R

Figure 2.3.1: Sketch of the splitting of points with varying distances as in the Proof of Lemma|2.3.3.3

Indeed, observe that the covering may be chosen in such a way that at each point, at most 3 of the balls
intersect. Noting that we may select balls and describe the distance between x and the corresponding
balls in terms of (j+ )R, the statement becomes apparent. Then by integrating 1/|x —y|/? explicitly,
we obtain the sum above. Combining both contributions, we get the improved estimate by
arguing as in [103]. O

Such a result also allows for a slightly more refined version of Lemma 3.19 in [102]:

Lemma 2.3.3.4. There exists €, > 0 such that for any v € H'([0,T] x S*) N L>([0,T); H/2(SY))
solving:
ou+ (—A)Y?u L T,N inD'(J0,T] x S*)

with values in N and any R < 1/2, there holds:

T T
/0 /S1 |Vul2dedt < CE(ug) (1 + R2> , (2.331)

with C independent of u,T, R, provided £(R) < e1. Here, u(0,-) = ug € H1/2(SI;N) is the initial
value.

The proof is as in [103] or Struwe [89], the only change lies in the application of Lemma
instead of Lemma 3.16 in [I02]. This improved version will be crucial in the blow-up procedure, as
it will enable us to deduce that the H!'-energy is bounded and thus leads to a good solution after
extracting a weakly convergent subsequence, since we have now an appropriate scaling-behaviour of
time and space variable.

Lower Bound for Local Gagliardo Seminorms Next, we would like to establish a connection
between the concentration condition at blow-up points and the Gagliardo-seminorms at the
same points. The intuition behind the estimate is that whenever 1/2-Dirichlet energy concentrates
close to a point, then also the localised Gagliardo seminorm around the same point should concentrate,
just as it is the case for the harmonic gradient flow in some sense (the statement is however tautological
in this case, as the energy is already local). Due to the non-local nature, however, contributions from
further away may still be significant, forcing us to include a bigger domain in the estimate of the
seminorm than in the 1/2-energy to avoid concentration in "neck regions” that we would otherwise
not account for. The key connection is the following:
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Proposition 2.3.3.2. Let ¢ > 0 be given and N sufficiently large depending on €. Assume that
we HY2(SY) with |u| <1 and such that:

[l e
BRr(zo)

for some R < 27N=1. Then there is a § > 0 depending only on n and e, such that:

B 2
/ / [u(z) U(2y)| dydz > 6
By p(z0)  Byn p(zo) 1T =Yl

In the proof, we shall clarify the necessary requirement for N. Also, the same proof continues to
hold for arbitrary bounded u with ¢ depending also on ||u|| .

Proof. Firstly, we observe that the independence of R and xg of § may be obtained by rescaling and
rotations, possibly after using stereographic projection. So we do not have to worry about such de-
pendencies.

Let us argue by contradiction: Assume the statement was wrong, then there exists a sequence
u, € H'/?(S') of bounded functions, such that:

/ ’(—A)1/4un|2d$ > e / / ‘Un(-f) — UnZ(yNQdydx < l
Br(zo) ByN g(20) J Byn g(20) = y| "

In particular, we have (up to modifying the u, by a constant and extracting a subsequence):

Up — 0 in HY?(Byn p(x0))

We emphasise that here, we use the Gagliardo-Sobolev norm on the ball. As seen in Nezza-Palatucci-
Valdinoci [63], we may extend the u, € H'/?(Byx (o)) to v, € HY?(S') which are still bounded by
a common multiple of 1 and such that:

||Un||H1/2(Sl) S Hu””Hl/Q(BQNR(wo)) — 0,

which also shows:
(=AY 4, 2z = 0.

lim |
n—oo S1

Thus, to arrive at a contradiction, we just need to show:

lim inf (=AY (uy — vp))Pda < &
n—oo BR(xO)

This can be easily obtained by observing (due to u, = v, on By~ p(20)):

/ (= Aty — ) 2
Br(z0)

2
< / / un(y) — 1;72(y)ldy I
Br(zo) \ Y Byn p(z0)° |z —y|
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2
Br(wo) \/B,N g(w0)° [z =yl

)
S — - ax
Br(xzo) |2 F 2V R|
Slog(1-27N) <27V <, (2.332)

provided N was chosen sufficiently large at the beginning, depending on . Thus the required statement
follows, as this contradicts our assumptions and thus provides the desired contradiction. O

The key feature of Proposition lies in the fact that it connects the localised (but still non-
local) Gagliardo-seminorms to the concentration of energy. The power of 2 that appears is due to the
non-linearity and ensures that "not too much” energy is lost by restricting to balls. Ensuring that
energy is stored in balls of sufficiently small radius is crucial to obtain half-harmonic maps in the limit.

Bubbling-Analysis Having proved Lemma [2.3.3.3] as well as Proposition [2.3.3.2] we are now able
to study the bubbling process in points where energy accumulates. The analysis is inspired by Struwe
[89], but has to take care of the non-local behaviour associated with the fractional Laplacian:

Theorem 2.3.3.1. Let u be a solution as in Theorem and let zo € S be a point, such that:

t—=T

lim sup/ (=AY *u?dz > ey, VR >0, (2.333)
Br(o)

where g1 > 0 is as in [103, Lemma 4.10]. Then there exists a half-harmonic map v : R — S~ such
that:
up — v weakly in H(R) and strongly in H'/?(R), (2.334)

where uy, s a suitable rescaling and translation of u.

As stated in the introduction, an analogous result holds for any closed N instead of S"~! as target
manifold, up to some technical changes in the formulas. Additionally, we highlight that implies
at a suitable point by choosing subsequences. Therefore, Theorem actually concerns
the behaviour of functions at the critical time in Theorem 2.3.1.21 It should be noted that the number
of points xg satisfying is finite due to the limited amount of energy available, so these points
may not accumulate.

Proof. Let us argue along the lines of [89, Theorem 4.3]. The key idea is to rescale u on subintervals
of [0,T] and apply the results in Lemma and Proposition to deduce convergence. Let
us always assume that N is chosen large enough to allow for e = £1/2 in Proposition and take
d > 0 to be the associated lower bound for the Gagliardo seminorms.

We now define rescalings as follows: For each R > 0, we have:
or:R— S'~R/Z ~ [—m; 7|, (2.335)

with the properties:
2N 2N
‘PR(‘r) = RQ‘T? Vz € [_Eﬂ E]ﬂ ‘QD;%(‘T” < R27
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and:
lim pgr(z) = +7.

r—=Fo00

The existence of such a function is clear.

By (2-333)) and choosing points (t,,z,) € [0, T[xS! as in Struwe [89] with ¢, — T, x, — z¢ and
such that:

Egr, (u(tp,),zn) =1 = sup Eg, (u(t,-),z),
0<t§tn,Z€BT(Zo)

where R, — 0 and r > 0 is chosen small enough that no other point with the property (2.333) is
contained in B,.(zg). We shall now define:

w7, 0] x R = S"7L 0w, (t,x) = u(ty, + R%t, 2, + og, (2)) (2.336)
Here, v > 0 (using Lemma [2.3.3.4)) is chosen in such a way to ensure:
Esg, (u(t); xn) > 51/2’ vt € [tn - ’VR?w tn]'

See also Lemma 4.9 in [I03] for a justification of this fact and compare this with Struwe [89]. To
define z,, + ¢g, (z), we may use the periodicity of u in the space-variable. The key properties of these
functions are their boundedness properties. For example, we have:

/ /\Vun (t, )| dxdt

- R/tn 2 s Vuls, )@k, (PR, @) P|(¢R,) (v)|dyds

[ . /S Vu(s,y) Ik, (¢ (1) ldyds
n="7

< [" [ Vutslayas < B, (2.33)
tn—yR2 JS1

where we used Lemma [2.3.3.4] as well as the choice of points (¢,,x,) as above. Notice that the chain
rule is employed at one point to simplify the expression. Similarily:

/ / | (o)

2N/R

- [ / 1o, )Pl )
tn— ’YR 2NR

/ / |0pu(s, y)|2dydt

tn— ’YR B2NRn (-Tn)

< / Bru(s, y)|2dydt < B(uo) (2.338)
tn—yR2 JS1

One may now extract convergent subsequences. Thus, we end up with sequences wu,(7,,-) which
converge weakly in H'(S") and strongly in H/2(R) to v € H*(R). Choosing the subsequence to be
pointwise convergent a.e., we may even deduce:

ve S ae.
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Furthermore, Proposition [2.3.3.2] shows, thanks to the concentration of energy, that:

_ 2
§ < / / |u(t, ) U(Zt, D gz,
BZNR.,L (In) B2NRn (xn) |x - y|

for all t € [t, — vR2,t,]. This also shows:

_ 2
ByN /g, (zn) /B Zn) |z — yl

2N/Rn(

Thus, by passing to the limit as n — oc:
Eya(v) > 6 >0,

and so v may not be constant. It remains to check that v is actually half-harmonic. This is however
an immediate consequence of the original equation:

Aeu+ (=AY 2y = uldy jpul?

Namely, since for 7,,, we have:

Opu(ty,) — 0,
as n — oo in L} (R), it remains to prove convergence of the other terms. Namely, we have for any
p € C2(R):

dydx
//dl/2v(x7y)dl/2g0(xvy)y
RJR | Yl

] dydz
= nh_}n;o/ / dy j2tun(n) (2, y)di j24p(, y)| By
. dydzx
= lim / / dy j2tn(7n) (2, y)dy joip(, ?J)‘i
N R . yl
. _ dydzx
= lim / dyj2u(T) (2, y)dy /2 (‘P © 903,11) (z,y)
n—00 BQNRn(xn) BQNR.,L(I”) ’«T - y’
~ lim / / dy (7 (& 9)e o (100 971 (20, ) 22
oo Jar Jr 1/2 n ) 1/2 Rn ) |LU — y|
= lim ( —Owu - po @1}1 dz + / U(Tn)’dl/W(Tn)’Z "po ‘Pz_zldx>
n—oo \ Jq1 " Sl "
o 2 -1
= nh_>n;10 - u(ry)|dyj2u(Ts)|” - p o g d
— lim u(m)/ |dy jou(n) (2, )] o ¢p dx
n—r00 BQNRn(x ) Byn g, (Tn) ’«73 - ’
. o dy
= lim U (Th) |dy joun (o) (@, y)|"—— - pda
"I ByN gy, (n) B,yN /gy, (@0 v =yl

— [ ol o (2.339)
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which is the desired equation. Notice that throughout the computations, we used several times that
appropriate terms may be omitted due to the boundedness of u,(7,) and v, leading to omissions of
parts of the domain of integration, switching between the distance function on S' and R and similar
terms. A crucial observation is that ¢ is supported on a subdomain of Byn,p, for R, sufficiently
small, so the estimates have good bounds everywhere, if n goes to co. So we are done, since v solves
the half-harmonic map equation and thus is actually smooth, see Da Lio-Pigati [20]. In particular, v
may be regarded as a 1/2-harmonic map after composition with the stereographic projection. O

2.3.3.4 Existence of Global Solutions

Finally, we have all the necessary tools at our disposal to tackle the global existence problem in full
generality. The main idea will be that one is easily able to extend solutions on a finite time-interval by
using convergence properties as t goes to the critical time. A direct argument shows that the extension
by gluing a solution at the critical time for appropriate initial data will give a global solution after at
most finitely many such extensions.

Proof by ”Gluing” Let us show that we may extend a solution u : [0,T[xS' — S""! to be a
weak solution on a slightly bigger time interval. This may be done by first observing that due to the
monotone decay of energy:

Eyja(u(t)) < Eyja(ug) < +o0 (2.340)

Therefore, we may deduce that for an appropriate sequence u(t,) — v € HY?(S') with t, — T.
Moreover, since u € H([0, T[; L?(S')), we must have convergence:

limu(t) =v in L*(SY), (2.341)
t—T

due to a standard continuity argument:
t
lut) — u(to) |72 < / |1Bcu(s)||72ds =0, ast,to— T
to

This also shows uniqueness of v independent of any choice of sequence t,, — T which results in the
desired L?-convergence.

Next, we want to estimate the 1/2-energy of v. To do this, let us assume that there is just one
bubbling point zy at time 7' (the general case follows analogously, losing energy in finitely many
points). Then we have, using a limit to avoid the concentration at the point z:

v\xr)—v 2

B 2
= lim / |v(x)—v(2y)|dydx
70 JS1\ B, (w0) JSN\Br(wo) 1T — Yl

_ 2
— lim lim inf / / i) u(;my)‘ dyda
r—=0 n—=00  Jon\ B, (20) J S\ Br(z0) |x_y|

< hnnigf E1/2(Un) — &0 = }L}I’Ijl_‘ El/Q(U(t)) — &0, (2342)

where g9 denotes a quantum of energy that is concentrated close to xg. Indeed, by omitting a neigh-
bourhood of z(, the energy accumulated in this point is not excluded in the limit and therefore leads
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to a loss of energy (energy which is ultimately recovered in the form of a bubble). As g¢ is independent
of u and T, we deduce that bubbling may only occur in finitely many points, as the 1/2-energy is
decreasing and bounded from below by 0. Thus, we do not have to worry about accumulations of
blow-up points.

One concludes now by extending the solution u after 7" by the main existence result in [103], Theo-
rem The fact that we have obtained a weak solution is easily verified by a direct computation
based on the L2-convergence of u(t) as t — T, thus establishing the desired global existence result.
Indeed, we assume that u : [0, +00[xS! — S"~! bubbles at time T' = 1, the general case with finitely
many times in which bubbling occur follows completely analogously. Let ¢ € C2°(]0, 00[xS1), since
we know that the equation holds true for sufficiently small times. Then we have:

/ 8tu-g0da:dt+/ /(—A)l/Qu-godxdt
0 St St
/ / u- 6tg0da:dt+/ / AV (=AY A pdadt
S St
/ / u - Otgoda:dt+/ / AV Ay (=AY A pdadt
St St
/ / u - Oypdzdt + / / AV (=AY A pdrdt
St St

/ Oy - gpdacdt—}—/ / Ay, A)1/4<pdxdt—/ u(l, z)p(1, x)dx

0 JS?t St St

+/ O - god:cdt—l—/ / Ay A)1/4<pd:zdt+/ u(l,z)p(1, x)dx
1 S1 St St

o

1
:/ u|d1/2u\2¢d$dt—/ u(l,x)cp(l,x)da:—{—/ u(l,x)cp(l,x)da:—{—/ u|d1/2u\2g0da:dt
0 S1 Sl 1
:/ u]d1/2u|2cpdxdt, (2.343)
0

which proves the fact that u extended as explained yields a global weak solution. The first line equation
is just the distributional formulation, later on we use integration by parts on [0,7] and taking limits
t — T. Naturally, similar limits are taken for [£,00[. Observe that the boundary terms at time T' = 1
appear due to the previous discussion of convergence in L? and by the boundary value properties of
the extension, see Theorem We highlight that u(1,z) is defined for the extended solution to
be that limit of the u(t,x) in L? and weak limit in HY2 ast — 1, see . Iterating this procedure
finitely many times provides therefore a global weak solution.
In conclusion, we have the following, since the argument only superficially relies on N = S"~1:

Theorem 2.3.3.2. Let ug € H'/?(S'; N), then there exists a weak solution with non-increasing 1/2-
Dirichlet energy:

u: [0, 400 x St = N,

with w € L®([0, +o00[; HY/2(SY)) N H ([0, +o0[; L*(S")) such that, except for finitely many times 0 <
Ty <...< T, <Thy1:= 400, the function u is smooth:

UECOO(]Tk’Tk+1[;N)7 Vk=1,...n.
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Moreover, we may bound the number n = n(ug) as follows:

E(uo)
n(ug) < —

where g9 > 0 is the minimum amount of 1/2-energy a non-constant, half-harmonic map with values
i N must possess.

A first uniqueness statement may also be derived from the results in [103]. However, it should be
noted that uniqueness among energy class solution (weak solutions) cannot be proven by our previous
arguments and thus requires further investigations. Finally, the existence of finite time bubbling is
still unresolved, so the result above provides potentially a suitable regularity statement at bubbling
points to help understand obstructions for bubbling or build examples in future work.

Proof by Variational Arguments In this section, we derive an alternative proof of the global weak
existence of solutions to the half-harmonic gradient flow using techniques from Calculus of Variations
similar to Audrito [2]. This approach does lead to existence of solutions, however, it leaves open many
questions regarding the properties of the solution, most importantly regarding monotonicity of the
1/2-Dirichlet energy. In particular, if the solutions constructed do not have monotonically decaying
energy, then the solution provides an example of non-uniqueness of solutions to the half-harmonic map
equation.

The definition of the energy follows Audrito [2]. Let € > 0 be any positive real number. We define
the following space of functions for s €]0,1] and 1 < p < 4o0:

VP = H'([0, +o0f; L2(SY; R™)) N L, ([0, +oof; WHP (S R™)),

loc

and use this definition to introduce for any ug € W*P(S*; N), where N is a closed submanifold in R™:
UP(ug) == {u € VP | u(t,z) € N ae.,u(0) =wuo} (2.344)

Comparing with Schikorra-Sire-Wang [77], the space (2.344) actually coincides with space in which
the solutions constructed there exist. Moreover, we define the following family of energies:

+00 2
EXP(u) := / / e t/e <€ . |8tu(t,m)|2 + - /
0 St b Jgst

for any u € UP(ug). One notices that the energy is indeed well-defined and finite in this case. An
obvious member of U*P(ug) is the following map:

u(tv .7}) — u(t7 y)
|z —yl*

P
dy ) dadt, (2.345)
|z —yl

u(t,x) = up(x),

and this shows:

(o.9]

inf  EXP(u) < 2E; ,(uo) - / e tedt = 2 - E; »(up), (2.346)
uEUSP (ug) 0

where we use the definition of Ej, as in Schikorra-Sire-Wang [77]. Thus, we immeidately see that if

(ue) c€]o,1[ is a sequence of minimizers, then the energies will become arbitrarily small. Additionally,

existence of minimizers can easily be proven by the direct method.
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Defining v(t, x) := u(et, x), we see:

2 t.x)—ult,y) P d
£37(u / / (s- |Opult, )| + / ut 2) — ult,y) |° _dy )dxdt
st p Js lz —y|* lz —yl
+oo 9 o p d
= / / ge”?® (6- |Opu(es, x) > + = / ues, @) — ules,y) Y > dzds
51 P Jsr |z —yl® lz —yl
400 2 _ p d
= / / <‘3tv S x)\Q + s / U(S’m) v(s,y) y > dxds
51 P Js |z —y|* |z —yl
T (2.347)

Notice that v still lies in U*P(ug) and that by computation above, we know that minimising &£, and
minimising 7 is equivalent respecting the reparametrisation in time.

Let us now compute the Euler-Lagrange equation for £°7

Lemma 2.3.3.5. The Euler-Lagrange equation for minimisers u € U*P(ug) of EEF can be stated as:
— e0%u(t, z) + dwu(t, z) + div, (|dsult,z, y) P 2dult, y)) LT,N, inD'(]0, +oo[xS1)  (2.348)

Proof. We take the competitors:
ug(t,z) := w(u+ dyp),

where § € R and ¢ € C°(]0, co[xS1; R™). Moreover, 7 denotes the closest point projection onto N.

If u is a minimizer, then:

d

9 g20ug)
= 255" (us)
Using the explicit formula ([2.345)) for the energy (observe that wug lies in the correct space for every
d € R sufficiently small), one can differentiate immediately (we use dou(t, z,y) = u(t,z) — u(t,y) to

simplify the terms):

0=0

+o00 _ p—2
0= / / et (25(9tu - O (dm(u)p) + 2/ |u(t,’a;) ;Siiﬂ dou(t, z,y) - do (dm(u)e) (t, z, y)dy) dxdt
0 St -

Sl

If we choose (t, z) = e */(t, z), then:

|u(t7 l’) B ’LL(t, y)|p—2
|z — y[itep

+o00
0= /0 /sl cOpu-0y (dw(U)¢)+8tu-d7r(u)¢+/ dou(t, z,y)-do (dr(w)) (¢, , y)dydzdt

Sl

So the Euler-Lagrange equation is equivalent to:
—edfu(t,z) + Qpu(t, ) + divs (|dsu(t, z,y)|P*dsu(t, z,y)) L T,N, in D'(J0,+o0[xS"),

i.e. up to the term involving the second derivative in time direction we recognise the fractional
harmonic gradient flow. This proves ([2.34§]). 0

In particular, if s = 1/2,p = 2, we find the same equation as in [I03], up to the second order
derivative in ¢. This is also the case we shall restrict our attention to for now (writing J. instead

of J: 1/2 2) the general case for arbitrary fractional harmonic flows may be treated in a completely
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analogous way, also extending the existence result in Schikorra-Sire-Wang [77] in a wider setting.

The ideas to complete the proof then are very similar to Audrito [2]. Namely, one may define
completely analogously:

I(t) ::/ 0v(t, 2)|?dx (2.349)
Sl

R(t) = e /S s o)) (2.350)

B(t) = ¢! /t T et (I(s) + R(s)) ds (2.351)

It is easily observed that for miniizers v, we have I, R € L}, ([0,00[) and e~*(I(s)+R(s)) € L ([0, o0]).
Additionally, E € W,(]0, c0[) N C2([0, 00[) as well as:

loc
E'=FE—-I—-R inD(0,00)
The proof of the following lemma is an immediate adaption of the technique in Audrito [2]:
Lemma 2.3.3.6. Assume v is a minimizer of J.. Then:

E'(t) = —2I(t), inD'(]0,00) (2.352)

The proof relies on suitable choices of reparametrisations in time for v and then using minimality
of v. Ultimately, this allows us to show:

Lemma 2.3.3.7. For v a minimizer of J., we have:
o0
/ Oyt ) Pdwdt < Ce, (2.353)
0
as well as for any t > 0:
t+1
/ / |dy joul?(t, x)dadt < C, (2.354)
t St

for some constant C > 0, depending on ug, but not € or v.

Proof. E(t) is necessarily non-increasing due to I(t) > 0, therefore:
E(t) < E0) = J:(v),Vt >0

Additionally, for any given ¢, we know:
t I 1
/ I(s)ds = / E'(s)ds = = (E(0) — E(t)) <
0 2 Jo 2
by using ([2.346)). Letting ¢ — oo proves (2.353)) by using (2.349).

The remaining part of the proof requires us to use (2.350)) as well as:

t+1 t+1
R(s)ds = etﬂ/ e °R(s)ds
t t
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t+1
< et / e (I(s) + R(s)) ds (2.355)
t
<e-E(t)<Ce-e¢, (2.356)
again relying on ([2.346)) and the bound on FE(t) established above. O

Thus, to obtain a solution of the half-harmonic gradient flow (which follows thanks to after
letting & — 0), one now just has to rescale the minimizer v back to u and use the following uniform
bounds to extract weakly convergent subsequences. Thus, we are done, as we may extract further
subsequences converging almost surely pointwise, ensuring that the limiting function assumes values
only in N.



3 Compensation Phenomena [25], [26]

3.1 Improved Regularity Estimate a la Bourgain-Brezis [25]

We will now study a Bourgain-Brezis-type inequality that allows us to bound the L?-norm of func-
tions on T, provided that suitable fractional Laplacians and their Riesz transforms all belong to
H—"/? (T™) + L'(T™). Surprisingly, such a compensation result is closely connected to a characterisa-
tion of Bergmann spaces, the spaces of holomorphic functions on the disc equipped with the L?-norm,
similar to Hardy spaces. To establish the desired estimate, we define suitable operators in terms of
fractional Laplacians and Riesz transforms and employ the emergence of a convolution operator which
actually is bounded and thus has better regularity properties than a-priori expected.

3.1.1 Introduction

In his pioneering work [67], Riesz studied fine properties of the so-called Hardy spaces HP (D), which
are the spaces of holomorphic functions [] f: D — C such that

27 )
sup / |f(re?)|Pdf < +o0 (3.1)
0<r<1Jo

for p > 0. Under condition (3.1)), it is known that f(e?) exists and

271— . . . .
lim |f(re®) — f(e?)|Pdd =0 as well as  lim f(re?) = f(e), (3.2)
r—17 Jo r—1-
for almost every 6, (see e.g. Section 4 [67]). For f € HP(D), one defines || f|lypm) := I/l zr(s1)-

We can independently consider holomorphic functions in L?(ID) which corresponds to the well-
known Bergman space A%(D) [J] see e.g Duren-Schuster [32].

The connection between Hardy spaces and the Bergman space A?(ID) is given by the embedding
H1(D) — A%(D) together with the estimate

[ fllz2@y < Cllfllrr @y == 1 fllLr(s1)- (3.3)

In the case lim,_,;- Hf('reie)HH—l/Q(Sl) < 400, then, by definition, the following inequality holds as
well:

£z < ClF sy 2= M 1€ r-1/2(sny (3.9

In this note, we prove the following combination of (3.3)) and (3.4)):

Tn 1915 Hardy observed that if f is holomorphic in D then r — M (r) = IO% |f(re'?)|[Pdf is a nondcreasing function.
*We recall that A%(D) := {f: D — C: f holomorphic and lfllL2@) < —+oo}
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Theorem 3.1.1.1. Let f: D — C be an analytic function. Then f belongs to the Bergman space
A%(D) if and only if

HfHLl—s—H*1/2(51) := limsup ||f(7"ei0)HL1+H71/2(51) < to0.
r—1-
Moreover, it holds
[fllz2) < CNfllprsm-172(s1- (3.5)
Lastly, in section we provide a proof of the inequalities (3.3) and ([3.4)).

This type of inequalities takes its roots in the pioneering work [§], where Bourgain and Brezis
proved the following striking result:

Theorem 3.1.1.2 (Lemma 1 in [8]). Let u be a 27w-periodic function in R™ such that [p, udz = 0,

and let Vu = f+g, where f € W_l’ﬁ(ﬂ%” and g € L*(R™) are 2m-periodic vector-valued functions.
Then

el e < € (1A 0g1mme + gl ) - (3.6)
By duality, this implies the following corollary:

Corollary 3.1.1.1 (Theorem 1 in [8]). For every 2m-periodic function h € L™(R"™) with [g, h = 0,
there exists a 2m-periodic v € WH™ N L™ (R™) satisfying

divv=~h nR"”
and

[ol[Loe + [[ollypan < Cln) 1Al Ln- (3.7)

One of the main result of this note is a fractional type Bourgain-Brezis inequality on the circle S!
and on T". More precisely, we have the following:

Theorem 3.1.1.3. Let u € D'(S') be such that (—A)iu,R(—A)iu € Hfé(Sl) + Ll(Sl) Then
u—fg u € L2(St) and the following estimate holds true:

u — u
S1

for some C > 0 independent of u.

< O (=2 ull g-vagsiy oo sty + IR=8 ull oagsny o ) (38)

L2

Theorem 3.1.1.4. Let u € D'(T™) be complez-valued and such that:
(~A)iu, Rj(—A)iue (L' + H2)(T"), Vje{l,...n}.
Then we have u — ., udz € L2(T™) with

| _]{rn uda| < C [ =8 ull 1 fwagemy + IRl 1 maey |+ (39)
j=1

for some C' > 0 independent of u.

3For 1 < p < 400, we will denote by WP (R") the homogeneous Sobolev space defined as the space of f € L}, (R")
such that Vf € LP(R™) and by Wt (R™) the corresponding dual space (p’ is the conjugate of p). Every function
few b (R™) can be represented as f = Y.1" | 0, f7 with f7 € LY (R™).

4We denote by R and R; the Riesz transform respectively on S and with respect to the x; variable on T", for
j e {1,...,n} and by H™3(T") the space of f € D'(S*) such that f = (—A)"/*g, with ¢ € L?(T™). Recall that
LI(SY) :={ue L*(8"): fgu=0}
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The second main result is the equivalence between Theorems [3.1.1.1] and |3.1.1.3] establishing the
connection between fractional Bourgain-Brezis inequalities and Bergman spaces. It would be interest-
ing to investigate a similar connection in dimensions n > 2.

We would like to add some comments about Bourgain-Brezis’ inequality . The inequality
in its general form is of interest in the study of the PDE divY = f for f € L?(T"), where
for finite p > 1, LL(T™) denotes the Banach subspace of LP-functions with vanishing mean over the
torus. Precisely, they found that Y can be chosen to be continuous and in Wl’"(T”), a result which
is non-trivial due to the fact that W1™(T") does not continuously embed into L>(T™). The key
ingredient in the proof is a duality argument based on an estimate similar to and some general
results from functional analysis regarding closedness properties of the image space. This motivates the
general interest in inequalities of the same type, as improved regularity results in limit cases can be
invaluable. Indeed, later, such estimates have been considered and extended in different directions. In
[9], Bourgain and Brezis showed how Theorem 1 in [8] is closely connected to a remarkable property
concerning differential forms with coefficients in the critical Sobolev space W*(T") and they got
new regularity results for the Hodge decomposition. In [58], Maz'ya extended the inequality (3.6) . on
the Sobolev space H'~ (R”) leading to a different existence result for the PDE divY = f. Finally
n [61], Mironescu unified in 2 dimensions the two different approaches in Bourgain-Brezis [§] and in
Maz’ya [58] by a PDE-approach consisting in using elementary properties of fundamental solutions of
the biharmonic operator. In Da Lio-Riviere [23], the first two authors of the current paper provide
an alternative proof of in 2 dimensions without assuming the periodicity of the function u. The
proof is related to some compensation phenomena observed first in Delort [30] in the analysis of 2-
dimensional perfect incompressible fluids and then also applied by Riviere in [72] in the analysis of
isothermic surfaces. For an overview of the results in the literature regarding variations of Theorem
and Corollary we refer for instance to very interesting paper by Van Schaftingen [99].

As seen in Da Lio-Riviere [23], the inequality also represents the first key ingredient in the
study of the regularity of L?(ID, R") solutions u to a linear elliptic system of the following form

div(SVu) = Y div(S;; Vul) Zza (Sijul. ) =0, (3.10)
j=1 j=1a=1

where S is a W12(DD) symmetric n x n matrix, such that S? = id,.

We would like to mention some results on Riesz potentials showing that the 1-dimensional case
plays a particular role in the L'-estimates for Riesz potentials. More precisely, one can deduce from
the results in Stein-Weiss [86] that for all 0 < a < 1, we have:

Haull 1 < C([Rullpr + [|ul[£1), (3.11)
for all u in the Hardy space H!(R). It follows in particular that:
lull 1, < CAR=A)ull g+ [1(=2)2ul ).

In Schikorra-Spector-Van Schaftingen [7§], the authors show that if N > 2 and 0 < o« < N, then there
is a constant C' = C'(a, N) > 0 such that

| 1 u|| A < C||Rul| 1 (3.12)
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for all u € C°(RY), such that Ru € L'(RY). The estimate is however false in 1-D, as seen in
Schikorra-Spector-Van Schaftingen [78].

The inequality generalizes the inequality in the case @ = 1/2 and the counter-example
in Schikorra-Spector-Van Schaftingen [78] for the estimate in 1-D shows that the estimate
is in some sense optimal.

We finally point out that it may be interesting to investigate a possible generalization of Theorem
in the framework of nonlocal operators on differential forms as it has been done in Bourgain-
Brezis [9)].

The paper is organized as follows: In section [3.1.2.1] we recall the definitions of the fractional
Laplacian on the unit circle and on the torus. In section we provide two distinct proofs of
Theorem[3.1.1.3] In section[3.1.4] we establish the equivalence of Theorem [3.1.1.1]and Theorem [3.1.1.3]
In section we provide a short introduction of Clifford algebras and we extend the fractional
Bourgain-Brezis inequality using Clifford algebras to the n-dimensional torus T™. In section [3.1.6] we
prove existence results for certain fractional PDE-operators in the same spirit as Corollary In
section we provide a proof of the inequalities and for the reader’s convenience.

3.1.2 Preliminaries
3.1.2.1 Fractional Laplacian on the unit circle and on the torus

Before we enter the discussion and the proofs of the main results, let us recall a few notions essential
in our later arguments. We mainly focus on fractional Laplacians, fractional Sobolev.
Throughout this note, we shall denote by T™ the torus of dimension n € N. This means:

T" = S' x ... x S* =R"/(27Z)" (3.13)
N————

n times

where S = R/27Z. We denote by D(T") := C*°(T") the Fréchet space of smooth functions on T"
and by D’(T") its topological dual. The natural duality paring is denoted by (-, -).
For u € D'(T™) and m € Z"™, we define the Fourier coefficients of u as follows:

u(m) := (271r)” /IF" u(x)e KM dy = <u, e*"<m">>. (3.14)

The Fourier coefficients completely determine u as a distribution on T" and convergence in the sense of
distributions obviously implies convergence of the Fourier coefficients. Notice that, for all uw € D'(T™),
there exists some N > 0 such that |a(m)| < (1 + |m|)YN. Moreover, we recall that v € C*°(T") if and
only if the Fourier coefficients ©(m) have rapid decay, i.e. sup,,(1 + |m|)" [6(m)| < oo for all N > 0.
Given s € R, we define the non-homogeneous and homogeneous Sobolev spaces respectively by

H(T") = {v e D'(T") : [lullfps = Y (L+ [KI*)* [o(k)* < OO} ,

keZn

and
H(T") := {v €D (T : ol = D k[ |o(k)|* < OO},
kezn

where D'(T") is again the space of distributions on T". Notice that if s = 0, we have L*(T") = H(T")
and L2(T") ~ HO(T").
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An important family of operators throughout our considerations are the so-called fractional Lapla-
cians. Let s > 0 be real, then we define for v : T" — C smooth the s-Laplacian of v by the following
multiplier property:

(CA)u(m) = |m|®a(m), VYm e Z". (3.15)

Clearly, this definition can immediately be extended to the spaces H*(T") or even D’'(T™) as a multi-
plier operator on Fourier coefficients, possibly defining merely a distribution on T". Finally, we recall
the definition of the j-Riesz transform on T™ as a multiplier operator:

Ruu(z) = 3 it Za(m)e™, Vo T (3.16)
mezm"

In particular, in the case n = 1, we have:
Ru(z) = Y isign(m)i(m)e™", Vze S (3.17)
meZ
3.1.3 Fractional Bourgain-Brezis inequality on the unit circle S!

In this section, we provide two distinct proofs of Theorem [3.1.1.3] The first proof is in the spirit of

the one presented in Bourgain-Brezis [8], while the second one is inspired by that in Da Lio-Riviere

[23] and is based on some particular compensation phenomena. We assume for simplicity that u is

real valued (the proof for complex-valued function is completely analogous, see Remark .
First, we would like to observe that if u € C°(S'), then by definition:

u — u
S1

On the other hand, as we have already observed in the introduction, we also haveﬂ

u — u
S1

3.1.3.1 A first proof of Theorem (3.1.1.3

= Ol . (318)
L

< O (I=2) 4ullgasn + IR(=2)ul sy ) = 1(=2)ullr 1) (3.19)

LQ(SI)

Let us suppose that u € C°°(S1), fsl u = 0. We assume for simplicity that u is real-valued, see Remark
3.1.3.1] for the complex-valued case. The proof below follows the main arguments of the original proof
by Bourgain and Brezis. We write:

(=)= 1+ gt
(3.20)
R(—A)1/4u — f2 _|_92

where f1, f2 € H-12(8Y), ¢!, 9> € L'(S'). We set u = > neze une™. Since u is real-valued, it holds
Up = U_n. We see:

u— fu + 9
Z funl® = Z |n|1/2un|n|172 - Z |nn|1/2nu*”’ (3.21)

nezZ* nez* nezZ*

® Actually, an even sharper inequality than (3.19) holds true with L?(S') being replaced by the smaller Lorentz space
L>H(Sh).
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fruy,

1P 1/2 1/2
5 L ]

1/2 = !
nez* |n| nez*

(3.22)
neL*
1 1 1
P IR PR (323)
nez* n| n>0|n| n<0|n|
Observe that by definition of the Riesz transform:
R(=A)V4u = [— Z n|Y2u,e™ + Z ]n\lpuneme] . (3.24)
n<0 n>0
Therefore: .
f;i:‘?;g ifn<o0
Up, = (3.25)
24,2 .

ﬁ;lﬁ‘}g ifn>0

By combining (3.23)) and (3.25)), we obtain:
1 2 2 2 2
gnu—n 1 ffn—i_gfn 1 ffn—i_gfn
= —_— —_—. 3.26
> |1/ > o —iln| +D o i (3.26)
neL* n>0 n<0
Let us estimate the different parts of the sum (3.26) individually:
1. We first estimate

1 42
Z sign(n) 9n J=n

. In| u, — f1 £,
= sign(n
P T 2 S T
e\ PN (= 122\
: (Z’“"'2> (Z |Z|> +<Z W (Z W
nez* nez* nez* nez*

< N2l -1z + 1 N a2 1 F2 0 geae.

2. It remains to estimate

1.2
Z sign(n) g", I=n
ifn]
nez*
For this purpose, we consider the following operator:

1,2

. In9—n

A:LY(SYH x LY(sY) — C, (g%, %) —~ E sign(n) il
nez*

Claim 1. The operator A is continuous, i.e. we have the following estimate:

1A(g", g*)| < Clig" I allg?] -

(3.28)
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Proof of Claim 1. It is sufficient to prove the claim in the case where ¢! and ¢? are arbitrary
Dirac-delta measuresﬂ Therefore, we consider g' = Y ier Aida, and §® = Zje 7 Hjop;.  We have

19 sty = Dier Nils 19°amesty = 2o je s Il By bilinearity, we deduce:

A, D = A Nidas, > i)

el jeJ

< D0 illigllA(a &)l

iel,jedJ

< sup | A(Sa, 0) D N ]

((l,b)ESlXSl iel jeJ

= sup A, 09" I aesH 197 amesr)- (3.29)
(a,b)eSt xSt

If sup g p)est x5t [A(da, dp)| < +00, then the claim holds for linear combinations of Dirac measures. By
a density argument, we get claim 1 for arbitrary ¢!, g% € L'(S!). Hence, claim 1 is a consequence of
the following:

Claim 2. sup(,)es1xs1 [A(das dp)| < +00.

Proof of Claim 2. For g! = §, and ¢g? = &, , we have g} = e

ina and g2 = ™. In this case, we

observe:
2
A(64,0) Z sign(n gﬁg,n

in]

nez*
m(a b) : —b

Z sign(n =2 Z sin(n(a — b)) < +oo (3.30)
Cdn| n

nez* n>0

This proves claim 2 and from (3.30)), we can deduce claim 1 as well.

By combining ([3.21))-(3.29) we get

lullZe S Nullz (P -z + 12 g-ar2) + 1 a2 L2 gr-ae + Cllgt o llg? [ e

< gl 5 (17 Wmse + 020 e) + 1 el e + Cllg s

1 1
S Sl + (17 s + 172 130) + 5 (6130 + IgI) (331)

This estimate permits us to conclude the proof of Theorem [3.1.1.3] Since f!, f2, g%, g> were arbitrary,
one can deduce ([3.8)). In the general case where u € D’(S!), one argues by approximation (see section
3.1.3.2| for further details). O

5We recall that the linear span of Dirac measures is dense in the space of Radon measures M(Sl) equipped with the
weak-* topology.
"The value of such a series is deduced from the Fourier series of f(z) = 2 for 0 < z < 2 and f(z + 27) = f(x).
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3.1.3.2 A second proof of Theorem (3.1.1.3
As in the first proof, we will show the following: Let v € D'(S!) be such that:

u=fi+q (3.32)
u = fa+ g2, (3.33)

where fi, fa € H_%(Sl) and g1, g2 € L'(S!). Under these conditions, we prove:

u—/ udx € L2(Sh) = {uELQ(Sl) : ][ u:O}, (3.34)
St St
together with the following estimate:

|u- /S Jude| < Ol oy + 12l ey + lgallzs + g2, (3.35)
where C' > 0 is independent of f1, f2, g1, g2 and u. We may assume for simplicity that wu is real-valued

(see Remark [3.1.3.1] for the complex-valued case).
Firstly, observe that it suffices to consider the case:

/Sl udx = 2m - 4(0) = 0, (3.36)

by merely changing u by a constant. Similarly, by the conditions in (3.32) and (3.33), we see that
fj»g; have vanishing integral over S 1 and consequently vanishing Fourier coefficient for n = OH For
now, let us assume that u, f;, g; are all smooth on S1. The general case can be dealt with using
convolution with an appropriate smoothing kernel and approximation arguments as specified at the
end of the proof.

First, let us define the following operators on D’(S!):

Dv:= (~=A)i(Id+ R)v (3.37)
Dv := (—A)i (Id - R)v, (3.38)
for every v € D'(S'). Consequently, using (3.32) and (3.33)), we have:
Du=fi+fotg+g2=f+yg (3.39)
Du=fi—fotg—g2=f+3. (3.40)

Let us calculate the Fourier multipliers associated with D, D. For every n € Z, we have:

NI

]:(Dv)(n) = |n|
F(Dv)(n) = |n|

(1 + isign(n))o(n) (3.41)
(1 — isign(n))(n) (3.42)

N

8Tt would be possible to treat f;,g; with non-vanishing integral, i.e. treat the case (—A)1/4u, R(—A)1/4u e L'+
H~'/2(S") by reducing to vanishing Fourier coefficient at n = 0: We have by the conditions f;(0) = —g;(0). Note that
17(0)] < llgjllzr- Note that || £5]1%,-1/2 = |f;(0)* 4 [|fi]|%—-1/2, where f; denotes the corrected f; with vanishing Oth
Fourier coefficient. Thus, we could reduce to the case of vanishing integral.



168

Claim 1: Given f € H'/2(81), there is a real-valued function F € Lz(Sl)El7 such that DF = f.
Proof of the Claim 1 In order to solve DF = f, we should have:
- 1 f)
F(n)= ,
(n) L+ isign(n) \/|n|

Using the fact that the L?-norm of F' can be characterized in terms of the [?-norm of the Fourier
coefficients, we obtain:

if n # 0 (3.43)

1 |f(n)]?
Fl2, — -
1] 72 gﬁ% |1+ isign(n)|?2 |n|

F)P
< AL
2
=11, 4 (3.44)

where we used the definition of the F/~3-norm. Observe that a converse inequality could be obtained
along the same lines. O

Next, by defining 4 := u — F, we observe that due to (3.39):
Du=g. (3.45)

Let now w € D’'(S') real-valued be such that Dw = % and w(0) = 0. Once more, existence of such a
distribution w is easily deduced using Fourier coefficients. We would like to emphasise at this point
that due to the assumed smoothness of u, f}, g;, w is smooth as well, as is F'.

By (3.45)), we thus notice:

D*w = g. (3.46)
Going over to Fourier coefficients, we see that for every n € Z*:
]-"(DQw) (n) = (1 + isign(n))?|n|w(n) = 2isign(n)|n|w(n) = 2inmb(n) = §(n), (3.47)
or by rearranging:
. i g(n)
=——— 3.48
i) =~ 2 (3.48)
Next, we are going to find a suitable distribution K with coefficients K (n) = —ﬁ, in order to express
w as a convolution of g with K. To this end, let us consider the function k : [—m, 7] — R defined by:

k(z) = (3.49)

r+mw, ifx<0
r—mw, ifx>0

By slight abuse of notation, let us identify k with its 27-periodic extension, therefore k : S' — R.
We calculate the Fourier coefficients of k: If n = 0, it is obvious due to anti-symmetry that k£(0) = 0.
Otherwise, we have n # 0 and so by using integration by parts:

k(n) ! /7r E(x)e " da

:% .

9The observation that F may be chosen real-valued is due to F(—n) = F(n) for all n.
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1 0 —inx i —inx
27r</ (x+m)e da:—l—/o(x—w)e d:z:)

i " znx o (7_‘_ o l‘)e_inxdft
2 0
Z/ m — x) sin(nx)dz
T Jo
__/ cos(nz) . _ i (3.50)
n 7T Jy n n

Consequently, observe that K = —%k precisely yields the desired distribution. Let us notice that K
is therefore bounded and measurable on S', thanks to the explicit formula for k.

Using (3.48]) and the convolution formula for Fourier coefficients, namely:

—

fxgn)=2nf(n)j(n), VneZ, (3.51)

it is clear that: )
= —Kxg. .52
o x g (3 5 )

From ([3.52)), we obtain by using Young’s inequality on S*:
1 1
ol < 51K lzelglls = g lgllr (35)
To conclude the first part of the proof, let us observe the followinglﬂ
/ (u — F)%dx = Dw(u — F)dzx
St St
~ 3" Dw(n)u— F(-n)

nez

=3 " Inl3 (1 + isign(n))@(n)u — F(—n)
nez

— Z \n| (1— isign(—n))u/—\F(—n)
neZ

:/ wD(u — F)dz

Sl

= / wDudzx — / wDFdx
St St

:/ wf]dx—i—/ wfdx—/ wDFdx (3.54)
S1 St S1

where we used the Fourier representation of the distribution u — F' to justify the second equation.
Observe that this enables us to estimate:

- _ 1 2
| [ wida] < ol s < (ol + loaler) (3.55)

10This will actually be the first and only point in the proof where we use the fact that u is real-valued in a meaningful
way. See Remark [3.1.3.1| for an extension to complex-valued distributions.
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and:
| [ wDFds| <l IDFI, g < Cllu=Flzzlfl -y (3.56)

The remaining summand may be estimated completely analogous to (3.56]). Notice that we used the
explicit definition of the norms of Sobolev spaces with negative exponents and the Fourier multipliers
to obtain (3.56)), see (3.44) for the main ideas. Using (3.55) and (3.56) yields:

1 2
lu— F||7. < Z(Hgl”Ll +lg2llz)” +2C N u = Fll 2l -3

1 4C?
< =

2 1 2 2
< 4(”91||L1+H92”L1) +§HU—FHL2+T||f||H

using the arithmetic-geometric mean inequality. Note that the factor 2C' is due to estimate (3.56) also
applying to the integral of wf. By absorbing the L?-norm of u — F, we arrive at:

(3.57)

_1,
2

1 2
o= FIa < 5 (larlles + llgalln)® + 42012,

1 2
< max{§7402}(”91”L1 + llgallr + Hf1||H7% + Hf2||H7%) : (3.58)

Consequently, by estimating the L2-norm of F by the H ~3_norm of f1, f2 using (]3.44)), we immediately
conclude:

lull e < C(llgulipe + llgallr + I full -y +11F2l—y)- (3.59)

The constant C' > 0 appearing in the estimate is independent of u, fi> 95

Now, for a general distribution u € D’'(S') with @(0) = 0, let us observe that if we convolute u
with a smooth function ¢, the resulting distribution ¢ * u will be a smooth function as well (in the
sense of regular distributions). By a direct computation, and will continue to hold true
if we replace u, f;, g; by their corresponding convolutions with ¢. This is an immediate consequence

of the fact that the operators (—A)i , R are Fourier multipliers as well as the linearity of convolutions.
Choosing ¢ to be supported on arbitrarily small neighbourhoods of the neutral element in S! (i.e.
an approximation of the identity ¢.) ensures that the convolutions of ¢ with f;, g; converge in the
respective norms as we collapse the support of ¢ (i.e. let the parameter ¢ in ¢. tend to 0) and the
approximations of u converge in the distributional sense. As a result, we obtain uniform bounds in
the respective spaces. This results in an uniform L?-bound for u convoluted with ¢, independent of
e, which can be seen to imply u € L2(S') by using a weak-L2-convergent subsequence. The estimate
follows by the lower semi-continuity of the norm. This concludes our proof. (I

Remark 3.1.3.1. Before we enter the discussion of applications and later a generalisation of Theorem
let us quickly discuss the assumption that w is real-valued. In fact, this is merely used at a
single point in the proof, namely in (3.54). However, if we proceed similar to the proof of the generalised
result in section|3.1.5, i.e. we use:

—

/ |u—F\2dx:/(u—F)-u—Fd$: Dw-u—FdeZZ/)t\U(n)-u—F(n), (3.60)
st st s ne.

we can easily avoid the use of properties of real-valued distributions. The remainder of the proof
follows then completely analogous, i.e. we can remove the assumption of u being real-valued effortlessly.
Indeed, this slight generalization will be key to our applications to Bergman spaces below.
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3.1.4 Fractional Bourgain-Brezis inequality in the Bergman space A%(D)
We start with the Proof of Theorem [3.1.1.1l

Let us consider an analytic function f: D — C such that limsup,_,;- Hf('reie)HLlJerl/Z(Sl) < +00.

1. Now let us write f(2) = 3,50 fn2" and u(e?) = D>t %eme. We first observe that f — f(0) =

Y o>t [ and if f(e?) = g(e) + h(e?) with g € L'(S") and h € H~1/2(S"), then:
£ = 10V =g~ | g+h~h0)
S1

Note that h — h(0) € H~/2(S') with the norm being controlled by |2l gr-1/2(51). We observe that,
using the explicit definitions of the norm:

o,
S1

Therefore, we may conclude by taking the infimum over all such g, h:

1f = SOl g or2gsny < CUAllpr o mr-vasny- (3.61)

psny H 1= BONgosgsny S lallsy + Wellg-vzgsn

Assume therefore first that

F(e?) = f(0) = fac™ € L' + HT'2(S).

n>1

In this case, we get (—A)Y/4u = f — f(0) € L' + H~Y/2(SY). Additionally, we observe that since u
contains only positive frequencies, we trivially have R(—A)/4u € L' + H~1/2(S") as well with

IR ull 1 sty = =)0l 1y sy
From the inequality (3.8)), observing that JCSI u = 0, we deduce that
lull2gsty < =D ull g s iroaysy = CIE = FOMgaysrsragsny < O s sz

where we used (3.61). Hence > _, %eme € HY2(SY) and g(2) = 3,0 %z" € H(D). We have
§(2) = Tyo o € L3(D) and

1 (2) = F(O)ll 2wy

129" ()1l L2 (m)
Cligllgrz(sry = Cllullz2(st)
ClAl Ly m-1r2¢51)- (3.62)

The desired estimate follows by the triangle inequality, if we can show:
[FO] < Clfl g1 -172(s1)

To achieve this, let us decompose f = g + h with g € L'(S') as well as h € H~'/2(S'). Then we
denote as usual the Fourier coefficients of g, h by g, h, for all n € Z and define:

G(z) :== Zgnz" + Z gz, H(z) := Z hpz" + Z hnz".

n>0 n<0 n>0 n<0

<
<
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By the summability properties, these define harmonic functions on D having boundary values g, h
respectively. By comparison of the coefficients, we also observe:

f(z) = G(z) + H(2),

in particular for z = 0. Moreover, by the mean value property of harmonic functions over the boundary
of the disc, we can deduce:
1GO)] < [lgllzr(sn)-
Using the mean value property over the entire disc, we similarily see by Holder’s inequality:
[HO)| S 1H ooy < 1H 2y
It is easy to verify by a direct computation analogous to the same characterisation of the norm in
A2(D) that:

ho|?
H|J%5 0 ~ E: hal” R - .
| ”L2(]D>) ~ n[+1 = | ”H 1/2(S1)

In conclusion, we have:
1£0)] < © (lgllzagsty + bl a-r2gs1)) -
By taking the infimum over g, h such that f = g + h we get

[FO) < Cllfllpry 17281 (3.63)
By combining (3.62) and (3.63]), we obtain the desired estimate:
Ifllz2@) < ClFlligm-1r2s1)- (3.64)

2. In the general case when lim sup,._, - Hf(rei9)||L1+H71/2(51) < +o00, we consider for every 0 < r < 1
the function f.(z) = f(rz) € C*(B(0,1)). We can apply (3.62) to f, and obtain that

[frllze@) < Cllfell iy m-172(51)- (3.65)
Since by assumption lim sup,_, ;- Hf(?“6i9>HL1+H—1/2(51) < +00, we deduce that

sup HfT’HLQ(]D)) < +o00. (3.66)
0<r<1

The inequality implies that actually f € L?(D) as well aﬂ and

Ifllz2) < Cllfllprys-172(s1): (3.69)
Y et f(z) = > n>o0 fnz" We observe that

1 27 )
HfTHiQ(]D) = / / |f(pre™) > pdbdp
0 0
= or [l g = ae Y el 5o
= . P n P P = ~ 2n+2 .
and similarily
2o N Janl®
I1£1122m) f2w;2n+2- (3.68)

From ([3.66)) and extracting a weakly convergent subsequence which by convergence of the Fourier coefficients must have
limit f, it follows that HszLz(D) < 400 and Abel’s Theorem on power series yields that

. 2 2
hmf Hfr”L?(D) = Hf”Lz(]D))'
r—1
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Conversely, let f: D — C be in A?(D?). We write f(2) = > o0, a,2". We prove the following:
Claim: limsup,_,;- \|f(rei‘9)||L1+H71/2(51) < +00.

Proof of the claim. We show that limsup,_, ;- Hf(reie)HH—l/2(Sl) < +o0. For every 0 <r <1, we
set f.(2) = f(rz) € C*(B(0,1)). Since f € L*(D), we have

limsup || frllz2) = I/l 22 ()- (3.70)
r—1-
Moreover r ’2
HfrHH 1/2(81) = Z 1+n (3.71)
n>0
and
/‘fr‘z _ / Z‘fnPT’gnSQnSdSZZ ‘fn’2 T2n
D 2n + 2
n>0 n>0
!nt2
= Z "o | follpr-aragsy- (3.72)
n>0
By combining (3.70) and (3.72)), we get that
fmsup | f5y-vagsn) S 112 < o0 (3.73)
r—1-
We conclude the proof. O

Next we show that Theorem [3.1.1.1] is actually equivalent to Theorem [3.1.1.3
Proposition 3.1.4.1. Theorem |3.1.1.1] implies Theorem |3.1.1.5. Therefore, they are equivalent.

Proof. We have already seen in the proof of Theorem that Theorem implies the fact
that a holomorphic function with the property that limsup,_,;- Hf(?"ew)HLlJrH_l/z(Sl) < +o00 is in

L?(D), namely it belongs to the Bergman space A?(DD). '
Conversely, let us consider u € C*°(S') such that (—A)Y*u, R(—A)Y*u € L' + H-Y/2(S'). We
assume that fo% u(e)df = 0. We decompose u = u* + u~, where

+ § unezne’ w = § :unemﬂ

n>0 n<0
Let us first consider u™. By assumption we have ), -, ' 2u,e™ = 1/2((=A)V*u — iR(—=A)/*u) €
L'+ H12(SY). Let f(z) = D>t n/ 2, 2" be the harmonic extension of v = (—A)Y/*y* in D. From
Theorem [3.1.1.1] it follows that f* =73 _, n*?u, 2" € L*(D) and

1/ ¥ 2y < CIF prgm-1r2gsry < N T -1y,

Switching to the homogeneous Sobolev space is possible, as we have H~1/2(S') ¢ H~Y/2(S') contin-
uously embedded. Since f*(2) = 3, .o n'/?u,z" € L4(D), it follows that Y 2" € HY(D) and
therefore >, - 1% e ¢ H'/2(SY). Hence ut e L?(S') with

Ol =)t | rorsogs)
< C (IR ull g gsagsny + IRA)ull o gaagey) - (374)

The same arguments hold for ©~. We conclude the proof. U

n>0

IN

™| 251y

A
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3.1.5 The Bourgain-Brezis Inequality on the Torus T% n > 2

In this section, we are going to prove Theorem which generalises the result from Theorem
to domains of dimension n > 2. To achieve this while retaining the general structure of the
proof, we first have to determine the right set of conditions and the appropriate domain. Observe that
it is clear, due to the proof for S' heavily relying on Fourier series, that the natural domain for such
a generalisation is the torus T™. In investigating generalisations of the proof, we have to focus on two
aspects: Clifford algebras and boundedness of the kernel. In the first part of the proof we introduce
complex Clifford algebras and show how to generalize the argument presented in section [3.1.3.2] The
results and properties of Clifford algebras are due to Gilbert-Murray [38] and Hamilton [42] and are
briefly discussed in section below. In the second part of the proof we show that the kernel used
is actually bounded, following an argument presented in [8, p.405-406]. In the case n = 1, we have
seen that k£ has an explicit description as a sawtooth function. In higher dimensions, unfortunately,
we are not aware of an explicit formula for the kernel. However, due to some estimates on alternating
sums, we can remedy this lack of explicit representation and derive the crucial properties abstractly.

3.1.5.1 A short introduction to Clifford algebras

The material covered here is due to Gilbert-Murray [38] and Hamilton [42] and we refer to them for
further details on the topics introduced. For the remainder of this subsection, let K € {R,C} denote
a scalar field and V' a finite dimensional K-vector space. Let @ : V — K be a map, such that:

1.) For all A € K and v € V, we have: Q(\v) = A2 - Q(v).
2.) The map B(v,w) := 1 (Q(v+ w) — Q(v) — Q(w)) defines a K-bilinear map on V x V.

Such a @ will be called a quadratic form and the pair (V,Q) a quadratic space. Standard examples
include real vector spaces equipped with scalar products, but not complex vector spaces with scalar
products due to complex anti-linearity in the second argument. Inspired by this example, we say
that a basis ey, ..., e, of a quadratic space (V,Q) is B-orthonormal, if for all j € {1,...,n}, we have
|Q(ej)] =1 as well as:

B(ej,er) =0, Vj#ke{l,...,n}. (3.75)

Given such a quadratic space (V, @), we call a pair (A, v) a Clifford algebra for (V,Q), if the following
holds, see [38| p.8, (2.1)]:

i.) A is an associative algebra with unit 1 and v : V' — A is K-linear and injective.
ii.) A is generated as an algebra by v(V') and K- 1.
iii.) For every v € V, we have: v(v)? = —Q(v) - 1
An important immediate corollary of the definition is the following commutation relation:
v(v)v(w) + v(w)v(v) = =2B(v,w) -1, Yv,w € V. (3.76)

Thus, pairs of orthogonal vectors with respect to B anti-commute as elements in .A. We usually omit
explicitly mentioning v and therefore identify v with v(v), which is justified due to v being injective.
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For the remainder of the section, let us focus on (V, Q) non-degenerate, i.e. for all v € V', there is a
w € V, such that B(v,w) # 0. In this case, there actually exists a basis ey, ..., e,, where n = dimg V,
orthonormal with respect to B and, consequently, such that:

ejer +epej = £205, -1, Vi ke {l,...,n}, (3.77)

(see e.g. Theorem 1.5 in Gilbert-Murray [38]). The signs are determined by the signature of the
quadratic form ) and may vary for different choices j, k. Provided K = C, we may assume that all
signs are the same, see Gilbert-Murray [3§].

It can be shown that every Clifford algebra has K-dimension at most 2". If the dimension is equal
to 2", the Clifford algebra is called universal@ An important result in [38, Thm. 2.7] states that
there always exists a universal Clifford algebra for any given quadratic space. Moreover, there exist
explicit descriptions of all universal Clifford algebras up to isomorphisms in terms of matrices, see [38].

To conclude this brief treatment of Clifford algebras, let us provide an explicit example: Let
V =C", K = C and define @) as follows:

Q21 2m) =Y 25, Y(z1,...,2,) €C™. (3.78)
Jj=1

It is clear that (V, @) is a non-degenerate quadratic space, as B is the standard scalar product up to
a complex conjugation in the second argument. In this case, the standard basis eq,..., e, already is
B-orthonormal. Thus, we have:

ejer +epej = =205, -1, Vi ke {l,...,n}. (3.79)

The universal Clifford algebra is then spanned by the finite products e, of the basis elements, where
a C {1,...,n} is an ordered subset and we define:

ea:Hej

JEa
In particular, ey = 1 by definition. It can be seen that every complex universal Clifford algebra as-

sociated with a non-degenerate quadratic space of dimension n is isomorphic to this one, see Gilbert-
Murray [38] and the definition of universal Clifford algebra presented there.

Lastly, let us introduce a few definitions from Chapter 1, Section 7 in Gilbert-Murray [38]: We
may identify the universal Clifford algebra A as a vector space with K?", if dimg V' = n. This allows
us to generalize the natural scalar product-induced norm on K?" to the Clifford algebra and we shall
denote this norm by || - ||. Moreover, there is a notion of conjugation on Clifford algebras defined by:

k(k+1)

Cj1 -+ - Gy = (_1)kQ(€j1> i 'Q(ejk> " -Gy = (_1) 2 Q(ej1> i 'Q(ejk) “€j1 - Chps (3'80)

see [38, (3.80)], and extending linearily. If K = C, we also conjugate the complex coefficients in the

usual manner, i.e. we extend complex anti-linearily. We highlight the following key property of the
conjugation:

Ty =77, Vr,yec A (3.81)

12This definition is justified, as universal Clifford algebras A have an extension property for linear maps from V to
any Clifford algebra respecting the characteristic multiplication relation in A, see Gilbert-Murray [38].
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This is due to the inversion of factors in (3.80). We emphasise that the definition in (3.80]) is precisely
made with the identity below in mind:

6]'1 e ejk . 6j1 e ejk =1. (382)

The following property will be useful later as well: Let x € A be given and denote by Py the linear
projection of an element in the Clifford algebra to the coefficient associated with the neutral element
1. More precisely, Py : A — K is the following linear map:

Py ( Z a:aea> =Ty
(0%
We have by a direct computation:

Py(zx) = Z Tala

aC{1,...,n}
= [l=|?, (3.83)

where we wrote explicitly = = Zac{l,...,n} Taeq With z, € K. It suffices to observe that e, - eg has
non-vanishing contribution in the ey = 1-direction, if and only if & = 8. The formula then follows.

3.1.5.2 Proof of Theorem [3.1.1.41

Let us first note that, if we take T™ with n > 2, there are n different Riesz transforms, one for each basis
direction. This suggests that the right conditions should involve some restriction on each of the Riesz
transforms. In addition, considering the symbol of D?, we see that we rely some cancellation property
stemming from the complex nature of . E Therefore, a natural way to obtain a generalisation would
involve Clifford algebras to include sufficiently many anticommuting complex units.

Firstly, it is immediate that the same simplifications as in the case n = 1 apply here. So we may
assume 4(0) = 0. Throughout most of this proof, the coefficient m = 0 will be implicitly omitted,
as it will be vanishing for all functions/distributions considered. Moreover, the reduction to smooth
functions applies equally well in this case. Therefore, we may assume without loss of generality that
u, fj,g; are all smooth.

The heart of the argument lies in the correct definition of D and D on T™. As mentioned in the
introduction of the current section, Clifford algebras and their set of complex units actually provide
the desired framework. Let C,, denote the universal complex Clifford algebra associated with the
quadratic space (C", @), where:

Q(z1,. -, 2n) = —ZZJZ, V(z1,...,2n) € C" (3.84)
j=1

We emphasise that the particular choice of @) is at odds with usual conventions for complex Clifford
algebras, but using our quadratic form, we obtain the appropriate basis commutation relations while
remaining isomorphic to the usual convention. One could reduce to the usual defining quadratic form
by choosing i - e; instead of the standard basis e; throughout our proof. In fact, the main reason why

13This refers to the property i> = —1 which was key to reduce the multiplier of D? to a simpler form.
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we decided to use our convention is to use the Riesz operators in their usual form.
Observe that we then have, for the standard basis denoted by ey, ..., e,:
eje +epe; =205, Vi ke{l,... ,n}, (3.85)

simply by the definition of Clifford algebras and the quadratic form (). We define now for any
v e C>®(T",C):

Do =A%(Id+ Y eR;) (3.86)
j=1

= AS(Id =) _eR;)v. (3.87)
j=1

We emphasise the similarity with [38, (5.14)] used in the context of Hardy spaces. The crucial
observation for our purposes is the following multiplier property for Fourier series for every m € Z™:

F(Dv)(m) = |m|? (1 + Zej : i%)}"(v)(m) (3.88)

F(Dv)(m) = |m]|2 (1 Ze] i L) F(w)(m), (3.89)

where |m| denotes the Euclidean norm on Z™. We highlight that at this point, we know that Du and
Du are functions in L' + H _%(’]I‘”,(Cn). Completely analogous to the proof of Theorem m we
may find F' € L? (due to the invertibility of non-zero vectors v € R™ in C”E)' To be precise, observe
that if DF' = f, f and g are defined to satisfy Du = f + g by splitting the terms f;, g; in the natural
way, then:

Ym#£0: |m|? 1+Ze] '13 (m) = f(m), (3.90)

which may be rewritten as:

F(m) = 2\m| ( Ze] z—) m), (3.91)

by using the multiplication relations and associativity on C,. To conclude that F € L?, it suffices to
check summability of the Fourier coefficients:

> IFm-3 g0 =3 et o)

mGZ”\{O} 2|m‘ 2

H2

m;ﬁO

Observe that for real vectors in R™, we find m? = |m|?. For general vectors in C", this fails, as can be seen in the
counterexample:
(61 -+ i€2)2 =0
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SIFIZ g < +oo. (3.92)

We mention here that the characterisations for regularity and integrability carry over without prob-
lem, even if we use Clifford algebra-valued functions by verifying componentwise regularity.

Consequently, as in the case n = 1, we may define & = u — F and observe that D& =: g € L.
Solving Dw = @ in the sense of distributions leaves us with D?w = g.

The key point behind the second proof of Theorem [3.1.1.3 lies in the fact, that D? has an inverse
given by the convolution with a bounded function. By a direct computation, we arrive at the following
expression for the multiplier associated with D?:

n

F(D*w)(m) = [m[" (1 + 3 ¢j - it D)2 F(w)(m) = 20 - [m|" (Y ej 12 ) Flw)(m), (3.93)
j=1

229 ml

for every m € Z". Observe that we used the fact that the complex unit i of C commutes with all e;
(as the Clifford algebra is a complex algebra) and that:

(i-ej)? =i e =i>=—L. (3.94)

Let us identify m = ) mje;, i.e. we consider the vector m € Z"™ C C" as an element in C,,. Therefore,

becomes:
F(D*w)(m) = 2ilm|" ' - mF(w)(m), VYm e Z" (3.95)

As stated before, all vectors R"™ C C,, are invertible due to:

22 =-Q(2), VzeC™ (3.96)
So, for the real vector m, we have due to m - m = —Q(m):
mt="""" Yo£meZz" (3.97)
Im/?

This means that D?w = g can be restated as:

1 m

}—(w)(m)zﬂ‘w

F(g)(m), (3.98)

for every 0 # m € Z".

For now, let us assume that a bounded function K on the torus exists, such that:

= 1 m n

In this case, we may check using Fourier coefficients that (keeping in mind that the order of factors
in the convolution matters for products in Clifford algebras):

1
_ K 3.100
w @) % g ( )
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Thus, we have the following inequality:
[wl[zee S IEK|zoe llgll - (3.101)

This is an immediate consequence of the definition, Minkowski’s inequality and continuity of the
Clifford multiplication in the Clifford algebra norm.
Moreover, we may deduce:

u=Fl3 = [ A(@=F)- (- F))ds
N
:Po(/n(u—F)-(u—F)d:U>
<| L= -

= Dw - (u—F)dxH
Tn

= /w (;Ez\u(m)e_“m’w) : (;ﬁ(m)ei<m’x>>dxu
S Du(m)- u/—\F(m)H

12

=[Sl Y e i )@ = Fm)|
m 7j=1

IS @m (1 + Y e z%)u—F(li
m 7=1
|G - mlE (=S z%)u/—?(mw
m 7=1
— |2 @0m) - Dlu— F)m)]
~ /w.D(u—F)dxH. (3.102)

Observe that in the first inequality, we used that the norm squared of uw — F actually appears as
the coefficient associated with 1 in the product u — F'- (u — F'). In addition, the conjugation in the
ninth line can easily deduced from our definition in the preliminary section of the paper, see .
The remainder of the argument then follows completely analogous to the 1.D-proof, up to the obvious

modifications. Again, simple considerations show that we even have the following inequality:

Hu —][ udx’
’H‘n

To complete the proof in the same way as for Theorem we still need to find a bounded
kernel K satisfying:

2 S ZO 1(=2)2Rjull -5, 11 (3.103)
]:

where Rg = Id.

1 m

K(m) = % TmT V0 #m e Z". (3.104)
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This is the purpose of the next subsection, so we may conclude the proof of Theorem at this
point. [l

3.1.5.3 Boundedness of the Kernel

Lastly, let us find an appropriate kernel. We first notice that due to linearity, symmetry and the
splitting into different directions, it is enough to find a bounded function k, such that:

Consequently, we want to study the boundedness of the following conditionally convergent series:

m iW(m,x
h(z)= > |m|n1+16< 28 (3.106)
mezn\{0}

Let us fix some notation. We usually identify m € Z" with m = (mq,m), where m € Z"~1. We will
sometimes use the same notation for z € R™. Moreover, for any m, we define m’ = (—mq,m). This
allows us to immediately see:

k(m') = —k(m), Vm e Z"\ {0}. (3.107)

This observation enables us to rewrite (3.106]) as follows:

Z Z ]m|"+1 sin(myx )e ™). (3.108)

m1>0mezZn—1

The strategy of the proof is based on [8, p.405-406]. Thus, the main point is to split the sum into

partial sums involving m; and 7| being comparable to some dyadic 2¥1 and 2* respectively. Then, we
distinguish k; < k and k1 > k to conclude. Thus, we consider the following sum derived from ([3.108]):

z)| < Z Z‘ Z Z ‘n+1 sin(myxy)e! ™|, (3.109)

k120 k>0 mq~2k1 |m|~2k

Let us mention an uniform estimate for fixed ki, k. To achieve this, we distinguish two cases:
k1 > k and k; < k. We shall need the following estimate that can be found in [§, (4.22)]:

: k 1
‘ Zsm(ﬁx)‘ S A%z A =k (3.110)

i 2

for every k € N, z € S! and subinterval I C [2¥~1,2¥]. Here, A denotes the minimum of two functions.
Let us provide the argument in a more abstract manner: Consider a finite sum of the form:

DS amibicm, - (3.111)
mi1 m

Observe that the summands in (3.109) inside the absolute value clearly have this form. Let us denote
by A, the partial sum of all a; up to the m;-th element. In the case of (3.109), this would be a sum
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Figure 3.1.1: Plot of an Approximation of k in Dimension 2

of sin(lz) over an interval with I comparable to 21, hence we may use the bound ([3.110]). Therefore,
we may rewrite (3.111)) as:

DD ambacmimn =D Y (Am = Ami0)binCm i
mim mi  m
- Z ZAml bm(cmlfn - Cm1+1,fn)7 (3.112)
mi m

which, in the case of (3.109]), can be estimated using the bound on sums of sinus functions in ((3.110)),
the boundedness of the by, which are merely ™% and finally the estimate:

1
~ m|n+t

mi my+ 1
m|™ (g + 12 4 [mf2) 5
We mention the slight imprecision, as in (3.112)), the extremal partial sums A; require further atten-
tion. However, in the case we are considering, similar techniques can be applied (since we no longer
sum over m;) and we omit further details.

(3.113)

Therefore, we arrive at the following estimate:

‘ Z Z |m|—nl+151n(m1a:1)e< )

m1~2k1 || ~2k

<2 (2P| A

1 1
- 3.114
2k1|:c1|)H [ P (my ~2k1 | ~2F) ( )
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If k1 > k, we may simplify (3.109) using (3.114)) as follows:

- 1 1
< k(n—1) okt . oki (ok1
k() S )2 2" ) 2 (2% |21 Arlm')
k1>1
1
< §:2’<1 AN——<(C 3.115
> et |x1| 2k1’l'1| ~ < o0, ( )
1=

which can be easily bounded by the definition of the minimum.

If k > ki, we find:

ZZ’ Z Z Jﬁsin(mlxl)ei(mi)

k1>0 ]}ZO my~2k1 ‘m‘wgl}

1 1 1
S Z Z 4k (2R 21| A 2k1|x1|) " 9ki(n+1) Z 2\ 2

k1 I;J>k1 |m|~2l~g (]‘ + 22k1)

2k1(n—1)4k1
~ k1(n+1
= 9k1(n+1)
1
< 2P 21| A ——— < C < 00, 3.116
- k§>:0 o iy S (3:116)
1=

1
k
(2 1|x1]/\2k1|$1’)

where we estimated the sum over 7, k by a dominating integral. This shows that k(z) is actually
bounded and possesses the required Fourier coefficients, hence adding the last ingredient missing in
our proof of Theorem

3.1.6 Existence Result for a certain Fractional PDE

Similar to Bourgain-Brezis [§], the estimates in Theorem [3.1.1.3 and [3.1.1.4] may be used to derive
existence results for a particular differential operator. However, before turning to the PDE itself,
let us briefly provide an alternative formulation of our main theorems for a more general class of
distributions:

Theorem 3.1.6.1. Let u € D'(T",C,,) be Cy-valued and assume that:
Du,Du e H™2 + L'(T",C,,). (3.117)

Here, D and D are the operators defined in the proof of Theorem|3.1.1.4. Then u € L*(T",C,,) and
we have the following estimate:

Hu — /Tn ud:EHL2 SIDull - o+ 1Dull -3, 0 (3.118)

This result is an immediate corollary of the proof of Theorem [3.1.1.4] as we always work with
Du and Du rather than the Rj(—A)%. The possibility to generalise to Clifford algebra-valued dis-
tributions follows directly, as all arguments involved behave well with respect to the Clifford algebra
product. One could also rewrite the estimate by separating the identity operator from the Riesz op-
erators.
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Let us now turn to the existence result. We would like to consider the following problem:
9= fo+ Z AR, f; (3.119)

Where g € LA(T") {u € L*(T") an u= O}H Obviously, the PDE admits solutions fy, ..., f, in

H3 (T™). Again, using Sobolev embeddings, it is also clear that there is a-priori no way to deduce
that the f; may be chosen to be bounded or even continuous. We shall remedy this apparent lack of
regularity:

Corollary 3.1.6.1. Let g € L2(T"). Then there exist fo,..., fn € HzN CO(T"), such that (3.119)
holds.

Proof of Corollary (3.1.6.1 The proof is completely analogous to the one in [8, Proof of Theorem
1]: Let us define the following operator:

n

T:@HENCUT") = LAT"), T(uo,...,un) = (-A)iu +Z A)iRju;. (3.120)
§=0

It is clear that 7' is a bounded, linear operator. Moreover, we have that its dual operator is given by:

T*:LE(T”)%éH‘g +M(T?), T*@):= ((-A)iv,Ri(=A)iv,...,Ra(—=A)Tv).  (3.121)
j=0

Here, M(T") denotes the collection of Radon measures on T". As in [8, (4.3)], it can be easily seen
(using convolutions) that:

Il g =1l g5, 0 on H 2+ LN(T™), (3.122)

Therefore, we know by (3.103)) that:

lull2 S IT° (3.123)

ull gy - 4 pa ey

This implies that T is surjective (see Theorem 2.20 in Brezis [10]). The open mapping Theorem yields
that there is C' > 0 such that BY(0,C) C T(B¥(0,1)), where E = @'_, H2 N C%(T"). Therefore,
for every g € L2(S%), there are (fo, ..., fn) € E such that (=A)Y4fy + 37" (=A)Y4R;f; = g and

n

S ill g g < Cligllze, (3.124)
=0
for some fixed C' > 0. This concludes the proof. O

Using Corollary [3.1.6.1], we may derive the following simple result:

'5The conjugate operator R; appears due to the duality used in the proof. This ensures, that we can apply the result
in Theorem It is simpel to see that by suitably exchanging R; by R; throughout the proof of Theorem :3.1.1.4
the same inequality can be obtained for the dual operators and thus yields the same result as in Corollary [3.1.6.1] for the
usual Riesz operators.
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Corollary 3.1.6.2. Let f € Hz (T"). Then there exist fo, ..., fn € H2 NCO(T") as well as a smooth
function ¢ € C*°(T™), such that:

f:SO+Zijj- (3.125)

j=0

Proof of Corollary m Take g = (— )ﬂf € L?(T"). By Corollary [3.1.6.1, we see that there
exist fo,..., fn € H2 N C°(T"), such that is satisfied. Therefore, we know:

SSHIE zn:ijj) —0. (3.126)
=0

But this implies that the difference lies in the kernel of (—A)™, where m is the smallest integer larger
or equal than 7. Thus the difference is smooth, leading to the desired decomposition. (Il

3.1.7 Appendix

In this section, we provide for the reader’s convenience a proof of the two inequalities (3.3]) and .,
since the authors have not found a precise reference in the literature.

1. Assume first that f(z) = > ,5¢an2" is an analytic function such that lim,_,;- ||f(7“ei6)|\L1 g1y <
+o00. Let h € L'(S') be such that lim,_,;— || f(re?) — hl[z1(s1y = 0. We set 9(2) = > _n>0 n+1z”+1
We observe that ¢'(z) = f(z). From our hypothesis, we have lim,_,;- ||g’(7“610)\|L1(51) < 400. Observe
that this implies that lim,a_ﬂf(||8gg(7'ei9)HL1(51) + H&«g(rew)HLl(Sl)) < 4o00. Define g,(z) = g(rz) for
0 < r < 1. Since g is harmonic in D, we have

0 = /(Ag,ngr—}-grAgr)dx—/ (Orgr * Gr + OrGrgr) da—2/ |Vgr| dx
D

= /aD(arg g+ 0:g99)d /lgr! da. (3.127)

We first have (observe that f¢, g, = 0)
grlloo(s1y S [100gr |l L1 (s (3.128)
and from (3.127)) it follows that
1 fell 2y = N9rll 2@y S Ngrll oo sy 10rgll sty S \|91/~H%1(51)- (3.129)

We let r — 1 in (3.129)) and get
1A llz2y S IPllzrcsr)- (3.130)

2. Assume now that f(z) =5 -, anz" is an analytic function such that:

lim (| (re™) || r-1/2(s1) < +o0.
r—1-

2
Claim. Assume ag = 0 in the power series above. Then the series ), -, ‘a;ﬂ < +o00 and

|an|2
y o= lim LF(re)1%, e (1"

n>1
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Proof of the claim. We set A = lim,_,,- || f(re®)||? We observe that:

H*1/2(Sl)'
) |a |2 2n
Hf(’rez ) H- 1/2(51) Z
n>0
For every N > 1, we have
N 2..2n N 2,.2n
A lim Sl lim 120"
r—1- —t n ot r—1- n

- Jan
P (3.131)
n=1 n

By letting N — +o0, we get » 7, \azl < 400 and by Abel’s theorem on power series, we deduce
that the norms converge

Therefore, f(e) € H='/2(S') and lim,_,;- || f(re??) — f(eig)HH71/2(Sl) = 0, by observing that the
convergence holds weakly and the norms converge, which is an equivalent characterisation for conver-
gence with respect to the norm in Hilbert spaces. This proves the claim.

Consider the function g,(2) = >_, ¢ niy (rz)™*1. In this case we have g, € HY/?(S'). We have
r- fr(z) = g.(z). Since g is harmonic in D we have

1frll 2y = IVgrll2m) S llgrllge = 1 frll -1 (3.132)

We let » — 1 in ((3.132)) and get
12y S 11 z-1/2(s1)- (3.133)

Both inequalities (3.3)) and (3.4)) have been proved.

3.2 Integrability by Compensation Results for the Dirac Equation
[26]

Building on the work in Da Lio-Riviere [23] that exposed suitable compensation phenomena not
involving antisymmetric potentials, a more general kind of regularity result for Dirac equations is
established by revealing compensation properties that are a-priori hidden. Among the most significant
ideas is the introduction of Clifford algebras which naturally allows one to imitate the step from C
to H as in Da Lio-Riviere [23] that ultimately provided access to a suitable gauge in a compact Lie
group. Due to technical limitations, unfortunately, we will be restricted to domains of dimension < 8
in general, the main points behind this being discussed in the next section.

3.2.1 Introduction

The present paper is a new contribution to the study of linear critical systems with special structures
enjoying integrability by compensation properties.
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In [70], the first author proved the sub-criticality of local a-priori critical Schédinger systems in 2

dimensions of the form

—Au=Q-Vu in D'(B?), (3.134)
where u = (ul,---,u") € WH2(B%R") and Q € L?(B? R? ® s0(n)), (so(n) is the Lie algebra of
antisymmetric n X n matrices). Systems of the form are related to concentration compactness
and regularity results of Euler-Lagrange equations of conformal invariant functionals in 2-D, such as
for instance the harmonic map equation.

Following Riviere [70], in a series of works, various critical local and non local systems with
antisymmetric potentials, often related to geometric variational problems, have been singled out as
enjoying compactness properties similar to the ones of . Successively the following systems
for the corresponding critical regimeﬂ and where ) denotes an antisymmetric potential have been
proven to have subcritical behaviour below a threshold of energy

A2y = A(V - Vu) + div(w Vu) + Q - Vu (3.135)

in Lamm-Riviere [53],
—Av=Qu (3.136)
in Riviere [71].

In the nonlocal framework, denoting for o € (0, 1)

(—=A)u(z) = PV / ulz) — uly) dy ,

R |.T _ y|1+20

similar sub-critical behaviour have been proven to hold for systems of the form respectively
(A4 =Q- v, (3.137)

in Da Lio-Riviere [22] , as well as
(=)= Q- dyja(u) (3.138)

in Mazowiecka-Schikorra [57] where d; 5 is the the half gradient given by

Pr) — ety
d1jop(@,y) = |(x)—y|1/(2) )

as well as
(=)t = / K(x,y) u(y)dy , (3.139)
R

where K (z,y) = — K'(y,z) (see Da Lio-Riviere [24]).
In all the above examples the antisymmetry (3.137)), (3.138|) or the anti-self adjoint duality (3.139))

of the potential appearing in the equation are responsible for the regularity of the solutions or for the
stability under weak convergence as in the original work Riviere [70]. Recently in Da Lio-Riviere [23]
the first and the second authors have discovered new integrability by compensation phenomena for
linear systems in 2-D where the antisymmetry is not directly involved. They are systems of the form

div(SVu) =0 in D'(R?), (3.140)

18T the function spaces which makes them critical.
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where u € L?(C),R") and S € WH2(C, Sym(n)) where Sym(n) denotes the set of symmetric n x n-
matrices over R and where the crucial involution assumption is made

S? = Id, . (3.141)

In the case of 2-D codomains (n = 2) the resolution of (3.140) required a different formulation of the
equation in the form

9.f=Q-F in D/(C), (3.142)
where Q) € L?(C,s0(2) ® C) is given by
_( 0 5
Q_<_5 0>, (3.143)

for some B € L%*(C,C) and f € L?(C,C?), f = (f*,?), and § is the complex conjugate of fi, (see
Proposition II1.2 in Da Lio-Riviere [23]). We observe that in this context the Lie Algebra so(2) @ C
does not generate a compact Lie group. This differs completely from all the previously mentioned
results above where the compactness of the underlying Lie Group, SO(n), was the crucial assumption
allowing the construction of suitable gauge transformations @ la Uhlenbeck [98] in order to “absorb”
the potential in the left-hand-side of the system.

The main result of Da Lio-Riviere [23] leading to the regularity of solutions to forn =2is
the following theorem.

Theorem 3.2.1.1 (Theorem IIL.7 in [23]). Let B € L?*(C,C) with

8:B162 - 81'251 =0.

Let § € L?>(C,C x C) be a solution of

0 B\ _
0. = < ) f (3.144)
-3 0

Then §f € L} (C) for all ¢ < . O

We observe that actually the system is critical in the sense that if we start with a L?(C)
solution f then from the fact that . € L' we get that f € L?°°(C) namely we return almost to the
starting point. The new integrability by compensation results discovered in Da Lio-Riviere [23] are
related to Wente’s inequality for 2-D Jacobians.

The purpose of the present work is to extend the integrability by compensation result given by
Theorem to higher dimensions. For this purpose we need to recall the fundamental notions
related to Clifford Algebras:

For every m > 0, we denote by C?,, the universal Clifford algebra on R™ (sometimes also denoted
C?(0,m)). Cl,, is a real associative algebra with identity containing linearly a copy of R, such that
for any orthonormal basis (e, ..., e) of R™, it holds

eie; +eje; = _51']‘7
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for 1 <4,7 <m — 1 and the reduced products ey = ¢;, ---€;,, 1 <1 <--- <ep <mandey=1are a
basis for C¥,,. E| Any f € C¥,, can be decomposed as follows:

f:Zf]€[, where 6[261061'1'--6%,IZ{io,...,ik} s OSHSSZ]CSTH
I
Let o: Cl,, — C¥,, be the unique involutive automorphism such that o(e;) = —e; for every i =
1,...,m and o|gr = Id. it is called the principal automorphism on C¥¢,, in mathematics and grade
involution or grade automorphism in physic{l . For f € Cf,, we also denote
fi=0(f) .

Observe for instance that by definition

~

é(]:eo, €; — —€; Ee\j:éiéj:eiej

We point out that the principal automorphism o is the only involution which is compatible with the
Clifford Algebra structurﬁ We will refer for instance to Gilbert-Murray [38] and Hamilton [42] for
a presentation of Clifford Algebras.

Finally for f: R™ — (C¥,,)? we consider the Dirac operator d;f defined by
8Lf = €0 - 83?0f — €1 81‘1f — ... = €Em_1" 8xm71f y (3.145)

Our main result in the present work is the following integrability by compensation theorem which is
the 3 and 4 dimensional counterpart of theorem [3.2.1.1

Theorem 3.2.1.2. Let m =3,4. 8= (Lo, Bm—-1) € Wl’m/2(Rm,spanR{eo, cee L em—1}) with

loc

Tf m =0,1,2 then Cly ~ R, C¥; ~ C and C¥s ~ H respectively, where

H:={a+b-i+tc-j+d-k, (abcd cR'},

is the algebra of quaternions.
C/s is a real 8 dimensional space with a basis given by the following paravectors

eo Scalar
e1, ez, es Vectors
eires, eses, eser  Bivectors

erezes  Trivectors

Bhttps://en.wikipedia.org/wiki/Paravector

19T the case m = 1 then the principal automorphism coincides with the complex conjugation: f = f. While in
the case of m = 2 with C¢> ~ H the automorphism o does not coincide with the other involution on H given by the
conjugation operation on quaternions :

1=1,4i=—i, j=—j and k= —k

while .
1:1260,i:—i=€1,j:—j=€2, k‘:k=€1€2
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Let § € Lm/m_l(Rm, Cly—1 X Cly—1) be a solution of

0 B\ .
aLf = ( ) j (3.147)
-8 0

Then f € LE (R™,Clyy—1 X Clyy—1) for all g < oc. O

loc

Remark 3.2.1.1. Observe that the system is critical in the sense that the r-h-s is a-priori
onlﬂ in L} which is preventing a direct use of Calderon Zygmund theory. Any direct attempt to

loc

bootstrap is blocked by the fact that 8;1Llloc N (R™). Which means that a-priori integrability

loc
information on f is lost from the first iteration on. It is only because of its very peculiar structure that,

thanks to some “hidden” compensation, a gain of integrability and local compactness holds. In fact a

quantitative version of the theorem can bee formulated in the form of an e-regularity. O
Remark 3.2.1.2. Some gain of integrability still holds when instead of assuming one assumes
that 0y, B — 0z, 0; € L] (R™) (m = 3,4) for some p > 2. O

Remark 3.2.1.3. It would be interesting to study the possibility whether or not theorem
continues to hold if instead of assuming [ to be in Wh™2 one would make the milder hypothesis

loc
B € L. In fact, we are proving theorem [3.2.1.4 under the assumption that 3 belongs to the Lorentz
space Ll(;Z’z) in which V[/'l})’gn/Q embeds in m dimensions for m = 3,4 (see Riviére [73]). d

Remark 3.2.1.4. The investigations made by the authors is leading them to the conclusion that the
theorem does not gemeralise to arbitrary m in a straightforward way and the proofs given below for
the cases m = 3,4 is very much “dimension depending”. Some results have been obtained by the third
author in dimensions m < 8 in Section[3.3.3.

Similarly to the 2-dimensional case the resolution of Theorem [3.2.1.2| for m = 4 for instance goes
through the canonical inclusion of C'¢3 into Cly (i.e. Cly ~ Cl3@® Cl3ey4) and the introduction of the
new variable g = ' 4 §?e4 € C¢4. The equation satisfied by g is then@

Org = —(Bes) - g in D'(R?Y). (3.149)

20Indeed we have W™/ %(R™) < L™(R™)

loc
2n this form the equation identifies to the covariant Dirac equation commonly written as follows

3
> u(0e, — 1AL =0 (3.148)
n=0

where 7o is the 2 x 2 identity matrix, v, = —e, , i = e4, the connection components are given by A,, = 8, and the group
representing on the spinor space Cly ~ Cls @ Cl3 ey is the abelian group exp(e4R). With this identification at hand one
could then imagine that, for instance assuming o = 0 and 0,8 = 0 the flatness of the connection A implied by
would make the absorption of the r-h-s of trivial by multiplying on the left by exp(eap) where dp = A.
However we have

vVi=1,2,3 exp(es p)er = e; exp(—eq )

and this multiplication would then give

Dsq(exp(es p)g) — Y e Os, (exp(—esp)g) =0,

i=1

which is not easily invertible neither unless in the very particular case where g is known to be independent of xo (that
we are not assuming a-priori).
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The “absorption” of the right hand side of this equation by the left-hand-side will be achieved through
the construction a la Uhlenbeck of a Coulomb type Gauge in the Lie group whose Lie algebra is given
by

54 = {64, €1€4, €2€4, €3€4,€1,€9,€3,€1€9,€1€3, 6263} .

This Lie group happens to be isomorphic to Spin(5) (see Appendix for a presentation of Spin(m))
and is hence compact which is crucial for the gain of integrability similarly to the seminal work Riviere
[70].

We also would like to stress that the linearized natural Coulomb type condition in the present
framework is given by the Lorenz gauge equation for an electric potential ¢ and magnetic vector

potential A (see (3.212) and (3.213)) :

curl(A) = B
~9A-Vy = E (3.150)
Op +div(4) = B

where B, and E represent respectively the electric and the magnetic fields and are taken in our
case to be B =0 and E = (31, 52, 83) while assuming (3.146)) and zg is the time variable.

Finally it is legitimate to ask if the resolution of theorem [3.2.1.2|leads to any new result regarding
solutions in L™/™~1 of real Elliptic Systems in Divergence form (3.140) involving critical chirality

operator S € VVZQOZn/ 2 (R™, Sym(m)) with S? = Id,,. We have not been able to establish this connection

so fai2]
3.2.2 Bootstrap Test for (3.149)) in 4-D

We first start with the dimension m = 4 that looks more natural to us. We consider systems of the
form

8Lf = Be4-f. (3.153)

where f = f' + 2 ey, and f!,§2: R* — Cf3. The function § assumes values in the Clifford algebra C/.
In this context J;, and g denote respectively the the left and right Dirac operator in R* defined
by

3
OLf = Ouf— Y e€ila,f (3.154)
i=1
22 Actually in dimension m = 3 L3/? solutions of
div(SVu) =0 in D' (R?) (3.151)

happen to be rather related to a solution of a system of the type:
_( 0 B\;
aLf_( o ) f (3.152)

where § = (f+, %) € HxH and fi denotes the conjugate of § in H which does not coincide with the involution ¢ in Cy ~ H
given by the principal automorphism we are considering in (3.147). Up to our knowledge, the question of a possible
higher integrability for L3/? solutions of systems of the form for 8 € L® or even in W?/2 as well as the question
of the possible higher integrability for L*/? solutions of with leo’f/ ? Involution operator S that would naturally
extend to 3D the theorems in 2 dimension obtained in Da Lio-Riviere [23] are still open.
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3
Orf = Ouf— Y Oufei (3.155)
=1

The first main result is the following Theorem which corresponds to a bootstrap test for the

equation (3.153)):

Theorem 3.2.2.1. There exists g > 0 such that for every 8 € L*2)(R* V3) satisfying 18Il 1.2 (ray <
go as well as

Vi,j 0p, — 0.8 =0,

and where V3 = spang{e, €1, €, e3} and every § € L*3(R*, Cly) solving

oLf = Pea- ¥, (3.156)
we have f = 0. ]

In order to prove Theorem [3.2.2.1] we first perform the construction of a suitable gauge. This relies
on the use of certain projections to render the emerging gauge equations elliptic and therefore enabling
direct existence and regularity arguments. The arguments are given in the following subsections and we
will make use of a new compensation phenomenon linked to the appearance of Maxwell-type equations
for our changes of gauge.

3.2.2.1 Construction of a Gauge

In order to employ an absorption argument by a change of gauge, we consider the compact Lie algebra
generated by {eq4, e1e4, e2e4, e3e4}. Such an algebra is isomorphic to spin(5) and it is given by:

E = spang{ey, e1e4, e2e4, €3€4, €1, €2, €3, €162, €1€3, €2€3 }.
We may split
E = FEy® Fg,
where
E, := spang{ey, e1e4, e2e4, €364},
and
Es := spang{e, ea, €3, e1e2, e1€3, €2€3}.

Note that Fjg is also a compact Lie algebra of dimension 6 isomorphic to spin(4). Let us introduce the
following projections:

g: Cly — Eg (3.157)
: Cly — By (3.158)
II3: Cly — E3 := spang{eseseq, esereq, e1e2e4 } (3.159)
P: E3 — Ey, epi1€p_1€4 — egeq, k=1,2,3. (3.160)

In the projection P, we use the indexing in Z/3Z. This means for example that we identify 4 with 1
in ((3.160)).
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We multiply both sides of the equation (3.156|) from the left by ¢ belonging to the compact Lie
group corresponding to the Lie algebra E. Such a Lie group is isomorphic to Spin(5) ~ Sp(Q)EL We

obtain
3

3
GOLT = 0 (0f) — (Do ®)f — Y Ou(qeif) + ) Ouqeif (3.161)

i=1 i=1
We define the following expression:

3
D) :=q 'Oud — Y _ a4 'r,qei = 4 Ora.

i=1
Let us observe that
3
Bes=3€es— Y Bees € Ey (3.162)
i=1
D(q) € E3sdE, D E;sPR-eeqes. (3.163)

By combining (3-158), (B-161) and (-163) we get
3
Ozo(af) = > Ou,(aeif) = a(Bes+D(a))f. (3.164)
=1

We notice that (3.164)) is a system of 15 equations in 10 unknowns, if we split the PDE according to
the basis in C¢y. If we try to directly solve:

564+D(q) =0,

this will have therefore little to no chance of success. Instead, let us try and approximately solve this
equation.

More precisely, our main goal is to find q € WhH* (R, Spin(5) such that D(q) = —fes + V(z),
where V is a more regular potential than 3, namely V € L*1(RY).

To achieve this, we introduce the following operator:

N: WH(RY, Spin(5)) — W (R, Eg) x L*(RY, Ey) x L*(R*, Fs) (3.165)

3
q— (He (Z(am((q)_laxiq)v ,H4(D(q)),ﬂ3(9(q))>

=0
We observe that N is an operator from Spin(5)-valued maps, i.e. functions whose range has dimen-
sion 10, to Fg & F4 @ Fs-valued functions, namely functions taking values in a space of dimension

13. Therefore, there is no hope of proving that it is an isomorphism. This suggests that we have to
further reduce dimensionality to arrive at an operator which takes all values sufficiently close to 0.

Indeed, we would like to prove the following result (which, as we stated before, is a-priori impossible
in the generality presented):

#see Thm. 9.11.(iii.) in Gilbert-Murray [38]. The symplectic group, Sp(n) is the subgroup of GI(n, H), the invertible
n X n quaternionic matrices A satisfying A'A=AA" = Id.
2y L4(R*, Spin(5)) denotes the space of functions u € L},.(R*, Spin(5)) such that Vu € L*(R*)
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Lemma 3.2.2.1. There exists g9 > 0 such that for every 3 € L*(R* V3) and 181l Larsy < €0, there
exists ¢ € WH4(R?, Spin(5)) such that

N(q) = (0, Bes, 0). (3.166)

together with an estimate:
IVallps < 118l pawa)- (3.167)

Unfortunately, this strong form of a gauge is not possible. However, if we allow for an error term
of slightly better integrability, which will suffice for the regularity result we are trying to establish, we
can actually achieve a suitable change of gauge by using a slightly weaker gauge operator.

In order to prove a weaker analogue of Lemma [3.2.2.1] we first consider a different nonlinear
operator:

N: WHY(RY, Spin(5)) — W L4RY, Eg) x LY(R?Y, Ey) (3.168)

3
q (Ha (Z(axi((Q)laxi(Q))> (Mg + P)(D(CI))>

i=0
Observe that

3

(I +P)(D() = Hey(D(@) + Y (Mesey + pery e 1en)(D(A)) (3.169)
i=1

We shall construct a gauge for the nonlinear operator in (3.168)):

Lemma 3.2.2.2. There are constants g > 0 and C > 0 such that for any choice of w € W~14(R*, Eg)
and g € L*(R*, E,) satisfying
lwllw-14 < €0, llgllzs < eo (3.170)

there exists q € WY4(R*, Spin(5)) such that
N(a) = (w,9) (3.171)

and
IVallps < Cllwllw-14 + llgllz2) - (3.172)

In order to prove Lemma [3.2.2.2] we shall need to introduce some notation and establish a few
intermediate results: As in [22] 27], by an approximation argument, it suffices to prove Lemma (3.2.2.2
under the assumption that w and g are slightly more regular. More precisely, we first prove Lemma

3.2.2.2/in the case w € (W12 N W17 )(R*, Eg) and g € (LP N LP')(R*, E,) for some fixed 4 < p and

its Holder-dual p’ = I%:

For € > 0, let us now introduce:

(w,g) € (WP WL ) (R, Eg) x (LP N LY )(R?*, Ey)
U. = (3.173)
[wllw-14 +lgllps <€
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For constants €,0 > 0, let V. @ C U. denote the set of pairs (w, g) for which we have a decomposition
as in (3.171) and which are satisfying the following estimates:

IVallzs < O(lwlw-14 + gl £4) (3.174)
IVall, < ©(wlw-1» + llgllLe) , (3.175)
U Vallp < O(lwllyy e + ll8ll L) - (3.176)

That is:
there exists q € (W2 N W) (R, Spin(5)), so that
Veo =4 (w,9) €U : q—J € L*/3r=4(R*, Spin(5))
and (B.171), (3.174), (3.175), (3.176) hold.

The strategy to prove Lemma [3.2.2.2| follows the one introduced by K. Uhlenbeck in [98] in order to
construct Coulomb gauges in critical dimensions. In fact, Lemma(3.2.2.2is going to be a consequence of
the following proposition, which will establish our Lemma by using a standard connectedness argument

on suitable spaces.
Proposition 3.2.2.1. There exist © > 0 and € > 0, such that V. o = U.. O

Proof of Proposition [3.2.2.1} Proposition [3.2.2.1] will follow, once we have shown the following
four properties:

(i

.) U. is connected.
(ii.

)
) V- e is nonempty.

(iii.) For any €,0 > 0, V. g is a relatively closed subset of U..

(iv.) There exist © > 0 and € > 0, such that V. g is a relatively open subset of U..

Property (i.) is obvious, since U, is clearly starshaped with center 0 and hence path-connected.
Property (ii.) is also evident, since (0,0) € V. g follows by choosing the constant map q = J. Conse-
quently, it remains to verify the latter two:

The closedness property (iii.) follows almost verbatim from those in Da Lio-Riviere [22] and Da
Lio-Schikorra [28]: Assume that (wn, gn), (w,8) € V- o and moreover, (wy, gn) — (w, g) and let g, be
as in the definition of V. g, i.e. N(q,) = (wn, gn) and satisfying (3.174), (3.175)), (3.176). Observe
that Vg, is bounded in LP and LY. Therefore, we can extract weakly converging subsequences with
limit p. Furthermore, we may extract another subsequence of q, — J converging locally in L? for
some q < 3;1—34 we may choose, due to the W? -boundedness of q,. The limit q — J satisfies Vq = p
and q assumes values in Spin(5) a.e.. This can be seen by extracting another subsequence of ¢, —J
converging a.e. pointwise and using the closedness of Spin(5). Due to the weak lower semi-continuity

of the norms, we immediately obtain that (3.174]), (3.175) and (3.176)) hold. Finally, observe that, in

the distributional sense, we have the convergence:

3 3
Is (Z(axi((qn)laxi(qn))> — g (Z(axi((q)laxi(q))> ;

i=0 =0
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as well as
(Ils + P)(D(an)) = (s + P)(D(q)).

This shows N (q) = (w, g) and therefore relative closedness is established. This takes care of (iii.).

Lastly, we verify the openness property (iv.). For this let wp, go be arbitrary in V. g, for some
£,0 > 0 determined later on in an appropriate manner: Let qo € WP N WL (R4, spin(5)), qo — J €

L4p/3p*4(R4), such that the decomposition (3.171)) as well as the estimates (3.174]), (3.175) and (3.176))

are satisfied for wy and go.
Let us consider perturbations of qq of the form q = qoe* where u € WhPNW LY NL/3~4(R4, spin(5)).
Observe that the exponent p > 4 has been chosen in particular to ensure u € C° N L>°(R*) and

4
qoet —J € L5, Indeed for a Schwartz function u, one has
u(z) = C/R4 Valz —y[72-Vuly) dy = |lulloc S Vel =yl pasmeo [IVullpan  (3.177)

The generalized Holder inequality (see Grafakos [39]) yields the required estimate of the Lorentz norm:

IVull pan < C IVl [[Vull,,*

where 471 = ap™! 4+ (1 — a)p/*
. S _dp }

follows due to the density of Schwartz functions in W? 0 WP N L%, Tt can be easily seen, that
the argument carries over to domains of arbitrary dimension m, if m < p, as the density result and
the interpolation identity do not critically depend on m = 4 in any significant way. This observation
ensures that the argument presented could be generalised up to this point to higher-dimensional
domains without issues.

. The statement u € L°° and thus continuity by approximation,

Study of the linearized operator The key idea is that we can deduce general global properties
of the gauge operator by considering its differential at the element 0. This is in line with the usual
local inversion theorem, which again reduces local invertibility to a question about invertibility of the
differential which is its local linearisation.

We compute DN (qo) as follows:

d
DN (30) = N (a0e™)|_ =+ L£qp(w),

where u € (WP N WP 0 L4»/37=4)(R*, spin(5)). Let us write this in components:

Lgo (1) = (Lg, (1), Lg, (u))

where we have:

3
Ego (w) = Ilg |Au+ Z O, (qal(&%qg)u — uq018xiq0)]
i=0

3
Lo(w) = (I +P)[Oru— Y Oruej]
=1
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3

+(Ts + P)[dg " (Duo o)t — 15 Dued0 — Y _(dg ' (D, q0)u — uag 0z, q0)e]
j=1

and for i = 1,2, 3. First, we investigate the invertibility of L, (u) in the special case qo = 7J.

Invertibility of L5(u) If qo = J, we obviously have dq = 0 and as a result, the operator L5(u) =
(£5(u), £3(u)) has the following simpler form:
L5(u) = g [Au]
3

(s + P)[Ouput — Y _ O, uey] (3.178)
=1

£5(w)

The following will suffice to prove existence of solutions and regularity:
Proposition 3.2.2.2. The operator L3(u) is elliptic.

We mention at this point that this will be the only point where we crucially use the dimension of
the domain, as we shall observe the Riemann-Fueter operator on R* emerging in our computations.

Proof of Proposition [3.2.2.2, We write u = w + v where w € Eg and v = ey +vlejeq + v2eges +
v3eseq € E4. We observe that

L5w) = Tg[Aw + Av] = Aw
3
E%(u) = (II4 +P) |Opyv — Z 3%.1162-]
=1

We explicitly compute £3(u):

(IIy +P)

3
OV — Z &Eivei]

i=1

3
amov—zarivei] = I,

i=1

+
M-

s
I
-

3
(Hei€4 + HP[ei+1ei_164]) axov - Z 8x]~'U6j
7j=1

3
6;,301)0 — Z Gxivi ey4 (3.179)
j=1

1
=~

_|_

M

s
Il
A

(amui + 030" — Oy 0" Oxiflvi“) eiéq.

We can associate to the operator (I + P) the following symbol:

S —& —& &
& &% & &

o(§) = (3.180)
& & & &

& &L —&a &
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It can be easily seen that the columns of the symbol form an orthogonal system. Therefore, we know
det(o(§)) = i(Z?:l ¢2)? due to the multilinearity of the determinant coupled with the determinant
of real orthogonal matrices being either 1 or —1. This implies that the symbol is invertible for all
£ # 0 and as a result, the differential operator is elliptic by definition. Due to the connectedness of
R*\ {0} and the continuity of the determinant, we may even conclude that the sign of the determinant
has to be constant and by noticing det(c((1,0,0,0))) = 1, we deduce det(o(€)) = (31, £2)? for all £.
Combining the ellipticity of the Laplacian with the ellipticity of (&), we deduce that L5(u) is elliptic
as well. This concludes the proof of Proposition [3.2.2.2 [l

We may now prove the following result:

Lemma 3.2.2.3. For any © > 0, there exists € > 0 so that the following holds for any wo, g0 and qo
satisfying (3.171), (3.174), (3.175)), (3.176)):

For any w € (W5 n WL\ (RY, Eg) and g € (LP N LY )(RY, Ey), there exists a unique u €
Wie N Wh?' N LA/3—4(R4 spin(5)), such that

(w,9) = Lo ()

and for some constant C' = C(wy, go, ©) > 0, it holds

IVullres) +IVHlLr ey S lwllw-to@s) +lwlp-10 @) (3-181)
ol Lo ey + lloll Lo ma)-

Proof of Lemma [3.2.2.3
Claim 1. £5(u) is invertible as a map between the space of functions u € W? N L*/3~4(R*, spin(5))
and the space W17 (R, Eg) x LY (R*, E)
Proof of the Claim 1. We have seen that L5(u) is elliptic and therefore a Caldéron-Zygmund
operator. More precisely, let I'y denote the fundamental solution of A on R*. Using the decomposition
u = w + v as before, we have:

Aw=w=— w =Ty *w.

Similarily, we write v = ey + vlejes + v2egeq + v3ezeq and up to replacing ey, e1eq, ese4 and ezeq by
the quaternionic basis 1,4, j and k respectively, we see:

(H4 + 'P)[aRU] =g <— DgFU =g,

where DR = 8, + 0, i+ Oy, - j + Oy - k is the quaternionic Riemann-Fueter operator in 4D. Observe
that this emergence crucially limits the dimension of the domains to which this very argument could
be applied. A simple calculation as outlined in the Appendix enables us to see:

Dy DEF = A,
where EﬁF = 0Opy — Oy, -1 — Oy, - J — Oz, - k is the conjugate operator. Therefore, we have:
Av = ﬁgFg.
As a result, we deduce:

—RF  —RF —RF —RF
v=Tu4xDp g=Dp gxlu=Dp (g*xI'y) =g+ Dp T4



198

We highlight that the change of order in the convolution is made to emphasise explicitly the non-
commutativity of elements in the Clifford algebra. Using standard Caldéron-Zygmund estimates for
the Laplacian, we obtain:

IVwlize S llwlly—1pr
IVollze S llgll -

Consequently, given w € W12 (R, Eg), g € LP (R*, Ey), there exists a unique u € Wh' NL*/3~4(R4, spin(5))
such that:
£§(u) = (wag) :

The elliptic estimates above yield in combination:
IVull o S llwllyy -0 + Mgl o

The claim is therefore proved. [l

Estimate for L4, (u) — L5(u)

To generalize the invertibility to arbitrary qo, let us consider L, as a perturbation of L5. Invertibility is
ensured, if the operators are close enough by the usual perturbation-type argument. Thus, it suffices to
estimate using Holder’s inequality, boundedness/compactness of the Spin-groups, Sobolev-embeddings
and the L*-estimate for Vg:

195" (9, q0)u — uag " O, Gl 1o < Nltg "l 0w V0| ot el s
S IVaoll [ Vull L
5 Oc - HquLP"

Using this inequality, we conclude:

10z, (5" (Oz,90)u — uag ' 02,90) [lyy— 100 < lldg " (O, 90)u — uag ' 0a,qol| 1
S; Oc - HquLP"

Choosing € > 0 small enough (depending on ©), we obtain that Lq,(u) is an invertible map from
WP (R4, spin(5)) to W12 (R, Eg) x LY (R, Ey).

Claim 2. Assuming now w € (W12 0 WL\ (R, Eg) as well as g € (L? N LY )(R*, E,), we show
that the unique solution u of (w,g) = Lg, (1) lies in WHP(RY).

Proof of Claim 2: Firstly, due to Vu € L', we know that we may choose u by Sobolev-embeddings
and the density of Schwartz functions in the following way:

ue L= 4(RrY)

We have been using this observation implicitly before. As previously, in order to bootstrap, it suffices
to deduce improved integrability of g, 18xlq0u, as this implies improved integrability of Vu by means of
elliptic estimates. The same estimates immediately apply to uqg 1Ogclqo, meaning that there is no issue
in merely establishing estimates for g 18xlq0u for brevity’s sake. By the considerations in , it
suffices to show that Vu € L for some ¢ > 4, because then, by interpolation, Vu € L¥' N L? and we
could thus conclude that u € L*® completely analogous to leading to q laleIou € LP, which
immediately establishes Vu € LP. Therefore, Claim 2 would be proven in the process.
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We argue by a bootstrap argument: Assume that u € L” for some 4 > r > %. In this case,

3p
Holder’s inequality implies:
—1
9" Oz, qoulle < IVaollzellullzr,
for % = %—l—% > %—i—i > %. Observe that % <t < 4 < p by the inequalities satisfied by r. We conclude
due to the elliptic estimates as in Claim 1 and the identity Lq, (1) = (w, g):

Vue L.
This implies by Sobolev-embeddings that u € L*/4~t. Thus, if we define 7 = 2L, we observe:
1101 1 1 1
Pt o4 o p 4

which implies that the reciprocal values are decreasing by a constant amount with each iterating step,
due to p > 4. Therefore, after finitely many steps (the number of which depends only on p), we have:

1 1 -

—<- = 7>4

r 4
This implies, by the previously outlined argument, that Vu € LP(R*, spin(5)), finishing the proof of
Claim 2. Observe that by keeping track of the estimates, we may deduce the LP-part of the inequality
(13.287). Therefore, the Lemma is proven. O

Proof of Proposition continued.

For ¢ = ¢(©) > 0 chosen small enough and for any (wp, go) € V- e, the local inversion theorem applied
to Ny, implies the existence of some § > 0 (that might depend on (wg,go)) such that, for every
(w,g) € U with

[w = wollw-10@®e) + [lw — wolly -1 (gay <0 (3.182)

lg — goll Lo (re) + 118 — G0l 11 gy <6, (3.183)

we surely find q = qoe* € W2 N WP (RY), such that q — J € L®/37~4R*) and (B.171) is satisfied.
It remains to prove the estimates (3.174)), (3.175)) and (3.176]). They will be an immediate conse-

quence of the following lemma, together with sufficiently small chosen ¢, > 0:

Lemma 3.2.2.4. There exist © > 0 and o > 0, such that, whenever ¢ € W' 0 W' (R*) with
q— 3 e L*/3=4R*Y) satisfying (3.171)) is given, and it holds:

IVallparey < o, (3.184)

then the estimates in (3.174), (3.175) and (3.176)) hold true as well.

Proof of Lemma [3.2.2.4, Let (w,g) € U satisfy (3.182) and (3.183) and let q = qoe* € Wi n
WY (RY), such that q — J € L*/3%~4(R*) and (3.171) is satisfied. We first consider the following

Hodge decomposition of q~'dq:
q 'dg = dly + d*Y, (3.185)
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where Y; € Q2(RY), Y, = > 0<i<i<3 chjdxi/\dxj is a differential 2-form and I'y a 0-form, i.e. a function.
We denote d*Yy = Z?:o yédm for brevity. We may choose I'; and Y; as follows:

Iy = (~A)"'d"(q""da) (3.186)
Yo = (~A)'d(q'dg) (3.187)

In particular, we then have dY; = 0 and d*I'y = 0, i.e. exactness and coexactness respectively.

Due to , it follows that:
(—A)Ig(Ty) = Tg(~ATy) = To(d* (g 'da)) = —w. (3.188)
Therefore for every r € [p/, p] we have:
T (VI e < llewllw-1r (3.189)
From (3.185]), it follows that
~AY, = d(q 'dq) =dq " Adg. (3.190)
Using (3:190)), it follows that VY, € L"(R?) and due to the compensation result in Lemma
IVYallor < lldallpaesylldall r ey < olldall o rs)- (3.191)
By inserting (3.185)), it follows that (we write D = g for the moment for brevity’s sake):

g=(L+7P)D(q) = (s+P)(DTy)

3
+ (M +P)y) = > vies). (3.192)
i=1
Therefore: ;
(Ty + P)(DTy) = g — (Tl + P)(y§ — Y _ viaes) (3.193)
i=1

Observe that dI'y € spin(5), since q~'dq € spin(5). Therefore:
dly = (I1y + TTg)(dT'y).

Hence:

3
(Iy + P)(DI4(dTy)) = dg —d(Ily +P)(yg = > vges) (3.194)
1=1

We recall that d* = (=1)"*~D+1 & d % % is the Hodge operator. If £ = > o<icj<sCizdri A dzj then d*§ =
—(apdzo + ardz1 + asdxs + asdrs) where: T

ao = Oz 601 + 0zy802 + On3603
a1 = —0z0€01 + 05812 + On3€13
s = —0zy802 — 0,812 + Ong€23

Qs = _8x2€23 - ax1£13 - 810503
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— (M4 4 P)(DIlg(dTy)) (3.195)

Since the operator (II4 + P) o D is invertible by the arguments in Claim 1 of the proof of Lemma
3.2.2.3| above, we find:

M4(dly) = ((Tl4+7P)oD) 'dg

3
+ (s +7P)o D) 'd(Ily + P) <y8 -> yéei)
=1

+ ((TIy +P) o D)~ (T4 + P)(DIg(dly))] - (3.196)
By using (3.196)), we get:
Ha(dl)llzr < Mol + d*Ygl[r + [lwllw-1.r
S leller +olldallzr + flwlw-1.r (3.197)

Combining (3.185)), (3.189)) and (3.197]), we get the following estimate:

Ildallzr < [ldTqllLr + [|[d"Yql[zr (3.198)
S IMLa(dl)l|zr + [[He(dlq)| Lr + [|d"Yq | Lr
< Clgller +olldallzr + 2[lwllw-1 +olldal|zr). (3.199)
Choosing O := %, we finally arrive at the desired inequality:
ldallzr < O([lwllw -1 + [|gllzr)-
This concludes the proof of lemma [3.2.2.4] O

End of the proof of Proposition (3.2.2.1

Thanks to Lemma |3.2.2.4) the openness property (iv.) is proven. Proposition [3.2.2.1]is thus estab-
lished. O

3.2.2.2 Improved Integrability

We are now going to finish the proof of Theorem [3.2.2.1] Before we start, however, let us briefly recall
the definition of the gauge operator and the conditions: Let § € L*/ 3(R*) be a solution of

3
O (af) = > 0z, (aeif) = q(Bea+D(a))F. (3.200)
i=1
If |[B]| L2 (rey < € (this is the required regularity assumption for our arguments, the corresponding

L*-estimate follows immediately) for some ¢ > 0 sufficiently small, then there exists q € W*(R*)
such that
N(q) = (0, —Bes) (3.201)

with
IVallparey < O8] L4 wa) (3.202)
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This is what we have proven in the last subsection. Here, A denotes the following gauge operator:

N: WHH(R?, Spin(5)) — W H4(RY, Eg) x LY(R*, Ey) (3.203)

3
q— (He <Z(3x¢(q_13xiq)> » (Mg + 7’)@(6!)))

1=0

In order to avoid worrying about signs, we shall from now on work with fe4 instead of —f8es. This
can be achieved by replacing S by —8 and does not affect the argument in any meaningful way.

In particular, it follows from (3.201]) that:

(Ily + P)D(q) = Pea. (3.204)

Namely, if 8 = (8°, 5", 5%, 3%):
I, (D(q)) = 8° (3.205)
(H5i€4 + H’P(ei+16i7164)(p(q)) - 57;62‘64 (3206)

An important step in the proof of our regularity result stems from the observation that the solution
of this type of problem can be easily computed directly. This can be exploited to obtain further
information and stronger integrability properties as seen below:

Lemma 3.2.2.5. Under the above assumptions, we have
M6(D(@), ey reses(D(a) € LV (RY). (3.207)

We first prove a related result concerning the linearized operator L£5. For convenience’s sake, given
u=w-+v € Egd E,, we set:

3
Dv := 0pv = Oyyv — Z O, 0€;. (3.208)
i=1

The result in Lemma [3.2.2.5 has an infinitesimal analogue for the differential which is in fact the
key element required to prove it:

Lemma 3.2.2.6. Let u=w+ v € Eg ® E4 be such that
‘Cj(u) = (Awa e, (Dv)7 (H6i84 + HP(ei+1ei,164)(DU)) = (07 664) (3209)

Then for all i =1,2,3 we have
Weiiieivea (Dv) =0, (3.210)

and therefore:
HP(ei+1ei_1e4)(Dv) = 0

The key idea behind the proof is the use of explicit representations of the solution 1.

Proof of Lemma [3.2.2.6l



203

We write v = v0ey + vlejeq + v2ezet 4+ vieseq as v = (v0,0') where v/ = (v!,v?,v?) and similarily

x = (x9, '), where ' = (x1, 22, x3). We observe that Dv can be computed as follows:

3

Dv = (83601}0 —divy v')eq + Z(@xivo + 8xovi)eie4 (3.211)

i=1
2 3 3 1 1 2
+  (Opgv” — Opyv°)egeses + (O v° — Opyv7)egereq + (Opyv — Oz, 07 )e1e264
Therefore, we may express Dv in the following form:

Ozov° — divy v

Dv= | Vupu?+ 0y (3.212)

— curl, v

We want to find the solution v € W14(R*) of the following system of equations:

Dv=| B | . (3.213)

1) Assume that 3 € S(R*). We show the existence of a smooth solution v and look for a-priori esti-
mates.

First of all, we notice that:

A°

o (85,;01)0) + Oy (3;,;11)0) + Oy (83321)0) + Oz (89331)0)
Do (050?) + divy Vo
O (B° + divys v') + divy (8 — 9ge0)
= div 3, (3.214)

and thus:
O(z) = (~A) (div B) () = — / div(8) ()| — y|~2dy
R4

Our goal is now to arrive at similar expressions for v/ for all j = 1,2,3. To achieve this, we observe
that for any such j:

(3x0ﬁj — Oz B0 = Oz, (8xj 0 + &Eovj) — O, (amovo — divy v’)
j k
= 02,07+ 0O,
ki
j k
= 02,07+ 0,0
ki

= 02,07+ 0, 0, 0
k£
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= Av?, (3.215)

where we used that 6'%.7)]“ = 0,07 for all j # k should hold by the third set of equations in (3.212)
(namely curl, v" = 0). Thus, we also know:

’Uj(x) = (_A)_l (a$j/80 - axoﬁj) (:E) = - /R4 (axjﬁo(y) - axoﬁj(y)) |$ - y|_2dy

We observe that v obtained this way clearly satisfies the desired L*-estimate by the usual Calderon-
Zygmund inequality. Consequently, we merely have to verify that this solution does indeed solve the
equation . Since this is done by direct computations, let us only present the computations in
the case of the second set of equations in (3.212)):

Oy, 0° 4 Opov? = =0y, (T % div B) + Oy (T (02, 8° — 02087))

=T | —00; 00080 — 0287 =Y~ 00,0, B° + 0y 0, 8° — 02, B
k#j

=T [ =28 =3 0 (00, 8" — 02,87)
ki
=T« (—Ap7) =5, (3.216)

where we denote by I' the fundamental solution of the Laplacian —A in 4D and we used curl, 3’ = 0.
This computation is valid for any j = 1,2,3. This shows that the second set of equations in (|3.212))
holds true and the other two sets of equations may be checked completely analogously and are omitted
here.

2) The general case, i.e. the case of 3 € L*(R*;spang{eq, e1, €2, e3}) satisfying the vanishing curl con-
dition, can be dealt with by approximation. Notice that any such S can be approximated by Schwartz
functions or smooth, compactly supported functions for which the previous computations hold. Then,
the uniformity of the estimates on the gradient of v leads to the desired conclusion.

A particular special case is when 8 = dpa for some o € W42 (R*) real-valued. Keep in mind
that:
0L = Ogogv — O ¢ - €1 — Oy - €2 — Oy - €3. (3.217)

In fact, in this case, we may find an even more explicit representation of the solution v. Indeed, by
the vanishing curl assumption on v/, it is natural to look for solutions:

v =V (3.218)
Inserting this expression into the second set of equations in , we find:
Vot? + 05 Voo = —Vaa,
where we remember that we currently assume 8 = Jr,«. This immediately yields:

\ (1)0 + Opop + a) =0,
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which would be satisfied, if for instance:
00 + Oy p + e = 0. (3.219)
It remains to check whether the first equation in can hold true. Inserting yields:
Dpov? — divy v = 9y,

which, by using the identity from (3.219)) in the following form:

0
V= — — Oy,

further reduces to:
— 2 — divy Varp = —Ap = 20,0 (3.220)

Therefore:
P = 2(_A)_1ail?0a7

and v°, v’ can now be computed from (3.218)) and (3.219). The desired estimates are evident from our
computations and using that Va € L(*?) i.e. the gradient of o possesses L*-integrability. Notice that
the formula provides the same result as in the previous computation for general 3. [l

It should be noted that the arguments in the previous section do not make use of the dimension of
the domain being 4 in any meaningful way, besides ensuring that a connection to the gauge operator
N exists. Indeed, the very same arguments could be applied in other dimensions, in particular the
construction of a curl-free solution of a system of PDEs.

Proof of Lemma [3.2.2.5, We argue in different steps:

Step 1. We consider the Hodge decomposition of
q 'dq = dTq + d*Y, (3.221)

where Y; € Q*(R?Y), Y, = > 0<i<i<3 Yqijda:i Adz;j is a differential 2-form and I'y is a 0-form or function.

We denote as before d*Y; = Z?:o yéd:nl Notice that once again, we can choose I'; and Y; as follows:

Iy = (~A)"'d"(q""da) (3.222)
Yo = (~A)'d(q'dg) (3.223)

In particular, we have dY; = 0 and d*I'; = 0, i.e. exactness and coexactness respectively. Moreover
VY, VI, € LARY).
Due to , it follows that
—AY, = d(q 'dq) =dq~' Adg
= dg'qAq 'dg=—(q7'dg Aq 'dg)
= —(dTq+ d*Yg) A (dDgq + d*Yg) € L* - L* — L*(RY) (3.224)

From ((3.224)), it follows that VQYq € L? and by generalized Sobolev embeddings therefore VY, €
L(4,2) (R4)
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Since Ilg(d*(q~dq)) = 0 by the choice of q using (3.201)), we deduce from (3.222) that Ilg(AL'y) =0
and since VI'q € L*(R?), this leads us to:

I(VT,) = 0 (3.225)
Step 2. Next, we have, by using D as in Lemma [3.2.2.6}

fes = (s +P)D(q) = (s + P)(DTy)

3
+ (Ma+ Py — D vier)- (3.226)
=1

Since q~1dq is purely imaginary, namely it is a linear combination of elements in spin(5), and Ils(dT'y) =

0 due to (3.226)), we find:
3
(s + P)(DdTg) = dBes — d(Tls+P)(yg — > _viei) (3.227)
i=1

From ({3.227)) and the invertibility of (Il4 + P) o D, it follows that
dly = ((Ily+P)o D)~"(dfes) (3.228)

3
— (Mg +P)o D) Hd(y + P)(yd — > yies).
=1

Now we set Y, := ((H4+73)OD)_1(H4+73)(y3—2?:1 yuei) and let v be such that (TII;4P)Dv = fBey.
Existence is justified by ellipticity and using the connection to the Riemann-Fueter operator introduced
in the previous subsection. Observe that by elliptic estimates, we have Vv € L*?) since g € L*2.
This is the key-point where we need that 3 € L*2. Therefore VI € L*2) as well with

IVTqll L SIVallis + 18l pae - (3.229)
We estimate:

(dTy) A (dTy) = dvAdv+dv AdY,
+ dYy Adv + dYg A dY, (3.230)

Now observe that all terms are products of functions in L(**2?). Therefore, the product lies in L?? by
the Lorentz-Hoélder inequality. Similarly, we can easily see that:

—(dTy + d*Yy) A (dTg + d*Yy) € L (R?Y),

with
1dTg + d*Yq) A (dTq + d* Yl 2 gey S (IVall7e + 18] pan)?. (3.231)

From (3.224)), (3:229) and (3.231) it follows that VY, € L) with

IV¥allan S (IVallzs + 18] paa)?,

Step 3. We may write:
D(q) = DI'q+1y (3.232)
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where ¢, € LD (R*) and
[Ygllpan S (IVallFa + 18l gz )

This is simply due to (3.221)) and the explicit formula for D(q). It follows by direct evaluation of the
term that

(Ily + P)D(q) = (Ily + P)(DTy) + (Il4 + P)1q (3.233)
Next, we notice that (II4 +P)D(q) = Be4 if and only if:

(g +P)(DTg) = Pes— (s + Pty (3.234)
= (s +P)(Bes) — (s + P)ihy.
We have seen that the linear operator (Il4 +P) o D (which in fact corresponds to the differential L5

computed in the previous subsection) is an elliptic operator and if w = ((II; + P) o D)~!(Be4) and
Vg = —((Il4 + P) o D)"}(Ily + P)tpq, then by Lemma [3.2.2.6
Hei+16i7164 (Dw) = 0.

From (3.233)) and w = T'q — ﬁq, it follows that

eiprei1ea(DTq) = ey ie,ea(Dibg) € LD (RY)
with by elliptic estimates:
IVall L ey S IV Yallpean (gay- (3.235)
It follows now:
e, er res (D(q)) € LED(RY) for all i = 1,2,3. (3.236)
This shows the desired improved regularity result. O

3.2.2.3 Conclusion of the Bootstrap Test
Let f € L*3(R*) be a solution of ([3.200). By choosing q as with our gauge operator, we find:

3

Onolaf] = [0, (geif)] = qV(2)f. (3.237)

=1

where V(z) € LY by our investigation in the previous subsection (V(z) = 1 + e, e, 1es(DTq))-
Indeed, observe that this is a consequence of the choice of gauge and the improved integrability we
have established. Furthermore, by the estimate proven before:

IV (@)l S (IVallZs + 18Il e)*.

Since From Lemma [3.2.2.1] we can get rid of the power 2 by choosing € > 0 possibly slightly smaller.
Indeed, we can show using the estimate (3.167) for q:

WVilzan S I8l a2
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We set
qf
o | —aef
—qeaf
—qesf

Our goal is to prove Morrey estimates just like in Da Lio-Riviere [23]. In order to achieve this, we
will use a non-linear Hodge decomposition. The reason behind this is, that Wente’s inequality is no
longer at our disposal and therefore, we need a suitable replacement, see Lemma [3.2.7.1

Claim 1: There are A, B € Wh(4/3:2) (R*), where B is differential 2-form, such that:

F=dA+qd*B (3.238)
Proof of the Claim 1. We argue by induction:

Step 1. We find Ag, By such that

—AAy = —div(F) (3.239)
~ABy = d(q7'F) (3.240)
Then for £ > 1 we solve:
—AAr = —d"(qd"By_1) = *(dg Nd* Bi_1) (3.241)
—AB, = —d(q ') AdAy_, (3.242)

We set A =73 2)Ar and B = >"°) B;. We then have:

—AA = —d*(qd*B) — div(F) (3.243)
~AB = —d(q Y AdAg_1 +d(q7 F). (3.244)
From (3.243)) and (3.244]), we deduce the following estimates:
d*(F —dA—qd*B) =0 (3.245)
d(q'F —d*B —q 'dA) =0 (3.246)

From ([3.246)), it follows there exists a function v € W1%3(R*) such that

g lF —d*B — q 'dA = dy. (3.247)

By combining (3.245)) and (3.247) we get

d*(qdvy) =0 (3.248)
d(qdy) = dq A dry (3.249)
lady |l parseor S Ndallalldyll passee < olldy[lpa/s.ee (3.250)

Notice that in the last line, we used the compensation result in Lemma [3.2.7.1
It follows that, if € > 0 is chosen small enough, dy = 0 and therefore

F =dA+ qd*B.



We conclude the proof the claim 1.
We continue with the proof of Theorem |3.2.2.1; From (|3.238)), it follows that

— AA = qV(x)f + d*(qd"B) = qV (x)f + *(dq A d * B).
Then, by using the fundamental solution, we see:

VA 3.0 | = AAlLr SV Ipanlla fll pase + 1Vl palld* Bl fa/z,00)

<
S OBl Ifllpases + [1Vallpal|d™ Bl pa/s.00
S ellafllpasen + 18l pa |d* Bl ass.00

S e(llafllparsee + 1d° B fass.eo)

Computing AB using exactness, we find:

—~AB=d(q"'F) +d(q'dA) = d(q7'F) + dqg~' AdA
From , it follows as above that

IVBlpame < lda Ll VAl paseer + llafll poasseo
By plugging into , we get for € > 0 sufficiently small:

”VAHL<4/3,oo> < 6“qf||L(4/370<>)
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(3.251)

(3.252)

(3.253)

(3.254)

(3.255)

We set d*B = Z?:o bidx;. By definition, it holds d*d*B = Z?:o Oz, bi = 0. Moreover, by compari-

son of the entries in F', we observe:

qbo = qf — Oy A
qbZ = —( eif*BIiA

These can be slightly rearranged to express b; in terms of f:

bo = f—q 10,4
bl' = —eif—q_lamiA

Hence, if we solve the equations above for f:
fo=bot+aq '0sA=eibi+q'9,4)
Then it is now clear:
02,b; = —€0y,b0 — €;0y, (q’laon) — Oy, (q’laxiA) .
Using the previously established fact that Z?:o 0z,b; = 0, we note:

3 3
Onobo — Y _ €i0,bo = > On, (€:q ' Oug A+ g7 0y, A) € W HE/3:29)
=1

i=1

(3.256)

(3.257)
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As a result, using ellipticity and the corresponding estimates:

160l par3.000 S NVA[ ars.o0
From , this estimate easily generalises to all b;. Namely, it follows that

[1bill assoer SNV Al Lassee), Vi=1,2,3.

Consequently, recalling the definition of the b;, we arrive at the desired estimate for d*B:

ld"Bll pass.o0r S NIVA[ arsoe (3.258)
From , it finally follows that:

19§l Lars.eor S NIV Al Lasseer S eollafll sz

If € > 0 is chosen small enough, then qf = 0 is an immediate corollary, thus establishing the bootstrap
lemma.

3.2.3 The Proof of the Main Theorem [3.2.1.2] in 4-D

We observe that Theorem follows similar to Theorem by using localization arguments
analogous to Proposition III.4 in Da Lio-Riviere [23]. We provide here a sketch of proof in the 4-D
case, most of the ideas rely on just applying a local change of gauge, modifying the result presented
in the previous subsections by adding zero boundary values whenever necessary:

First, we will briefly explain how to obtain an appropriate version of the non-linear Hodge decom-
position on balls B, (z). For simplicity’s sake, let us assume x = 0, the general case is obtained by
translation. Let for this G be an arbitrary 1-form in Wl’g(Br(O)) as obtained in the proof. Then, by
classical Hodge decomposition, there exist a function A on B, (0) vanishing along the boundary and a
2-form A, such that:

dA+d*A=G (3.259)

Next, we consider the Hodge decomposition in the same manner of q~'d*A, again obtaining zero
boundary conditions for the function B:

dB+d*B=q 'd*A (3.260)
Thus, we have: . .
G=dA+d"A=dA+qd"B+qdB = G —dA —qd*B = qdB (3.261)
We observe that on B, (0):
AB =d*dB = d*(q7'd*A) = — x (dq~' A d(xA)) (3.262)

Due to the zero boundary condition, we can therefore deduce by similar arguments as in our compen-
sation result in Lemma B.2.7.1

IVBI g 5, 0 < Idallacs,0) Il Al 4 SellGll, 4 (3.263)

L3 (B, L3 (B,(0)) L3 (B,(0))
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So, if € > 0 is sufficiently small, we can argue by iteration that there exists a solution to the non-linear
Hodge decomposition as in the case of codomains of dimension 2, such that A has boundary value 0.

Now, to deduce local regularity, we merely have to establish slightly improved regularity and
hence Morrey estimates as in Da Lio-Riviere [23], the full regularity as in Theorem follows
by Morrey-bootstrapping going over to possibly smaller balls to obtain uniform powers in the Morrey
estimates. Therefore, let us just point out the differences to Da Lio-Riviere [23] and our considerations
in connection with the bootstrap lemma: Namely, we can estimate A as in the bootstrap lemma, if
we find A, B for a given B, (x). More precisely, due to the boundary conditions, we will find:

VANl Lasz.oon B, (2)) S ENaFll arscor B, @)y T+ Elld" Bl passc (B, (2
S ellafll Lars.eo (s, @) + ENVAl L@z (B, (2)) (3.264)

by using the same arguments as before and using F' = dA + qd*B. So if € is sufficiently small, we
arrive at:

HVAHL(‘U?’»OO)(BT.(J:)) S ellafll s (B, (@) (3.265)

Then, it remains to obtain appropriate estimates for d*B. For this, write d*B = ) ; bjdz; and we can
deduce completely analogous to (3.257)) in the proof of the bootstrap lemma:

Orbo =Y _ 0, Ry,

Jj=2

where R; is an expression depending on q and V A as already found in the proof of Theorem So
we can now split by into a Clifford analytic and thus harmonic part, which can be estimated by means
of Campanato-estimates as in Da Lio-Riviere [23] and the convolution of the RHS in the equation
above with the fundamental solution of d; on R*. This second summand can be estimated by usual
estimates for the fundamental solution of the Laplacian. Therefore, we arrive at the desired estimates
for d*B by completely the same means as in Da Lio-Riviere [23] once we use the link between b; and
bo established in the bootstrap lemma.

3.2.4 The 3-D Case

Before we briefly discuss the general case, let us provide another example on how to construct an
appropriate gauge operator. More precisely, we shall consider the case of 3D-domains. This will illus-
trate that the result we have obtained will not generalise in an ”easy” manner to arbitrary dimensions
m > 3, but one has to take some care when investigating the gauge operators involved:

Let us consider the following equation:
oLf = Pes - f, (3.266)

where f : R® — O3 is in L?/2. Let us assume that
B=p"+Bles + fPey € LB (R3; spang{e, 1, e2}),

as well as:

curly, ,,8 = B — 018> = 0. (3.267)

We will sketch the proof of the following Theorem which is along the same lines as the proof of

Theorem B.2.1.2
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Theorem 3.2.4.1. Let 3 = (B, B1, 32) € WH2(R3, spang{eg, 1, e2}) with
6&7251 - 8$1B2 =0. (3268)

Let f € L3/?(R3,Ct3) be a solution of

aLf:< ’ ﬂ) f (3.269)

Then § € LL (R?) for all ¢ < oc. O

loc

It is clear that we may reformulate ((3.269)) into an equation of the following form:

OLg = Pes - g,
for g = §' 4 f?e3. Moreover, there is also the following bootstrap test:

Theorem 3.2.4.2. There exists €9 > 0 such that for every 8 € L32)(R3, spang{eq, e1,e2}) satisfying
18]l 3.2 (r3) < €0 as well as:
DBt —018° =0,
and every § € L3/2(R3,Cls) solving:
OLf = Pes -1 , (3.270)

we have f = 0. ]

In our current discussion, we focus on Theorem [3.2.4.2] see the discussion in the previous section
regarding the proof of Theorem [3.2.2.1] for a sketch on how to apply Morrey-estimates and the 4D
case treated before.For later convenience, let us introduce the following spaces:

V3 1= spang{es, eres, eaes} (3.271)
Vo := spang{ei, ea} (3.272)
Vi =R-ejes, (3.273)

and denote by Il3, IT» and II; the projections of U3 onto the respective subspaces.

As in Da Lio-Riviere [23] and previously seen in the case of 4-dimensional domains, let us multiply
both sides of by a function q : R® — Spin(4) to reveal a slight gain in integrability after a
change of gauge. We obtain by using Leibniz’ rule:

2

2
90LF = Oro (af) = (Duo@)f — Y Or,(qeif) + Y Or,qeif (3.274)
=1

i=1
We denote by:
2
D(q) = qilaacoq - Z qflamiqei = q’laRq.
i=1
Observe that

2
Bes=B"-e3—» B eies€Vy (3.275)
=1
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By using (3.274]) and rearranging, we get:
2
Ozo(af) = ) On,(qeif) = a(Bes+D(a))f. (3.276)
i=1
We notice that in (3.276]), the absorption of Ses by D(q) leads to a system of 8 equations in merely 6
unknowns, which is overdetermined much like in the 4-dimensional case. Therefore, there is generally
no hope of completely absorbing the "bad term”, however, inspired by our proof in 4D, we hope to
absorb Bes up to a term of higher integrability as before.

The main aim is to find q € W1H3(R?, Spin(4)) such that D(q) = —Bes + V(x) where V is a more
regular potential than Ses, namely V e L3 (R3). To do this, let us introduce the following non-linear
operator reminiscent of ((3.168]):

N:WE3(R3, Spin(4)) — WEH3(R3, V5) x L3(R?, Uy) (3.277)

2

3
q— H2 <Z(8xl(q_1azzq)> 7_H3(D(q))€3 + Hl laxoq Z 18qu

1=0

We notice that the first component is analogous to , while the second component of A/ looks
more complicated than before. As we shall see later, this definition neatly connects the differential of
N to the Riemann-Fueter operator once again. Indeed, analogous to our previous discussion for R%,
we have the following as a main result:

Lemma 3.2.4.1. There exists g > 0 and C > 0 such that for any choice w € W~13(R3,V3) and
g € L3(R3,Cls) satisfying
[wllw-15 < €0, [l8llLs < <o, (3.278)

there is q € W3(R3, Spin(4)) such that
N(q) = (w,9) (3.279)

as well as
IVallzs < C(lwllw-13 + llgllzs)- (3.280)

The proof essentially proceeds as in Da Lio-Riviere [23] and the case of domains of dimension
4, so let us introduce the analogous simplifications: Again similar to Da Lio-Riviere [22], Da Lio-
Schikorra [27], using an approximation argument similar to the our closedness argument later on, it
suffices to prove Lemma for w and g slightly more integrable, namely under the assumption
we (WP W12 (R3, V) and g € (LP N LP)(R3,Us) for some 3 < p, p' = %. For the remainder
of our discussion, we fix some 3 < p. Given £ > 0, we again define as previously:

(w,9) € (WP AW =H7)(R2,V3) x (LP N LV ) (R, Us)
= (3.281)
[wllw-13 +[lglls < e

For constants €,0 > 0, let V. g C C/. be the set where we have the decomposition (3.279) with
the estimates
IVallps < O([[wllw-15 + llgllz3) (3.282)



214

IVall, < O(llwlw-1» +llgllzr) (3.283)

IVallpr < O(llwllyy -1 + llgll o) - (3.284)
That is

there exists q € (Wl’p N WP (R3, Spin(4)), so that

Veo = w,g€Cly: q—J € L3/?=3(R3, Spin(4))

)

and (3.279), (3.232), (3.283), (3.284) hold.

The strategy to prove Lemma [3.2.4.1] is precisely the same as for Lemma [3.2.2.2] and it is a corollary
of the following;:

Proposition 3.2.4.1. There exist © > 0 and € > 0, such that V. e = C/;. O
Proof of Proposition Proposition[3.2.4.1] follows, once we show the following four properties
(i.
(ii.

)
) V.

(ili.) For any €,0 > 0, V. g is a relatively closed subset of C/..
>

(iv

CY. is connected.

.0 is nonempty.

There exist © > 0 and € > 0 so that V. g is a relatively open subset of C-.

As in Da Lio-Riviere [23], property (i.) and (ii.) are obvious and (iii.) follows as in the case of
4-dimensional domains. For further details, we refer to our discussion of the 4D-case.

It remains to show the openness property (iv.). For this let (wo, go) be arbitrary in V.e. Let
qo € Whe ﬂ Wl’p' (R3 Spin( ), qo — J e L3/2r=3(R3) so that the decomposition (3 as well as the
estimates , and ( are satisfied for wg and go. The idea is to study perturbations
of qo of the form q = qoe", Where ue Wl’p NWLP (R3, spin(4)) N L3#/2P— 3(]R3) Completely analogous
to before, the exponent p > 3 has been chosen in particular to ensure p’ < 3 and, as a result,
uc CONL>®(R3) and qoe* —J € L2P 3. This follows precisely the same way as in the 4-dimensional
case treated previously, where we mentioned that the main estimate is independent of the dimension
of the underlying space.

Attentive readers know what comes next: We compute the differential DN'(qo) as

d
—N(aoe™)| =t Lgy(w),

DN(ao) = dt t=0

where u € (Wh? N WL N L3P/2P=3)(R3, spin(4)). We write

Lao(u) = (L5, (w), L5, (w))
where

2

L3 (u) = I [Au+ Z O, (a5 " (O, 90)1 — ugq 0z, q0)
=0
L3 (u) = —I3(dru)es + IpIly(u)
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2
- Z(_l)éojrb ((qo_laxj qot — uq(Tlaxj qo)ej) €3
=0

2
+ Y (=1)" T (g5 ' O qou — w0, 90)e;
=0

<

The essential property we will be using is the invertibility of L4, (u) in the special case qo = J. If
qo = J, we have dqo = 0 and therefore the differential simplifies significantly:

L) = Th[Ay
ﬁ%(u) = —Hg(aRu)eg—l—aRHl(u) (3.285)

Proposition 3.2.4.2. The operator L3(u) is elliptic.

Proof of Proposition |3.2.4.2. We write u = w + v where w € V5 and v = 13 + vlejes + veqes +
v3ejes € V) & Vs. We observe that

Liu) = Ty[Aw+ Av] = Aw
L3w) = —TI3(drv)es + Ol (v)

Computing £3(u) explicitly, we find:
—TI3(0rw)es + ORIl (1) = (9pg0° — Oy 0" — 00y 0?) 4 (0, 0° + Oggv — Dy v®)ey
+ (00 4 Orgv? 4 Oy v¥)e2 + (v — 0y 0? + Dy )eren
= DEF(O 4 vl 4 0% + 03k)

We can associate to this operator the following symbol:

& —& —& 0
& &% 0 =&
o(€) = (3.286)
& 0 & &
0 & & &

It is immediately clear that this is now the Riemann-Fueter operator applied to functions depending
only on the first 3 variables. Therefore, one may argue as in 4D that the symbol is everywhere
invertible. In fact, this is an immediate corollary of the computations in 4D. This concludes the proof
of Proposition [3.2.4.2 O

We can prove the following result, which we only state, since the proof is now more or less a copy
of the corresponding result in 4D:

Lemma 3.2.4.2. For any © > 0, there exists € > 0 so that the following holds for any wq, go and qo
as above:
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- For any w € (W=LP n WP Y R3, V) and g € (LP N LY )(R3,Uy) there exists a unique u €
Whe A Whe' 0 L3P/2P=3(R3, spin(4)) so that

(W, 8) = Lgo ()
and for some constant C = C(wy, go, ©) > 0 it holds

IVullzoge) + 1Vl @s) S lwlw-toee) + l@lly-10 @2y (3.287)
Flollzes) + ol Lo (rs)-

Proof of Proposition [3.2.4.1| continued.
For ¢ = ¢(©) > 0 chosen small enough and for any (wo,g0) € V- e, the local inversion theorem

applied to Ny, gives the existence of some 6 > 0 (that might depend on (wg, go)) such that, for every
(w,g) € Cl. with

Hw - WOHW—I,p(RfS) + Hw - LUQHW,LP/(Rg) <d (3288)

llg — goll Lo (rs) + 118 — G0l o g3y <6, (3.289)

we find q = qoe* € WP N WL (R3, Spin(4)), so that q —J € L3/2P—3(R3) and (3.279) is satisfied.
It remains to prove (3.282)), (3.283) and ([3.284]). This will be implied by the following lemma, whose

proof is again analogous to the 4D-case and therefore omitted:

Lemma 3.2.4.3. There exists © > 0 and o > 0, such that whenever q € W' 0 W' (R3) with
q—J € L3/?=3(R3) satisfying (3.279) and it holds

IVallps sy < o, (3.290)

then (3.282)), (3.283) and (3.284) hold true as well. O

Thanks to Lemma [3.2.4.3] the openness property (iv.) is proven. Proposition [3.2.4.1] and as a
corollary also Lemma [3.2.4.1] is now established. O

In order to establish the bootstrap lemma and Morrey estimates, one can now proceed completely
analogous to the case of domains of dimension 4. Indeed, the arguments for improved regularity of
the potential carry over immediately and the non-linear Hodge decomposition works equally well in
this case. We refer to our discussion for R?, the modifications should be self-explanatory.

3.2.5 Perspectives for Domains of Dimension 5 <m < 8

Finally, let us briefly discuss the possibility to extend the results presented to domains of arbitrary
dimensions < 8. There in fact is a way to generalise the construction of the gauge operator in these
cases and we refer to Section [3.3] for the details and some motivation for the necessity of such a
condition. The key is that in the cases m = 3 and m = 4, the gauge operator relies on the ellipticity
of the Riemann-Fueter operator to show existence and appropriate estimates. For 5 < m < 8, we may
substitute the Riemann-Fueter operator by the octonionic derivative in a suitable sense, which allows
us to conclude in much the same way. This is not very surprising, considering that the Riemann-
Fueter operator is indeed the same as the quaternionic derivative. In some sense, the main property
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we use is the existence of an orthogonal frame which happens to parallelize the sphere, a property
closely linked to the existence of normed division algebras and thus to quaternions and octonions.
In fact, considering the gauge operator we constructed, the existence of an invertible gauge operator
was realised by means of using an elliptic operator of first order whose symbol has columns forming
an orthogonal frame. Since this is only possible for the spheres in dimension 0,1, 3,7, we are thus
restricted by our technique to m < 8. If one manages to find a sufficiently nice elliptic, first order
operator having some additional properties to ensure that it is related to the change of gauge as in
, the range of dimensions m to which our proof applies could be extended.

3.2.6 Appendix A: Riemann-Fueter and Dirac operators

In this appendix, we introduce and define the most important notions that have been used in this note.
We mostly limit ourselves to stating the definitions and main properties and refer to the literature for
further details as well as the corresponding proofs.

The reduction from a system of divergence PDE to a linear one will be greatly simplified by
introducing a family of important first order differential operators, the so-called Dirac operators. In
one of the final sections, we shall consider a variation of the definition here which retains most of the
same properties, but is slightly better behaved with respect to the change of gauge we envision.

3.2.6.1 Riemann-Fueter Operator on H

Let f: H — H be a quaternion-valued function over H ~ R*. The 4D-Riemann-Fueter operator DgF
acting from the right is defined by:

DEF £ :=(0y fo — On, f1 — Ouyfo — Oy f3)
+ (Ouo f1 + Oy fo — Ony f3 + Oy f2)i
+ (Owo f2 + Ouy f3 + Ony fo — Ony f1) 7
+ (Owo f3 — Oy f2 + Ony f1 + Ony fo) K, (3.291)

where f = fo+ fi-i+ fa-j+ f3 -k, or abbreviated:
DEFf = 0o f + Ou f i+ Oy f - j + Ony f - K.
The conjugated differential operator EII;”F is similarily defined:
DR f = 0nf = urf i = Duyf - j = O f - .
It is easy to see by a direct calculation:
Dy DRFf = DEFDy' f = Af.

This can for instance be proven by considering the symbol o DEF of the differential operator DEF :

S —& —& &
& &% & &

O phrF &) = (3.292)
& —& &% &

& & —&a &
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We emphasize that the connection between DgF and the Laplacian mirrors the same relation between
the complex derivative 0, and the Laplacian. In particular, we have access to regularity results by
using the Laplacian as an intermediate step. In particular, deriving a fundamental solution is greatly
simplified and many results from complex analysis can be carried over to Riemann-Fueter operators,
see Gilbert-Murray [38]. As a simple example, if DgF f =0, then f is automatically harmonic and
thus smooth.

Naturally, analogous operators DEF and ﬁfF using multiplication from the left rather than from
the right can be defined and satisfies similar properties. However, it should be noted, that the two
pairs of operators are not the same due to the non-commutativity of the quaternions. This is in stark
contrast with the situation on C, which is a commutative field, and already hints at possible difficulties
that might arise in our arguments later on.

3.2.6.2 General Dirac Operators on Clifford Algebras

Let now m € N be given and we define for functions f : U ¢ R™*t! — C/,, the Dirac operator J;, in
the following way:

OLf =0x,f—€1-0, f — .. —em - Onf (3.293)

We refer to Gilbert-Murray [38] for details on properties of this kind of operator. Once again, we can
easily generalise this definition by changing signs to obtain df, or by moving the multiplications to the
other side to arrive at Or and Og respectively.

By a direct computation, we can easily deduce that:
OL0Lf =0LoLf = Af,

extending the connection between the Laplacian and complex differentiation or the Riemann-Fueter
operator to arbitrary Clifford algebras. We emphasise that the Riemann-Fueter operator is not a
special case of the Dirac operators, although they share a lot of common features, see Gilbert-Murray
[38]. In addition, observe the different conventions regarding the signs associated with the partial
derivatives. As earlier, this enables us to easily extend regularity results for the Laplacian to the
Dirac operators.

For completeness’ sake, let us introduce the following notion as in Gilbert-Murray [38]: A function
f is called Clifford-analytic, if 91, f = 0. By our previous elaborations, such functions are harmonic and
thus smooth. A theory of such functions in analogy to complex analysis can be built up from scratch,
see Gilbert-Murray [38] as well as the theory of Hardy spaces by using Clifford analytic functions.

3.2.6.3 Spin Groups
An important subset of C¥4,, is the so-called Spin-group: For a fixed m € N, we define:
Spin(m) = {vy - ... vy | k € N,v; € CL) ~R™ and |jv;|| = 1 for all j} C Clyp,

These groups are actually compact Lie groups and provide a natural two-fold covering of so(m). Their
Lie algebras are given by:
spin(m) = C2).
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Observe that dimg Spin(m) = $m(m — 1). In a similar manner, we can introduce the compact Lie
groups Spoin(m), see Gilbert-Murray [38]:

Spoin(m) ={vy ... v | k€ N,u; € 9 @ o) ~ R and |lvj] =1 for all j} C C¥,y,
This group provides another two-fold covering, this time one for so(m + 1). As a result, it is easy to
deduce that Spoin(m) ~ Spin(m + 1) due to the uniqueness of the universal covering of so(m + 1).
The Lie algebra spoin(m) is given by:
spoin(m) = CLY @ C12) ~ spin(m + 1).
As a simple, explicit example, we have:
spin(4) ~ spoin(3) ~ span{ey, ez, e3, e1€2, e1€3, €2€3 }.

In what follows, we will usually denote Spoin(m) in C¢,, by Spin(m-+1) in order to adhere to common
terminology. We refer to Theorems 6.3, 6.8, 6.12, 7.26, 7.27 and 8.10 in Gilbert-Murray [38] for further
details regarding these groups.

3.2.6.4 Hodge Decomposition and Hodge *-Operator

Let us briefly recall the Hodge *-operator on R™ with respect to the standard basis. On R™, we use
the standard basis by, ..., b,,_1 and we have for the standard euclidean inner product:

<bi,bj> :51']'7 \V/Z,] 6{0,...,771*1}.

Denote by b, ..., b, ; the dual basis. Then b;‘l A.. ./\bz‘k for0<k<mand0<i <...<iu <m-1
form a basis for /\ (R™)". We may now define a scalar product (-, ) y(gm)* on A\ (R™)" by declaring the
collection of all b} A ... A b; to be an orthonormal basis. The scalar product can also be defined, and
actually is, independent of the choice of orthonormal basis bg, ..., b1, even for arbitrary k-forms as
well as arbitrary Riemannian metrics g, by using local g-orthonormal frames. From now on, we shall
write dz; instead of b7, following the usual convention.

The Hodge *-operator is then defined for all n,w k-forms by the following formula:

NAxw = <777w>/\RmM7

where 4 = daxgA...Adxy,,—1 is the standard volume form on R™. Using this operator, we can introduce
the codifferential d* of a k-differential form w on R™ by the following formula:

d'w = (—1)"F=DH s s

where d denotes the usual exterior derivative on differential forms. The Laplacian of a form w is then
defined as follows:
—Aw = (dd* + d*d)w.

Let us provide a computation of d* in the special case m = 4: Assume w = wdzg + ... + widzs is a
1-form. Direct considerations show that:

d'w=—x% d(wodwl Adxo ANdzs — + ... — w3dxg A dzy A d:vg)
= — % (axowo + Bxlwl + 8x2w2 + 8;,;3(,03)# = —(Gxowo + &le + amoﬂ + 8x3w3)

This formula will be used later. In addition, it can be easily shown that the Laplacian on 0- and
1-forms actually agrees with the usual componentwise Laplacian up to a sign.
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3.2.7 Appendix B: A Result in Integrability by Compensation
Later, we shall make repeated use of the following compensation result:

Lemma 3.2.7.1. Let da € L™*(R™), db € LP"(R™) for 1 < p < 400 and 1 <r < +oo. Then, we
have da A db € WL (R™) together with the following estimate:

lda A dbllyy 1) < Clldalmoe[[dbll oo (3.294)
for a constant C' > 0.

Proof of Lemma [3.2.7.1]
By density, we may assume a,b € S(R™), the general case follows by approximation. Let now u be a
solution of the following equation:

Au = da A db in D'(R™). (3.295)

We will show that Vu € LP as well as:
IVul|Lr < Clldal|pm.o~[|dbl| Lr, (3.296)
the general case is a direct consequence of real interpolation (consider da fixed to obtain the required

linear operator in the interpolation argument). We distinguish two cases:

Case 1: If p > ™5, we know by the general Holder inequality:

daNdbe LT, (3.297)
where:
1 1 1
- =—-—4+—, r=0p.
q p m

By elliptic regularity, we deduce that u € W2(¢") and by Sobolev embeddings:
Vu e LPP =[P,
together with the estimate:
IVullze S lullwe@n S 1Aullper S lldallpm.e|dbl| o

Case 2: If p < ™5, we take b € R such that b — b € LP"P. Here, we denote by p* the parameter
determined by:

1.1
p* p m
Observe that da A db = d (da A (b—b)). Holder’s inequality immediately shows:
da A (b—1b) € LTP, (3.298)
where 1/q =1/p* 4+ 1/m = 1/p. Thus ¢ = p. We therefore conclude:
[da A dbllw 10 S llda A (b= 0)|lze < lldal|zmeo]lb = bl o s S l|dal| Lom.oe[|dD] . (3.299)
Thus, we may deduce:
||VU”L7J S ||dCLHLm,ooHdeLp. (3300)
This finishes our proof. We emphasize that, in particular, the "critical” case p = ™3 is obtained by

interpolation. O



221

3.3 Various Further Directions

In the current section, we shall explore extensions of the results in [26]. In particular, we address the
approach required to treat general codomains by means of introducing suitable matrix Lie groups as
well as how to generalise the previous results to domains of dimension < 8 and why this is optimal for
the technique we use. These are computations not contained in previous submissions or publications.

3.3.1 The Case of Domains of Dimension 4 - General Codomains

Before treating the general case of domains with dimension at most 8, let us provide the discussion
in the exemplary case of domains of dimension 4. The idea behind this is that the main features
associated with the general case become apparent in this special case.

After having dealt with the case of codomains of dimension 2 in [26], we would like to expand the
ideas used to general codomains. This is the goal of the current subsection. An important step in the
proof will be the construction of an appropriate compact Lie group for the change of gauge. Notice
that for C/3, there do no longer exist immediate candidates like the (hyper-)unitary matrices used in
Da Lio-Riviere [23].

First, let us state again the PDE of interest to our discussion:
oaf=Qt -+ -, (3.301)

where | € L3. OF are anti-symmetric and assume values in spang{1,ej, e, e3}. This is in complete
analogy to Da Lio-Riviere [23]. If we proceed as in Da Lio-Riviere [23], we can basically eliminate Q7
by a change of gauge using orthogonal matrices. The only point that really differs is the application
of Wente’s inequality which can be replaced by Lemma using the higher intergrability assump-
tion VS € L2 which also shows Q € L*? and therefore Qt € L(*2). By a careful examination
of the proof of the change of gauge theorem, we can see that L(4?)-integrability can be established.
Thus, QF can be dealt with in analogy to Da Lio-Riviere [23] by making use of the stricter regularity
assumptions. One needs to have in mind, however, that dealing with QT introduces

Therefore, the only part of the equation that is relevant to our considerations is the following: We
consider the equation:
oLF =T1q-F, (3.302)

where TOT +T'p = 0 is as in the paper Da Lio-Riviere [23] a matrix-valued Clifford-antihermitian
function with ||T'¢||; 42 < e and f € Lg(R‘l, C¢2). In fact, Ty has the following structure:

(0 —Te4
Iy := (Fe4 0 ) (3.303)

I' is anti-symmetric and given analogous to Da Lio-Riviere [23]. In particular, I'g assumes values in:
FE4 :=span {64, e1e4, €264, 6364}
For later, we also define:

E. := span {17 €1, €2, €3,€1€2, €1€3, €2€3, €1€2€3, €1€2€4, €1€2€4, €2€3€4, 61626364}
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In fact, we shall see that we want 'y to have an even more specific form to ensure the increased
regularity argument from the case of codomains of dimension 2 carries over. This means, that our
result only applies to S, such that for example Q = eV, if we use the notation as in the previous
subsections to denote the change of basis as well as the formulas found in Da Lio-Riviére [23].

The main idea is now to proceed as in Da Lio-Riviére [23] and our previous considerations: Let P be
a map defined on R™ assuming values in an appropriate compact Lie group G to be specified in the
next subsection. For the moment, we only know it is a compact matrix subgroup of Cﬁikwk with Lie
algebra g. Then we define the following vector-valued function:

PF
L —P61F
G:= _PesF (3.304)
—P€3F
It then holds:
divG = 0y(PF) + 01( — PerF) + 92( — PeoF) + 93( — PesF)
=0rP-F+ P-0LF
=0rP-F+ PIly-F
- P(P—laRP + F0>F (3.305)
We now try to find a suitable P assuming values in a compact Lie group, such that:
P719rP + Ty e LWV (3.306)

In this case, if we have appropriate L(*1-estimates, we could argue completely analogous to [20] in
the case of codomains of dimension 2 to show that if € > 0 was small enough, then G = 0 and thus
F = 0. This is clear, as all ideas used in the non-linear Hodge decomposition as well as the estimates
following it are not dependent on the dimension of the codomain in any meaningful way.

To arrive at the required improvement in regularity, let us introduce the following gauge operator:
N : WY WW (R G) —» WP n W17 (R T1.(g)) x LP N LY (R*, T4(g)) (3.307)

where we impose implicitly some integrability condition on P — Id as in the case of codomains of
dimension 2. The formula for NNV is the following:

3
= (1.( Y 85(P'9;P)), Tgym o (TLy + P) (P 0pP) ) (3.308)
7=0

where II; denotes the componentwise (i.e. for each matrix entry individually) projection to the
subspace F4 and II. denotes the componentwise projection onto F.. By abuse of notation, we shall
also refer to Il4(g) as E4 and to II.(g) as E.. Ilgyn refers to the projection onto the symmetric part
of the matrices. We shall further explain the operator as well as give a definition of N and provide
some justification for the subspaces used after the next subsection.
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3.3.1.1 Lie Group for a Change of Gauge

The goal of the current subsection is to find a compact Lie group suited for a change of gauge.
Ideally, this group should have a Lie algebra containing I'g. Since I'y is Clifford-antihermitian and
this condition is quite similar to the defining property of the Lie algebra of the unitary groups, the
following definition is intuitively the right way to proceed:

Uln, k) = {P e Orxk ‘ PP’ = Id}, (3.309)
where P is the componentwise Clifford conjugation. In addition, we define:
Un, k) == {P e Crkxk ‘ PP =P P = Id} (3.310)

We have the following observation:

Lemma 3.3.1.1. The set U(n, k) is a smooth manifold.

It is improbable that the set ﬁ(n, k) is actually a Lie group, as P'P cannot be determined from

PP’ =Idin general due to the lack of commutativity of the Clifford multiplication. This means that
it is unclear, whether U (n, k) is closed under inverses, whereas closedness under the natural matrix
product is straighforward. On the other hand, it is easy to see that U(n, k) is a group, but the same
result as in Lemma is not as easy to obtain a-priori.

Proof. 1t suffices to show that {Id} is a regular value of the map:

T

p: Ok 5 [Ac otk | A" = A}, o(P):= PP (3.311)
Let thus P € ¢! ({Id}). Computing the differential leads us to:
dp(P)H = HP' + PH', VH e Ctk*k (3.312)
. o
Let us choose H = %H P, where H = H is arbitrary. Then we have:
dp(P)H = HP' + PH"
1~ 1 =T
= JHPP' + PP'H
1~ 1=T
— H+-H
2 + 2
=H, (3.313)

which shows surjectivity of the differential. Therefore, as P was arbitrary and U(n.k) = ¢~ ({Id}),
U(n, k) is a smooth manifold. O

We define u(n, k) := {H € CEQXHFT + H = 0}. This is the kind of Lie algebra we want our Lie
group to possess. The key point to show lies in the following:
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Lemma 3.3.1.2. The matriz exponential defined as usual leads to a map:
exp : u(n, k) = U(n, k) C U(n, k), (3.314)

which is a diffeomorphism on a neighbourhood of 0 and thus maps an open neighbourhood of 0 bijectively
to an open neighbourhood of Id in U(n,k). The image of the open neighbourhood is then also a
submanifold.

Proof. Tt is easy to see:

= exp(—H) = exp(H) ™}, (3.315)
where in the last line, we actually mean the inverse as matrices. Indeed, it can be directly checked:
exp(H)exp(—H) = exp(—H ) exp(H) = Id, (3.316)

and therefore showing that the map in Lemma [3.3.1.2] is well-defined. Smoothness of the map is
immediate, as the matrix product is bilinear and due to the manifold property in Lemma [3.3.1.1} The
local diffeomorphism statement follows, as:

dexp(0)H = H, VH € u(n,k), (3.317)

which obviously is invertible. Note that in Lemma we actually implicitely showed that the
tangent space at the identity of U(n, k) is u(n, k), which we use here to conclude bijectivity of the
differential. So the desired result is proven. O

Let us now denote by V the open image in U (n, k) of some open neighbourhood of 0 under exp,
on which exp defines a diffeomorphism. Without any loss of generality, we may assume that V is the
image of a symmetric open neighbourhood of 0, i.e. a neighbourhood containing H if and only if it
contains —H. This property is related to V being closed under inverses which is crucial for our later
considerations. We have the following:

Lemma 3.3.1.3. The set: -
H:=|JV! (3.318)
=1

is an open subset of l?(n, k) and an open subset of U(n, k), as well. Moreover, H is even a Lie group.

Proof. This result is immediate, as any P € V is invertible and thus induces a homeomorphism when
multiplied from the left, therefore showing that V2 = [ pey P -V is open as a union of open subsets
(the product of sets is naturally defined in the usual manner evoking the product structure provided for
elements). The openness of V! follows by induction and the openness of the union by general properties
of a topology. The openness in U(n, k) is clear due to the definition of the subspace-topology and the
group property is immediate, if we assume from the beginning that V is the image of a symmetric
neighbourhood of 0 under exp to ensure it is closed under inverses. O
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We now want to show that H actually agrees with the connected component U (n, k)q of the iden-
tity in U(n, k), which would show that the connected component is a Lie group with u(n, k) as its Lie
algebra. This will be the Lie group we shall be working with. We highlight that one can easily show
that U (n, k) is compact by using the definition as well as general properties of the Clifford product, in
particular its connection to the norm. This also enables one to show that U(n, k) is a Lie group as well.

To arrive at this conclusion, let us observe the following: H C U(n, k)¢ is an open subset which is also
a subgroup. This immediately implies that H is also relatively closed, as H splits U(n, k)¢ into disjoint
equivalence classes in the usual way, each of which is homeomorphic to H and thus open. Therefore,
H is clopen in U(n,k)p, which by connectedness shows H = U(n,k)o, since Id € H excludes the
scenario H = (). This proves our desired assertion. Thus we have shown, as H is a Lie group and
U(n, k) is compact:

Lemma 3.3.1.4. The connected component of the identity matriz U(n,k)o in U(n,k) is a compact
Lie group with Lie algebra u(n, k).

3.3.1.2 Gauge Operator and its Differential

In the definition of the operator N, we shall from now on use G = U(4,2k)o and g = u(4,2k). The
precise definition of the operator is as follows:

3
= (I.(30;(P710;P)) sy o (Tl + P) (P~'0rP) ) (3.319)
7=0

Here, P is defined as in the case of 2-dimensional codomains before and Ilg,,, denotes the projection
onto the symmetric part (i.e. the part with H” = H), more precisely:

H+ HT

S VH e 2<%k (3.320)

Wsym(H) =
The reason for the inclusion of ILgy,, lies in the need to ensure that the second component of N maps
to the image of g under II4 to be able to require:

N(P) = (0,Tp). (3.321)

To do this, we observe that projecting H € g to E4 componentwise, the resulting matrix is symmetric
due to:
€ = —ej, €jep = —ejeg, (3.322)

for all j # k € {1,2,3,4}. So symmetry of this projection follows from H' = —H. We shall see
that the inclusion of Ilg,,, will not obstruct our arguments in any way and we may argue completely
analogous to the case of 2D-codomains. In addition, the gauge operator generalises to the case of
domains of dimension < 8 in the same way, as we shall see later on.

Let now Py € W'? nW?' (R4, G) with Py — Id € L™ (R*) be given and we compute the differential
of N at Py in the following way (just as in Da Lio-Riviére [23]), using U € W'? n Wh?' 0 LF"(R*, g),
if we consider N = (N, N3) in components:

d
le(Po)U = aNl (P@ exp(tU))
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3
— 1. (AU + ; (- UPR; ‘9, + Py "0, RU) )

d
dNy(Py)U = PRl (Poexp(tU))

3
= Tlsym o (Ily + P) (BRU =Y (=1)% (~UP;'0; Py + Po—lajPOU)) (3.323)
j=0

If we choose Py = Id, the expression simplifies to:
AN(Id)U = (T(AU), sy o (Tl + P) (950)) (3.324)
We shall use the notation Lp(U) := dN(P)U later. We show the following:
Lemma 3.3.1.5. The differential dN(Id) defines an elliptic operator.
Proof. Let us split U € Wh? n W' N LP"(R*, g) into U, = I.(U), Uy = 4 (U). Tt is clear that:
U=U.+Uy
Observe:
AN(Id)U = (T1(AU), gy o (Tl + P) (950 )

— (AU, (T + P) (9RU1) + Mgy o (g + P) (951 (3.325)

Notice that U} = U, by direct computation, so the projection to the symmetric part can be omitted
for this summand. It is obvious that dN;(Id) is elliptic, since the Laplacian is elliptic. Moreover, this
means that we can restrict our attention to the part involving Uy of dN3(Id), as this will be the only
part that impacts the invertibility of the symbol of dN(Id). However, as before, it can be easily shown
that (H4 + ’P) o Or actually corresponds to the Riemann-Fueter operator acting from the right, thus
it must also be elliptic. This proves the claim. O

We emphasise that we could even omit the contribution of U, in dN2(Id) simply due to the fact that
at worst, the projection of U to the directions in the Clifford algebra which include e4 and have length
smaller or equal to 4 could contribute. However, for lengths 3 and 4, the associated projections are
skew-symmetric and thus get mapped to 0 under Ilg,,,. On the other hand, the elements of length 1
and 2 are precisely the ones contained in Ey. So Uy is the sole contributor to dNy(Id).

A close examination of the proof presented for codomains of dimension 2 as provided in [26] shows
that the existence of the change of gauge is now immediate from the very same proof as before in the
case of codomains of dimension 2. So there exists P, such that:

where P satisfies the same estimates as in the case of codomains of dimension 2. We shall present
some of the details in the next subsection, in order to convince the reader that the changes are not
affecting the argument in a meaningful way:
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3.3.1.3 The Gauge Lemma for the compact Matrix Lie group

The main goal of this section is to prove the following assertion:

Theorem 3.3.1.1. There exist constants C,e > 0, such that for any w € W 14(R* E,) and g €
LA(R*, Ey) satisfying:

wllw -1, llgllzs <e,
there exists a P € WY4(R*, G) such that:

N(P) = (w,9), (3.327)
and the following estimate holds true:
IVPlzs < Ol + llllze) (3.328)

In order to prove Theorem [3.3.1.1] we shall need to introduce some notations and establish some inter-
mediate results completely the same way a for codomains of dimension 2: By approximation, it suffices
to prove Theorem [3.3.1.1| assuming that w and g are more regular, see also the argument in Da Lio-
Riviere [23]. More precisely, we first prove Theorem [3.3.1.1|in the case w € (W~1P N Wﬁl’p/)(R‘l, E.)
and g € (L? N L )(R*, E4) for some fixed 4 < p and its Holder-dual p’ = =
For € > 0, we now introduce:

(w,g) € (WP N WLV )(RY, Ee) x (LP 0 LY ) (R, Ey)
= (3.329)
lwllpw-1a + [|gll e < e

For constants €,© > 0, let V., ¢ C C/. denote the set of pairs (w, g) for which we have a decomposition
as in (3.327)) satisfying the following estimates:

[VP|[rs < O([|lwllw-1.4 + gl 1) (3.330)
VP, < O(|wllw-1r + llgllze) (3.331)
VP < O(wllyy—10 + gl o) - (3.332)

That is:
there exists P € (W n W) (R, G), so that

V.o =< (w,g) € CL. : P —Id e L*/3%—4R* Q)

)

and (3.327), (3.330), (3.331)), (3-332) hold.

The strategy to prove Theorem [3.3.1.1]follows the one introduced by K. Uhlenbeck in order to construct
Coulomb gauges in critical dimensions. In fact, Theorem [3.3.1.1] is going to be a consequence of the
following proposition:

Proposition 3.3.1.1. There exist © > 0 and € > 0, such that V. ¢ = C/.

Proof of Proposition [3.3.1.1] Proposition [3.3.1.1] will follow, once we have shown the following
four properties:
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(i
(ii

.) CY is connected.
)

(iii.) For any €,0© > 0, V. g is a relatively closed subset of C/.
)

V. o is nonempty.

i
(iv.) There exist © > 0 and € > 0, such that V. g is a relatively open subset of C/..

Property (i.) is obvious, since C¢. is obviously starshaped with center 0, rendering it even path-
connected. Property (ii.) is also clear, because (0,0) € V. g can be checked by using P = Id.

Consequently, it remains to verify the latter two:

The closedness property (iii.) follows almost verbatim as in the case of physical Dirac operators in the
previous section: Assume that (wp, gn), (w,g) € V- and moreover, (wy, gn) — (w,g) and let P, be
as in the definition of V. g. Observe that VP, is bounded in L? and LY. Therefore, we can extract
weakly converging subsequences with limit P. Furthermore, we may extract another subsequence of
P, — Id converging locally in L? for some ¢ < 3;—34 we may choose, due to the W1# -boundedness
of P,. The limit P — Id satisfies VP = P and P assumes values in G a.e.. This can be seen by
extracting another subsequence of P,, — Id converging a.e. pointwise and using the closedness of G.
Due to the weak lower semi-continuity of the norms, we immediately obtain that , and

(13.332)) hold. Finally, observe that, in the distributional sense, we have the convergence:

3 3
I, <Z(8xi((Pn)_13xi(Pn))> — Il (Z(axi((P)_laxi(P)O :

i=0 1=0
as well as
Hsym o (g + P)(D(Prn)) — sym o (Ily + P)(D(P)).

This shows N(P) = (w, g) and therefore relative closedness.

Lastly, we show the openness property (iv). For this let wg, go be arbitrary in V. g, for some £,0 > 0
chosen below and let Py € Wh? n WL (R*,g), Py — Id € L*/3P—%(R*), such that the decomposition
as well as the estimates (3.330)), (3.331]) and (3.332) are satisfied for wy and gg. The argument
now relies on the reduction to a special subclass of perturbations provided by the exponential:

Let us consider perturbations of Py of the form P = Pyexp(U) where U € WhPNW P NL4»/3—4(R?, g).
Observe that the exponent p > 4 has been chosen in particular to ensure U € C° N L>®°(R*) and

Pyexp(U) —Id € = Indeed, as argued in Da Lio-Riviere [23], for a Schwartz function U, one has
Ulx) = C/R4 Vale —y|™-VU() dy = U]l S IVale =yl passee VU 12
The generalized Holder-Lorentz inequality yields moreover:
VUl 20 < CIIVUEs VU7 -

where 47! = ap™! + (1 — a)p’ ~! The statement U € L, and thus continuity by approximation,

. . ’ _4p .
follows due to the density of Schwartz functions in WP N WP N L3, It can be easily seen, that
the argument carries over to domains of arbitrary dimension m, if m < p, as the density result and
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the interpolation identity do not critically depend on m = 4. This is in preparation for extensions to
domains of arbitrary dimension < 8 later.
We now aim to prove the following;:

Lemma 3.3.1.6. For any © > 0 there exists € > 0 so that the following holds for any wo,go and
Py as above: For any w € W-tr n WL (RY E.) and g € LP N LV (R*, E,), there exists a unique
UeWW»nWw?' n L3R4 g), such that
(w,9) = Lp,(U)
and for some constant C = C(wo, go, ©) > 0, it holds
190l oty + IVl gy < Clwllwsoges) + llhy1r (3.333)
+lgll zr 2y + HQHLp’(R4))'

Proof of Lemma [3.3.1.6l

Claim 1. £74(U) is invertible as a map between the space of functions U € W' 1 LF" (R*, g) and
the space W17 (R, E..) x LV (R*, E)

Proof of the Claim 1. We have seen that L;4(U) is elliptic and therefore a Caldéron-Zygmund
operator. More precisely, let Iy denote the fundamental solution of A. Using the decomposition
U = U, + Uy as introduced before, we have:

AU, =w=—=U,=T4 xw.

Similarily, we write Uy = U£e4 + U41€1€4 + U426264 + U436364 and up to replacing ey, e1ey, eae4 and ezey
by the quaternionic basis 1,7, and k respectively, we see:

(H4 + 'P) [aRU4] =g < D}}%FU4 =g,

where DgF =09+ 01 -1+ 02 j+ 03 -k is the quaternionic Riemann-Fueter operator in 4D acting from
the right. We highlight that there is no need to include any contributions of U, here, as ILg,,, cancels
them out. A simple calculation shows:

Dy DEF = A,
where EgF =0y—01+1—0y-j — 03k is the conjugate operator. Therefore, we have:

As a result, we deduce:
Ug =Ty % ﬁgFg = EgFﬂl * .

Using Caldéron-Zygmund estimates for the Laplacian, we obtain:

IVUell o S lwllyy—10
VUl o < Mgl -

Consequently, given w € W—1#' (R* Eg), g € v (R*, Ey), there exists a unique U € Wi (R*, g) such
that:

['Id(U) = (wag)'
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The elliptic estimates above yield:
VUl o S llewllyy—10r + gl 2o

The claim is therefore proved. O

Estimate for Lp,(U) — L14(U)
It suffices to estimate using Holder’s inequality, boundedness of G due to compactness, the Sobolev-
embeddings and the L*-estimate for VP:

1Py (@2 POU = U Py 01, Poll v S 1Py o 1V Poll g [T s
S IV PV U e
< e [|[VU| -

Using this inequality, we conclude:

Haifz (PO_1<8$1P0)U - UP()_laiBiPO) HW*LP’ < HPO_I(aCCzPO)U - UPO_IaCCiPOHLP’
5 Oc¢ - HVUHLP/'

Choosing € > 0 small enough (depending on ©), we obtain that Lp,(u) is an invertible map from
W' N LP" (R4, g) to W17 (R, E,) x L (R*, E4) by general results from Functional Analysis.

Claim 2. Assuming now w € W12 nw-1¢ (R, E,), g€ LPN ) (R*, E,), we show that the unique
solution U of (w, g) = Lp,(U) lies in WHP(R?).

Proof of Claim 2: Firstly, due to VU € LY | we know that we may choose U by Sobolev-embeddings
and the density of Schwartz functions in the following way:

U € LY%/3%—4,

As previously, in order to bootstrap, it suffices to deduce improved integrability of P lﬁleoU , as this
implies improved integrability of VU. The same estimates immediately apply to UFy 18@ Py. By a
previous comment, it suffices to show that VU € L% for some ¢ > 4, because then, by interpolation,
VU € LP' N L7 and we could thus conclude that U € L™ leading to I, 18xl PyU € LP, which immedi-
ately shows VU € LP. Therefore, Claim 2 is proven in the process.

We argue by a bootstrap argument: Assume that U € L" for some 4 > r > 3;1%4 = p’*. In this case,
Holder’s inequality implies:
1P5 0, PoU | e S IV Polle U]

for % = %—1—% > % + %. Observe that % <t <4 < p. We conclude due to elliptic estimates as in Claim
1 and the identity Lp,(U) = (w, g):

VU e L.
This implies by Sobolev-embeddings that U € L*/4~. Thus, if we define ' = /2, we observe:
111 1,11
ot 4 r p 4

which implies that the reciprocal values are decreasing by a constant amount due to p > 4 with each
iterating step. Therefore, after finitely many steps, we have:

r’ > 4.



231

This implies, by the previously outlined argument, that VU € LP(R*, g), finishing the proof of Claim
2. O
Proof of proposition [3.3.1.1] continued.

For ¢ = ¢(©) > 0 chosen small enough and for any (wo,g0) € Ve, the local inversion theorem
applied to N implies the existence of some ¢ > 0 (that might depend on (wp, go)) such that, for every
(w,g) € Cl. with

oo = wollw—vagaty + oo — wollyyrr ety < 8 (3.334)

lg = goll Loy + 19 — goll Lo ma) <6, (3.335)

we surely find P = PyeV € Wh? n W' (R?), so that P — Id € L*/3%~4(R*) and (3.327) is satisfied.
It remains to prove (3.330)), (3.331)) and (3.332]). This will be a consequence of the following Lemma:
Lemma 3.3.1.7. There exists a © > 0 and a 0 > 0, such that, whenever P € W' N WL (R*) with
P — Id e L*/37=4(R*) satisfying (3.327) is given, and it holds

VP sy < o, (3.336)

then (3.330)), (3.331) and (3.332) hold true as well.

Proof of Lemma . .
Let (w,g) € Cl. satisfy (3.334) and (3.335)) and let P = PyeV € WP n WL (R*), such that P — Id €
L/ 3—4(R*) and (3.327) is satisfied. We first consider the following Hodge decomposition of P~'dP:

P ldp =dl'p + d*Yp (3.337)

where Yp € Q*(RY), Yp = > o<i<i<3 Ylijdxi A dzxj is a differential 2-form. We denote d*Yp =
Z?:o yﬁ;dm for brevity. We may choose I'p and Yp as follows:

I'p = A 'd*(PldP) (3.338)
Yp = A7'd(P'dP) (3.339)

In particular, we then have dYp = 0 and d*I'p = 0.

Due to (3.338)), it follows that:
.(—~ATp) = II.(d*(P'dP)) = w. (3.340)

26We recall that d* = (—1)"* =D+ & d % « is the Hodge operator. If £ = o<icj<s&ijdri A dxj then d*¢ =
—(aodxo + avrdry + aodxe + asdrs) where: o
(

a0 = Oz 601 + Ozy802 + On3€03
a1 = —0x.€01 + 02,612 + Oz €13
s = —0zy802 — 02,812 + Onz&23

a3 =  —0zy823 — 02,813 — On€03
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Therefore, for every r € [p, p] we have:
(VTP S flwlw-1.r (3.341)

From (3.337)), it follows that

~AYp = d(P'dP)=dP ' AdP. (3.342)
From , it follows that VY, € L"(R*) and due to the compensation result in Lemma
IVYplr S |dP|| @y [[dP || Lrray < ol|dP] e sy (3.343)
From it follows now:
g={II4+P)D(P) = (Ill4+P)(DI'p)
+ (T4 + P)( Z Ypei). (3.344)

Therefore:

(Ily + P)(DI'p) = g — (s + P)( Z ype;) (3.345)

Observe that dl'p € g, since P~'dP € g. Therefore:
dl'p = (I14 + II.) (dl'p).

Hence:
(Il + P)(DI4(dTp)) = dg— d(Il4 + P)( Z yoe;) (3.346)
— (Il + P)(DIg(dl p)) (3.347)
Since the operator (Il + P) o D is invertible, we find:
I,(dTp) = ((II4+P)o D) dg (3.348)
+ ((Iy+P) o D)~ d(Iy + P)( Z yoe;) (3.349)
+ ((Iy +P) o D) '[(Ily + P)(DH«a(de))}-
By using (3.348), we get:

Ty (dTp)llr S lgller + 1 °YP|lLr + [Jwllpw—1.r
S llgler +olldPllpr + [|wllw-1r (3.350)

Combining (3.337)), (3.341)) and (3.350)), we get the following estimate:

[dP|r < IldUpllzr + [[d*Yp e (3.351)

~
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S Ha(dlp)|r + [He(dlp) |- + [|[d7Ypl| Lr
< Cllgller +olldPl|Lr 4 2||wllw-1.r 4 olldP| L) (3.352)
Choosing © = %, we finally arrive at the inequality:
[dP|[r < ©(wllw-1.r + [lgllzr)-
This concludes the proof of Lemma [l

End of the proof of Proposition [3.3.1.1

Thanks to Lemma [3.3.1.7] the openness property (iv.) is proven. Proposition [3.3.1.1] is thus estab-
lished. O

3.3.1.4 Improved Regularity

The argument for improved integrability in the case of codomains of dimension 2 relies on the fact,

that 9y« appears and is in L(*?) with an appropriate smallness condition satisfied. If we assume that:

Lo =0LW,
with an estimate of the L™2)_norm (which is for example the case if Q = eW for some antisymmetric
W), we could reiterate the very same argument and arrive at the same conclusion. It is important
that we assume that W is symmetric and takes values in R - e4, to ensure that 0, W assumes values

in g. The argument for the bootstrap test carries over as well.

Indeed, let us assume that ||[VW|| 42 < e and OLW = T. If € is sufficiently small, we can solve:
N(P) = (0,=9LW),
by using Theorem We have the following Lemma:
Lemma 3.3.1.8. Let U = Uy + U, be a splitting as previously and assume that:
L1a(U) = (AUg My o (Il + P)(DU4)) = (0, =9LW),

then:
H€i+1€i—164 (DU4) =0,vVi=1,2,3

The proof is an exact copy of the argument in the case of codomains of dimension 2. This result
in turn allows us to establish the following:

Lemma 3.3.1.9. Under the assumptions in this section, we have:
(P OrP), I, e yes (P ORP) € LY.

There exist corresponding estimates for the L'V -norms depending on the L2 -norms of VP and
VW.

This follows again by the very same argument as in the case of codomains of dimension 2, see
[26]. The result also generalises to situations where we have a rotation-condition analogous to the
codimension 2 case, see [26], as the argument still goes through without issues, but the naturality
of this kind of condition is less apparent than the one presented. Therefore, we can conclude the
bootstrap lemma as in the previous subsection.
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3.3.1.5 Morrey-type Estimates

In this subsection, we work under the assumption that Proposition II1.4 from Da Lio-Riviere [23]
extends to our current scenario. Therefore, we merely have to prove that an appropriate decomposition
exists and that Morrey-type estimates can be established. For all further steps, we refer to Da Lio-
Riviere [23]. So the general regularity result follows, as soon as we have the desired Morrey estimates:

Non-linear Hodge Decomposition First, we will show how to obtain an appropriate version of the
non-linear Hodge decomposition on balls B, (z). Let for this G be an arbitrary 1-form in Wl (Br(0))
as obtained in the proof. Then, by classical Hodge decomposition, there exist a function A on B,(0)
vanishing along the boundary and a 2-form A, such that:

dA+d*"A=G (3.353)

Next, we consider the Hodge decomposition in the same manner of P~1d*A, again obtaining zero
boundary conditions for the function B:

dB+d*B =P 'd*A (3.354)
Thus, we have:
G=dA+d*A=dA+ Pd*B + PdB = G — dA — Pd*B = PdB (3.355)
We observe that on B, (0):
AB=d"dB =d*(P'd*A) = £« (dP™' A d(xA)) (3.356)

Due to the zero boundary condition, we can therefore deduce by similar arguments as in our compen-
sation result in Lemma B.2.7.1

VB S dPl| o (B, (2 lld* Al y < ElGl zzy

(B, (2)) (3:357)

LnlB( Lnl (

So, if € > 0 is sufficiently small, we can argue by iteration that there exists a solution to the non-linear
Hodge decomposition as in the case of codomains of dimension 2, such that A has boundary value 0.

Morrey-Estimates To deduce local regularity, we merely have to establish slightly improved regu-
larity and hence Morrey-estimates as in Da Lio-Riviere [23], the full regularity as in Theorem
follows by Morrey-bootstrapping going over to possibly smaller balls to obtain uniform powers in the
Morrey estimates. Therefore, let us point out the differences to Da Lio-Riviere [23] and our considera-
tions in connection with the bootstrap lemma: Namely, we can estimate A as in the bootstrap lemma,
if we find A, B for a given B,(z). More precisely, due to the boundary conditions, we will find:

CA N < Pl P A [7'” o ) .
|| ||[n—1‘ (BT-(JJ)) ~ 8” ||[n—1’ (Br(l‘)) 5” H o (Br(l’)) (3 358)
SO lf 3 iS Sufﬁciently Small, we arrive at:
VAl n_ o < PF|| _n_ , .
|| H[n—l’ (BT(CC)) NEH ||L"71’ (Br(x)) (3 359)
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Then, it remains to obtain appropriate estimates for d*B. For this, write d*B = ) ; bjdz; and we can
deduce completely analogous to the bootstrap lemma:

d(erbr) = =Y 0;R;,

Jj=2

where R; is an expression depending on P and VA. So we can now split e1b; into a Clifford analytic
and thus harmonic part, which can be estimated by means of Campanato-estimates as in Da Lio-
Riviere [23] and the convolution of the RHS in the equation above with the fundamental solution of
01, on the entire R™. This second summand can be estimated by usual estimates for the fundamental
solution of the Laplacian. Therefore, we arrive at the desired estimates by completely the same means
as in Da Lio-Riviere [23] once we use the link between b; and b; established in the bootstrap lemma.

Naturally, all arguments extend in the same spirit to domains of dimension 3 and, of course, of
dimension < 8. The existence of suitable gauge groups has been established, so it merely remains to
modify the gauge lemma as needed.

3.3.2 Domains of Dimension < 8 and Octonionic Differentiation

As promised at the beginning of the current section, we shall explain how the results from [26] generalise
to domains of dimension < 8.

3.3.2.1 General case

Using the operators outlined in the current section, we can construct similar changes of gauge and
arguments leading higher regularity in the same spirit as in the case of domains of dimension 3 and 4
in the paper [20] as well as the previous subsection. The restriction to dimensions < 8 is binding, as
we make in some sense use of a complete orthonormal frame on a sphere of higher dimension by using
a suitable first order operator.

3.3.2.2 Gauge Operators

Let us consider a domain of dimension n < 8. In the cases n = 3,4, we were able to reduce the
linearised gauge operator to a Laplacian on a subspace as well as a Riemann-Fueter operator on H
together up to perturbation. This procedure is limited to these cases, as H is merely 4-dimensional and
thus cannot accommodate similar procedures for domains of dimension > 4. In order to extend these
considerations to higher dimensional domains, we have to use a larger space than the quaternions and
there are two natural candidates: the Clifford algebra C¢3 and the octonions OF with the respective
Riemann-Fueter-type differential operators.

Let us start by considering the ramifications of using C¥¢3. The natural extension of the Riemann-
Fueter operator would be the Clifford derivative:

DI}%F:aQ-f—al‘614—82‘624-83'63—1-84'6162+a5'6263+86'6361+a7'616263

There appears a major issue in this case: The resulting operator is no longer elliptic. We highly
emphasise that the operator considered is no standard Dirac operator. This is reflected in the symbol

2"The octonions form a non-commutative, non-associative normed division algebra. We refer the interested reader to
Baez [3].
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matrix no longer consisting of pairwise orthogonal columns, which in the case H = C'¢3 was reflected
in the identity:
DEFDREF = DEFDEF = A (3.360)

So we are required to work over the octonions, if we want to have any hope of generalising the
previous considerations in an immediate manner. Also, this immediately provides an explanation for
the remaining restriction n < 8, as in higher dimensions, we merely have Clifford algebras C/¢j as a
possible candidates to construct a Riemann-Fueter-type differential operator.

Fortunately, if we choose to work with octonions, we can remedy this issue. The use of the octonions
is motivated by the fact that they introduce a parallelisation on S7 which essentially boils down, by
going over from symbols to differential operators, to an identity similar to . For the remainder
of this subsection, we shall work with symbols of linear differential operators and show how to deduce
the general operator N (see for its definition in the case of 4D and for 3D domain@,
as the proof previously given will generalise immediately to these situations as well, without major
modifications.

The symbol of the general first order differential operator is the following:

o —&1 —& & & =& —&% &
& &% & S =& & &1 =6
& & & & —&% & &4 &
& =& & S & &% & &
=1 & & & o -6 -6 & (8.361)
& & & & & & & —&
& —& S &S & =& &% &
&0 &b & & & &L =& &

One easily notices that the columns are pairwise orthogonal and therefore that deto(¢) = +|¢[5.
Inserting £ = (1,0,0,0,0,0,0,0), we deduce immediately:

deto(¢) = [¢[%,

due to the connectedness of R”\ {0}, if n > 1. Thus the octonionic Riemann-Fueter operator is elliptic.
In order to illustrate how we construct the general N, let us consider the case n = 5. All other

cases follow completely analogously. Observe that in this case, as only derivatives 0y, ..., d4 appear,
we have &5 = &g = &7 = 0, resulting in the symbol:
o —& —& & —-& 0 0 0
& &% & & 0 &G 00
& & & ~& 0 0 & 0
& =& & & 00 0 &
= 3.362
7(¢) &4 0 0 0 & & —& —& ( )
0 & 0 0 & & & &
0 0 & 0 & =& & &
0o 0 0 & & & & &

Let us now compute the symbol of the Dirac operator involved in the gauge arguments Or on
u = ules + ulejesu®eses + udeses + uteses. In this case, we easily find:

28In particular, we remind the reader that the second component of A is controlling the operator at hand, thus
requiring special care in our considerations.
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Basis direc- || uYes ulejey u?eges uleses uleyes
tion
€5
0 —& —&2 —&3 —&4
eies
&1 o
€92€5
&2 0
€3€5
&3 £o
e4es
&4 o
€1€2€5
2 —&1
e1eses
&3 —&1
€1€4€5
£ —&1
€2€3€5
&3 —&2
exeqes
&4 )
€3e4€;5
&4 —&3

The columns contains the derivatives of the term at the top under dg split into the different directions.
We notice that the first 5 rows of the table above appear the same way in o(§). Therefore, we now
merely want to define operators that exchange the base directions in C'¢5 to arrive at the differential
symbol o(§) (observe that the last three columns in the symbol are similar to the 3D-case, where
we used an additional degree of freedom in Spin(4) remedy the non-ellipticity). In this case, it is
straightforward to check that the following works:

e Map ejeses to eges
e Map —ejeses to eses
e Map —eseses to eqes

The remaining directions will be kept and the additional degrees of freedom of q we use will as in
the 4D-case to include a Laplacian, once linearised. Similar considerations apply in all other cases
5 < n < 8. This in turn enables us to formulate a gauge Lemma similar to the ones for n = 3,4 and
prove the corresponding assertions.

The reader is also invited to compare the current restrictions with Gilbert-Murray [38, p.205-206],
where it is shown that the ellipticity of a first order, constant coefficient differential operator on a
vectorbundle over a domain of dimension n requires the fibers to be of dimension k, such that:

p(k) > n, (3.363)
with p(k) being the Radon-Hurwitz number. If & = (2a + 1)16°2¢ with 0 < ¢ < 3, then:

p(k) = 2 + 8b, (3.364)
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see Gilbert-Murray [38]. It is related to the number of linearily independent tangent vector fields over
Sk=1 c R¥ and therefore to the parallelisability. The condition may be rephrased in terms of k. In
our current situation, it may be observed that k necessarily satisfies & < n(n+1)/2 by the restriction
imposed by the dimension of the Lie algebra of the Spin group. It is simple to see, following the
argument in Gilbert-Murray [38], that for n = 8m + r + 1 with 0 <r < 7, we have:

16m2r/21, ifr=0,6,7

, 3.365
16m2lr/21+1 - if r =1.2,3,4,5 ( )

plk)>n < kZ{

for some k in the range previously outlined holds only if n < ldﬂ showing already that the technique
is limited to a finite range of dimensions of the domain. Indeed, the only n in question besides n < 8
would be n € {9,10,11,12,16}. Accounting for other factors like a required relationship between
the first order differential operator and the Dirac operator encountered in the change of gauge as
well as the way we create gauge operators, the condition becomes reasonably motivated, since the
construction of gauge operators also does not generalise in a straightforward manner to values of n
that are > 8 (the still potentially admissible values above).

3.3.2.3 Compensation by Means of Explicit Solvability

In this subsection, we mimic the argument in the 4D-case in order to deduce improved regularity of
the solution modulo absorption of the a-term in our considerations. We will do so in full generality,
extending even to domains of dimension n > 9. All considerations merely imitate the arguments in
the case n = 4.

We want to consider the equation:

I1,,(Oru) = Oraen,,

where u takes values in spin(n + 1) and dr, Or are the generalized Dirac operators in dimension n.
Here, II,, denotes the projection in C¥,, on the subspace C¥,,_1 - e,.

It should be noted that OgIl,(u) = —II,,(0Ogru), therefore it suffices to merely assume that u =

we, + ... uep_16n € Clyp_1 - ey (the remaining part will be controlled by its Laplacian being 0, see

the case n = 4). We observe that dru has three different kinds of terms:
e In the direction e,, we find the following term dyu’ — Oju' — ... 0, _qu" L.
e In the directions eje,, we have contributions of the form Oou? + 8ju0.

e In the directions e;eje, where ¢ < j, we have contributions of the form 8jui — o,

Therefore, the system of equations we want to study becomes:

n—1
80u0 - E 8juj = aoa
J=1

8ju0 + Opu? = —0ja

29This is easily seen by a direct computation and noticing that our vector spaces are subspaces of the Spin-Lie algebras.
This is due to the gauge group being the Spin group and leads to k < w
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8jui — &-uj = 0,

for all i # j € {1,...,n — 1}. The third set of PDEs implies that the vector (u!,...,u"!) should be
a gradient of some function S, i.e. of the following form:

where 2’ = (x1,...2,-1). Therefore, the second set of equations turns into:
Vm/uo + V0o = —Vya.

A possible solution of this would be:
u’ = —9p8 — .

Inserting now the previously found expressions into the first equation, we arrive at the following PDE
for 5:
—AB — 800& = (9004.

This can now be solved for 5, meaning that we found a solution where we do not need further terms
or rely on the contributions of the projections used to create an elliptic operator. This implies that
the result in Lemma [3.2.2.5] generalizes to all n < 8 and consequently, so does Lemma [3.2.2.6] as well.
Notice that our assumption of slightly higher integrability does not affect this argument. This however
yields the major tools required to prove the bootstrap test, so we may conclude that the bootstrap
test continues to hold for domains of dimension n < 8.
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