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Abstract

In this thesis we study the Yang-Mills energy of connections over singular
G-bundles in dimensions higher than the celebrated dimension four. This
functional has a very large invariance group, analogously to the classical para-
metric Plateau problem. The main goal of the thesis is to give a functional
analytic framework in which the Yang-Mills functional becomes coercive and
in which the Yang-Mills Plateau problem can be solved.

In the supercritical dimension 5 the tools introduced by K. Uhlenbeck to
ensure coercivity do not work anymore and the control of minimizers must be
done in suitable spaces of “singular bundles”.

We consider a space of weak connections on singular bundles A, defined
by requiring that on codimension-1 slices along spheres the connection forms
can be identified with W12 connections. By a new approximation result we
characterize this space as the closure of the space R> consisting of locally
smooth connections on bundles with finitely many topological defects. We
then prove the sequential weak closure result which ensures the existence of
local minimizers of the Yang-Mills energy in dimension 5. This implies that
the space Ag is the correct setting for the variational study of the Yang-Mills
Plateau problem in dimension 5. Our methods are related to the proofs of the
closure of rectifiable currents by slicing methods and of the closure theorem
for rectifiable scans.

For the case of abelian connections, i.e. when the structure group is U(1),
we prove the sequential weak closure of the class of weak curvatures F7, de-
fined by requiring a non-local integrality condition on slices in 3 dimensions.
In an equivalent formulation, we are required to prove the sequential weak- LP
closure for LP-vector fields in R? such that their fluxes through “almost all”
spheres are integers.
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In the case of weak U(1)-curvatures we provide a definiton of boundary
trace which is preserved under sequential weak convergence. We then prove the
optimal interior regularity of minimizers of the Yang-Mills Plateau problem,
i.e. we obtain that they are Holder outside a set of isolated points. Our proof
is essentially new, since for the main step we utilize a combinatorial method
based of Smirnov’s decomposition of 1-currents, instead of the classical energy
estimates.

Finally, we provide an optimal new result concerning the existence of
energy-controlled global gauges for SU(2)-bundles in dimension 4. Uhlen-
beck’s coercivity estimate cited above states that under a smallness condition
on the L2-energy of the curvature, a gauge is found in which the connection’s
W12 norm is controlled by such energy. Therefore this result can be applied
locally and determines the locations of “bubbling sets” for G'-bundles. We pro-
vide here an optimal analogue in the case where no bound on the curvature
is assumed. In this case we find a global gauge in which we can bound the
L4 -norm of the connection form in terms of the energy of the curvature.
Such global controlled gauges exists even in the case of “bubbling”, while Uh-
lenbeck’s gauges exist just locally outside the bubbling points.

The existence of controlled global gauges is based on a new controlled ex-
tension result for maps v € Wh3(S*'S*). For such a map we construct an
extension to @ : B* — S* with a norm control on % in the (optimal) Lorentz-
Sobolev space WH(*>) (B4 §%) in terms of the W3 norm of u. We also prove
analogous optimal controlled extension results for the cases of S' and S2.

We include several appendices in which we review some related topics,
giving links between the main topics of this thesis and other fields of research.
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Riassunto

Questa tesi verte sullo studio del funzionale di Yang-Mills su fibrati singolari in
dimensione maggiore di 4. Tale funzionale ha un gruppo di invarianza molto
vasto, e cid crea un interessante parallelo con il problema di Plateau paramet-
rico. Lo scopo principale di questa tesi ¢ quello di stabilire un quadro generale
in cui la minimizzazione analoga al problema di Plateau per il funzionale di
Yang-Mills possa essere affrontato utilizzando il metodo diretto del Calcolo
delle Variazioni.

Ci concentreremo sulla dimensione 5, nella quale gli strumenti introdotti
da K. Uhlenbeck per assicurare la coercivita del funzionale di Yang-Mills ces-
sano di essere applicabili, costringendoci in particolare a lavorare in classi di
“fibrati singolari” nuovi rispetto alla teoria in dimensione inferiore.

Utilizzeremo lo spazio A¢, definito richiedendo che lungo le slice di codi-
mensione 1 le nostre forme di connessione siano gauge-equivalenti a connessioni
W12 nel senso di Uhlenbeck. Dimostreremo quindi un nuovo teorema di ap-
prossimazione che ci consente di identificare lo spazio sopra definito con la
chiusura, rispetto un’opportuna distanza legata alla topologia forte L?, dello
spazio R costituito da connessioni localmente lisce su fibrati aventi un nu-
mero finito di difetti topologici. Inoltre dimostrando la chiusura per conver-
genza debole dello spazio Ag. Conseguentemente il funzionale di Yang-Mills
raggiunge il suo minimo nello spazio Ag, dimostrando la buona positura del
problema di Plateau per il funzionale di Yang-Mills in dimensione 5. I metodi
della nostra dimostrazione sono collegati a quelli per la dimostrazione per slic-
ing della chiusura flat delle correnti rettificabili e a quelli per la dimostrazione
della chiusura dello spazio degli scan rettificabili.

Nel caso di curvature abeliane, ossia quello in cui il gruppo di gauge ¢ U(1),
dimostreremo in dimensione 3 la chiusura debole sequenziale di uno spazio F5
di curvature definite richiedendo che sia verificata una condizione non locale



di interezza sulle slices. In una formulazione equivalente, il nostro risultato
dimostra la chiusura per convergenza debole in L” della classe composta dai
campi vettoriali L? su R? il cui flusso attraverso “quasi ogni” sfera ¢ un intero.

Nel caso abeliano su descritto, definiremo una nozione di traccia sul bordo,
tale da essere preservata per convergenza debole. Inoltre dimostreremo il risul-
tato di regolarita ottimale, valido i minimi del problema di Plateau relativo
al funzionale di Yang-Mills: i minimi sono localmente Holderiani al di fuori
di un insieme di punti singolari isolati. La dimostrazione di questo risultato
é essenzialmente nuova, in quanto nel passo principale utilizziamo un metodo
combinatorio basato sulla decomposizione di Smirnov per 1-correnti normali,
invece dei metodi classici.

Infine, dimostreremo un nuovo risultato concernente l'esitenza di gauge
controllate e globali per fibrati con gruppo di gauge SU(2) in dimensione 4.
Ricordiamo che il risultato di coercivita di Uhlenbeck garantisce l'esistenza di
gauge in cui si pud maggiorare la norma W12 della connessione in funzione
della norma L? della curvatura, sotto I'ipotesi perd che quest’ultima norma
non superi un certo valore. Dunque questo risultato definisce degli insiemi di
“bubbling” topologico per fibrati. Qui dimostreremo invece l’esistenza di una
gauge globale, in cui la connessione ¢ maggiorata in norma L** in funzione
della norma L? della curvatura senza ipotesi di piccolezza. Tali gauge sono
chiamate “globali” in quanto, anche quando avviene il fenomeno di “bubbling”,
esse continuano a esistere globalmente e non soltanto localmente fuori dai punti
di bubbling come le gauge di Uhlenbeck.

Il teorema di esistenza di gauge globali controllate ¢ basato su un nuovo
risultato ottimale di estensione per mappe di Sobolev u € W13(S3 S3). Per
tali funzioni costruiremo estensioni @ : B* — S* maggiorate in norma W%
in funzione della norma W13 di u. Questo risultato ¢ ottimale. Dimostreremo
risultati analoghi anche per spazi di mappe di Sobolev fra sfere di dimensioni
inferiori.

In alcune appendici descriveremo argomenti collegati, cercando di stabilire
legami con altri ambiti.
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Chapter 1

Introduction

Let G be a compact connected Lie group with Lie algebra g. Let (M, h)
be a compact Riemannian manifold. Over M we consider a principal G-
bundle P — M and the associated vector bundle £ — M issued from the
adjoint representation Ad : G — g. A connection on E determines a covariant
derivative V assigning sections of E ® T*M to sections of E. V in turn
determines an exterior derivative dy which sends E-valued k-forms into E-
valued k + 1-forms, i.e. dy : QF(E) — Q¥ Y(E). We denote dydy := F, the
curvature form of V. Thus F' is an ad(FE)-valued 2-form on M , which can
be identified with a g-valued 2-form. For notations and conventions regarding
G-bundles we refer to [47|. The Yang-Mills functional is then defined as

ymw) = [ PP
M
where |-| is the norm on g-valued 2-forms obtained naturally from the Killing
form on g and from the metric h on M. A connection V is called Yang-Mills
if it satisfies the Euler-Lagrange equation of critical points of Y M i.e.

dsFy = 0. (1.1)

This equation forms a nonlinear elliptic system if combined with the Bianchi
identity
dvF v = 0.

Since Donaldson’s work [46] on the invariants of differentiable structures over
4-manifolds an increasing interest has been directed towards the study of Yang-
Mills connections, see e.g. [48] and [126] and the references therein. There are
several methods available for constructing Yang-Mills connections in 4 dimen-
sions, besides the variational point of view just described. These include the
gluing techniques of C. H. Taubes [125] and algebro-geometric methods [L1].
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In this thesis we pursue a variational study of the functional Y M. Our
results will be expected to help create examples of Yang-Mills connections in
5 dimensions, a case where far less constructions and examples are available.

Note that for a measurable gauge change g : M — G, the curvature Fj
transforms into g7'F4g and we have |¢g7'Fg| = |F| as a consequence of the
invariance of the norm | -|. Therefore Y M is also invariant under the group
of measurable gauge transformations

G :={g: M — G, g measurable}.

This fact establishes a strong analogy between the variational study of Y M
and the study of minimal surfaces. Keeping this model problem in mind gives,
we think, a good idea of our overall philosophy, thus we pass to describe it.

1.1 The Plateau problem

We recall the parametric formulation of the classical Plateau problem:

Problem 1 (Plateau problem). Fiz a simple closed Jordan curve v C R?, i.e.
an injective continuous image of St into R®. Study the following variational
problem:

inf {A(u) : w: D* — R? w is an immersion , ulpp2 € Diff*(0D,~)} .

where A(u) := [, |0pu A Oyuldz A dy is the area of the image of such u and
Difft (0D, ~) is the space of orientation-preserving diffeomorphisms.

The area functional, like Y M, also has a very large invariance group, i.e.
the group of orientation-preserving diffeomorphisms Diff" (D?). There are two
celebrated strategies to avoid the lack of compactness which this entails:

e Reduce to the case where u is conformal, via reparameterization. For
conformal maps u the area functional is equal to the more coercive energy
functional E(u) = 3 [}, |dul>. The approach of Douglas and Rado to
the Plateau problem follows this lead, proving the equivalence of the
minimization of area and energy.

e Study the area functional directly on the class of oriented 2-dimensional
submanifolds with fixed boundary ~. This is the approach by Federer
and Fleming. They introduced a distributional notion of submanifolds,
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called currents, for which coercivity of mass (i.e. the natural extension of
the area of submanifolds) holds with respect to the weak topology. The
more restrictive class of integral currents contains usual submanifolds and
satisfies a closure theorem under the above weak convergence. Therefore
a minimizer exists in such class. A regularity theory for minimizing
currents then completes the study of the above Plateau problem.

In the case of Y M one needs to exploit both kinds of strategies: the
first one corresponds in our case to finding Coulomb gauges, in which the
connection is controlled by the curvature. The second strategy corresponds
to our definitions of weak curvatures and bundles on which sequential weak
closure results are true at the same time as the coercivity of Y M. We also
proved the optimal regularity theorem for abelian G.

1.1.1 Plateau problem for the Yang-Mills functional

By analogy to Problem [Il we study the Yang-Mills functional by looking at a
variational problem defined up to a global gauge.

We first recall some notation. If V represents a smooth connection on E
then any other smooth connection can be written as V = Vg + A where A
is a section of A'TM ® ad(E) = AN'TM ® g. Such A changes into A9 :=
g tdg + g 'Ag under a gauge transformation ¢ : M — G.

Problem 2 (Yang-Mills Plateau problem). Let (M, h) be a compact manifold
with nonempty boundary OM . Fix a G-bundle E — M as above and consider
a fized connection Vo on E. Study the following minimization problem:

inf {YM(A): 3g € G such that i§); A = (i5,40)}. (1.2)

We start with some heuristic computations which help to understand which
are the right function spaces that we have to consider.

1.1.2 Natural function spaces for the Yang-Mills Plateau
problem

In order to have coercivity of the functional Y M the natural choice of a
function space will be one in which the curvature form F is in L?. We desire
to find the natural space for the g-valued connection 1-forms A. If A denotes
the combination of the usual wedge product of differential forms with the Lie
bracket [-,-] on g then F4 can be locally expressed by the g-valued 2-form

F=dA+ANA.
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Thus we see that it is natural to consider A € W20 L*: then |dA] will belong
to L?, as will do the nonlinear term A A A, which is bounded by |A|*.

By representation theory we may assume that G is a group of matrices
G < SO(n), in particular G has an isometric immersion G — R™ "™ which
respects the group operation. This allows to define spaces of Sobolev maps
with values in G as usual:

WEP(M,G) = WEP(M,R™™) N {us. t. u(z) € G ae. o€ M},
Therefore we automatically have W*P(M,G) C L (M, R™").

Since after a change of trivialization g we have A’ = g~'dg + g 'Ag, it is
natural to assume the regularity g € W22, which has the consequence that

Aew?nLlte Aew?nLh
We are led to state the following definition:

Definition 1.1 (W?2-bundle). Let (M,h) be a 4-dimensional compact Rie-
mannian manifold, possibly with boundary. Fix an atlas (U;, ¢;) on M. A
W?22-bundle over M is identified by a collection of changes of trivialization
gij € W*2(U; N U;, G) satisfying the following cocycle condition for all i, j, k :

9ij9jk = Gir on U; N U; N Uy,

If the data g;; are smooth functions, then we recover the definition of
a smooth G-bundle. The embedding W?? — C? is true only in dimension
n < p/2 thus for p = 2 we have that W22 — C° for n < 3 and W?%? — VMO,
which ensures the preservation of topology [33], for n = 4. Therefore in di-
mension n < 3 the W22-bundles are homeomorphic to smooth bundles and
in dimension n = 4 we still have a control on the topology [131]. In dimension
n > 5 we will be instead forced to work on singular bundles with some control
on the topology possibly only on 4-dimensional slices.

We may define W1'2-connections on W?2-bundles as follows:

Definition 1.2 (The space A"“? of W'?-connections). Let (M,h) be a 4-
dimensional compact Riemannian manifold, possibly with boundary. Fix an
atlas (U;, ¢;) on M. Let a W? G-bundle E = Ey22 over M be given by
data (gi;) as in the previous definition. A W% -connection over E is given
by a collection of 1-forms A; € Wh2 N LY (U;, T*U; ® g) such that for all i, j

A = gigldgij + gi}lAjgij on U; N U;.
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The space of such collections A = (A;); for fized E will be denoted AY*(E).

The union of such spaces AY?(E) over all W% -bundles E over M is de-
noted A“?(M).

A global connection form A € L*(M,T*M®g) represents a W2 -connection
over a fized W?2-bundle E — M if corresponding to some given atlas as
above there exist A; and g;; as above such that for all © we can find functions

g; € WY2(U;, G) such that A; = g; 'dg; + g; " Agi on Uj.

We denote the spaces of such connections for fixzed E (or fixed M) by
A%(E) (respectively A*(M) ).

We next define the curvature in this case:

Definition 1.3 (Curvature of a AM?-connection). The curvature form Fa €
L*(M,N>TM ® g) corresponding the connection data A = (A;); € AY(E)
to be the collection of the local data F; = dA; + A; N A; on U;. Then we
automatically have for all i, j

F; = gz-glFigij on U; NU;.

Observe that |F;| = |Fj| on U;NU; by the ad-invariance of the norm, thus
also in this case Y M (A) can be computed on A € A"?(E) with no ambiguity.
We can examine the minimization problem (L2Z) on the space AY?(E) on a
smooth bundle £.

Good behavior in subcritical dimension n < 3

In small dimension there exists a minimizer on a fixed bundle E':

Theorem 1.4. If dim(M) < 3 then the problem (L2) has a minimizer in the
class AY*(E) for each fized smooth bundle E .

The proof is a consequence of the embedding W22 C C° and of the fact
that for each 7 the L?-norm of F; controls || A;]|y1.2 in regions where no energy
concentrates. This phenomenon, proved by Uhlenbeck, will resurface later on,
since it is an important source of coercivity. This source of coercivity fails
in dimensions n > 5, as we will see.
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Theorem 1.5 ([I32]). Let n < 4 and consider a trivial bundle E — K over
a n-manifold K. There exists ey depending only on n with the following
property. Assume that A € WY2(K, T*K ® g) and that in some trivialization
the curvature form F :=dA+ AN A satisfies

|1 F |2y < €o- (1.3)

Then there exists a local gauge transformation g € W»?(K,G) such that on
K the new expression Aoy = g 'dg = g 'Ag of the connection satisfies

d* Aot = 0 (1.4)
and for C depending only on n,

| Acout||l w2y < C||F| 22(k)- (1.5)

Remark 1.6. Because of the Sobolev embedding W12 — L2 in dimension
n, we see that the control (ILH)) implies a control in L* precisely in dimensions
n<4.

Once we know this result, to prove Theorem [[.4 we may decompose the
domain into regions K; (covering all M but finitely many points) on which
the curvature satisfies the smallness condition ([L3]) for all large &. Then up to
subsequence the A¥ converge weakly in W12 in these regions. The A% control
the gfj via the relations from Definition By the embedding W22 — C°
valid for n < 3 we deduce that the gfj converge uniformly, thus the limit
bundle is still £.

Bubbling in critical dimension n = 4

The problem with the above reasoning in critical dimension n = 4 is that
in this case the gfj are not controlled in C° anymore. We have a bubbling
phenomenon, i.e. the bundle changes topology in the limit. We still have
the control ([3]) uniformly in k outside a finite set of (quantized) energy
concentration points.

Due to Uhlenbeck [132] a classical bundle can be recovered if a 1 !?-connection
exists, under the assumption that (L) holds. From Riviére’s Lorentz space
techniques [107] it follows that the point removability also holds in general:

Theorem 1.7 (Point removability, cfr. [I07]). Let ¥V be a W2 -connection
on a smooth bundle E over B*\{0}. If the L?> norm of the curvature F of V
15 finite, then there exists a gauge in which the bundle P extends to a smooth
bundle P over B* and the connection V extends to a W2 connection V over

B*.
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We present the proof in Theorem [6.2] since it is not proved in the literature.
The consequence of this result for the problem ([2]) is the following;:

Theorem 1.8. Let dim(M) = 4, M be a compact Riemannian n-manifold
with nonempty boundary OM . Fix a G-bundle E — M . In general, a sequence
(AF,gE) of data as in the definition of A“?(E) which minimizes Y M(A) un-
der the trace constraint as in Problem ([L2)) will have a weakly convergent
subsequence, i.e. up to subsequence

k w22 o) k wi2 o)
g = i, AP — A

and (A3°, g55) are the data of an element of AV2(E) where E is obtained by

modifying E over small neighborhood of a finite number of points py,...,pr €
M.

This result is analogous to the “topological bubbling” phenomenon first
discovered by Sacks and Uhlenbeck [112] in the case of minimal immersions of
surfaces. We describe some new results on the control of Coulomb gauges in
4-dimensions in Section [L.G

Loss of regularity in supercritical dimension 5

The proof of existence of minimizers for Problem (L2)) in dimension n =5 is
one of the main results of this thesis. We describe here the kinds of singularities
which play a central role. We will see that not only a loss of control on the
topology of the underlying bundles happens, but a more drastic loss of control
on the regularity of our connections takes place.

Example 1.9. Fiz a topologically nontrivial SU(2)-bundle E over S*, e.g.
the simplest SU(2)-instanton having co(E) =1 € Z ~ H*(S"). See [58], Ch.
6 for notations and details. Recall in particular that we may use quaternion
notation due to the isomorphisms SU(2) ~ Sp(1) and su(2) ~ ImH, under
which Pauli matrices correspond to quaternion imaginary units. With these
notations, E becomes isomorphic to the tautological H-line bundle. Consider
the connection corresponding to the R-orthogonal projection on the vertical
direction, i.e.
w = Im(qdq + ¢2dq2).

Then on a small ball B we construct the curvature F wvia the projection
7 : B\ {0} = 0By, by defining

F = (n"F)|g.
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By examining the above formula and using the scale invariance of the Yang-
Mills functional in dimension 4 we then see that the energy can be arbitrarily
small:

|F|? = Cr.

Br
Moreover the bundle has by construction a topological singularity at the origin.
The above singularities are analogous to the function ﬁ : B" — S? which
witnesses the fact that smooth maps are not dense in W'?(B3 S?) (see e.g.

[18]).

We recall that the second Chern class cy(E) € H*(M,Z) for smooth
SU(2)-bundles is represented by the 4-form tr(F A F'). By the theory of
characteristic classes [74], for a smooth 4-dimensional submanifold S C M we
the topology of a SU(2)-bundle FE|s is represented by

e(B)[S] = # (wrap) ez

The bundle of above Example satisfies d (tr(F A F)) = 8724y, i.e. a topo-

logical singularity is present at the origin.

Since singularities cost very little energy on small balls in dimension n >
5, Problem (L2) cannot be studied in the above setting anymore, since the
curvatures do not control the connections anymore. More rigorously, assume
that we have a sequence of SU(2)-curvatures F, with the following properties:

e for each k, F} is a smooth curvature on a fized smooth bundle over the
5-ball, E — B®, with corresponding smooth connection data (A¥, gfj);

o || Fillr2@msy < C, uniformly in k;

e for all k£ there holds d (trFj, A Fy) = 0.
Then in general the following bad behavior could take place:

e The convergence of the connection data (A¥, gfj) can be controlled only
in a very weak sense:

AF —~ A% weakly in L7 gfj — g;; weakly in wh2,
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e The curvature defined distributionally by F>*° = dA°+ A NA satisfies

supp (dtr(F° A F°)) = BS.

The reason for this is that the Sobolev embeddings behind Uhlenbeck’s theorem
and behind the control of the g;; via the formula A; = g; tdg; + g; M Ag
fail. We now introduce the setting in which we manage to recover coercivity
by different methods.

1.2 Weak closure result in dimension 5

To study the problem (LZ) in 5 dimensions we pursue the direction which
led Federer and Fleming to introduce integral currents to solve the Plateau
problem. We will define a weaker class of connections and we will prove that
such class is closed under L? weak convergence, therefore a minimizer of the
Yang-Mills Plateau analogue (L.2) will exist in this class.

Definition 1.10. Let M be a compact Riemannian 5-manifold We define the
class of weak connections of L?-curvatures on singular bundles over M as
follows:

F e L*(M,N*TM ® g) such that
Ac(M) =< JAe LA(M,T*M ®g), dA+ ANAZ F and
Vp € R?, for a.e. pini(M) >1r >0, ipp, A € AL2(0B,.(p)).

The number p;,;(M) above is the injectivity radius of M and the symbol Z
means equality in the distributional sense.

We will often restrict to the case where M is the closed unit ball B> C R®.

This class is suitable for posing the above Yang-Mills Plateau-type problem.
Indeed we have:

Theorem 1.11 (Weak closure of Ag). Assume that we have a sequence of L*
curvature forms F, corresponding to

[A,] € Ac(B)

such that
sup || F || 2(es) < o0
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and
F, = F in I*(B°, N°R° ® g).

Then F is the curvature form corresponding to some [A] € Ag(B®) as well.

This theorem, obtained in collaboration with my advisor T. Riviére, is one
of the main results of this thesis. For the proof see Chapter [8.

Ideas of the proof: controlling the oscillation of slices

To prove the above result we utilize a control on control on the slices given by
Definition [L.I0L This control is analogous to the M BV control needed in for
the closure of integral currents and of rectifiable scans [§], [72] and we use the
same abstract setting as those results.

We introduce a geometric distance on gauge classes of sliced connections
A, B € A%(S") as follows (see also [47]). We say that A is equivalent to B if for
a measurable gauge g : S* — G there holds A = g~'dg+ g 'Bg. Let [A],[B]
be the so-obtained equivalence classes. Our distance is defined as follows:

dist([A], [B]) = inf {||A’' — B'|| ;2 : A’ € [A], B € [B]}.

We then consider the identification i(t) : S* — 9B;(zy) C R® and define
A(t) =i(t)*A for A € L*. By Definition [LT0, for a.e. ¢ the form A(t) is L?
and it belongs to A?(S*). We have the following control, valid on any interval
I €0, 00l:

dist([A(t)], [A'(t)]) < Cr||F || 2|t — t/|%, for t,¢ € I.
We then use the following abstract theorem:

Theorem 1.12. Consider a metric space (Y, dist) on which a function N :
Y — R* is defined. Suppose that the following hypothesis is met:

VC > 0 the sublevels {N < C} are seq. compact.
Suppose A,, :[0,1] = Y are measurable maps such that
dist(fult), Fa(t)) < Clt = ¢/]'/2

and

sup /O N (fa(t))dt < C.
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Then f,, have a subsequence which converges pointwise almost everywhere. The
limiting function f also satisfies

dist(£ (1), f(£)) < Clt — ¢}, / N(f(t)dt < C.

We will prove in Section that if we choose
y = {[A e A(sY/ ~},
fa(t) = [A,(t)] slices as above and N'([A]) := [ |Fal?,

S4

then the hypotheses of Theorem [L12] are verified.

The fact that the sublevels of N are sequentially dist-compact is a conse-
quence of Theorem [[.§ thus uses the point removability result of Theorem 7]
from dimension 4. We then show that the distance dist on ) provides enough
control to extract a limit of the pointwise dist-converging sequence of slices
A, (t). This gives Wh?-representatives for the slices of the limit connection
A, concluding the proof.

1.3 Approximability by regular connections

In order to connect our Definition of the class Aq of weak L?-connection
forms to classical connections and to show that it is the correct extension of
the class of smooth connections on smooth bundles, we also prove a strong
density result. The class of smooth connections on finitely-puncture bundles
R> will have Aq as strong closure. The precise definition is as follows:

Definition 1.13. Let M® be a compact 5-manifold. We will denote by R>(M)
the following space

Fel*(M,NTM®g) s. t. 3pi,....py € M

R®(M) = dE — M\ {p1,...,pn} smooth G-bundle

a,loc

F™="dA+ AN A, loc. smooth outside {p;}Y,
The above notation F “2° dA + AN A signifies that we may find a local
trivialization o of the G -bundle E — M\ {p1,...,pn} in which F represents
a smooth connection with connection form A.
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In general for a SU(2)-connection form belonging to R*°(M) we have the
following control on the topology of the underlying bundle:

N
d(trF AF) =87 " did,
i=1
where p; are the singular points as in the above definition.

We then consider a geometric distance to compare gauge-equivalence classes
of g-valued 2-forms on M?®:

Definition 1.14 (Distance on L?-curvature classes). On 2-forms
F F' € L*(M,N>TM ® g)
we impose the equivalence relation ~ defined as follows:
F ~ F' if there exists a measurable g : M — G such that F = g ' Fg.
We then define the follounng distance on equivalence classes of curvatures:

dist([F), [F"]) == inf {|F — ¢ " F'glz2ar) : 9 : M — G measurable} .

With these definitions we have the following approximation result:

Theorem 1.15. Let M be a compact 5-manifold. Any L? curvature form
F' corresponding to a connection form A with [A] € Ag(M) can be approx-
imated by 2-forms F, corresponding to [A,] € R>®(M) with respect to the
pseudodistance dist([F],[F,]) of Definition [1.1.

This result, proved in collaboration with my advisor T. Riviére, is one of
the main results of this thesis. For the proof see Chapter [l To illustrate
the new difficulties, we make a small parenthesis describing previously known
results.

Previous results and new difficulties

Results of the same kind as Theorem were proved by Bethuel [19] for
Sobolev maps between manifolds u € W'?(B" S*!) in supercritical dimen-
sion n > p and by Kessel and Riviéere [83], [84] for weak curvatures in supercrit-
ical dimension in the case of an abelian structure group G (cfr. also [5] and
the references therein).

We cite such result in the case of W'%(B3 S?)-maps:



1.3. Approximability by regular connections 13
Theorem 1.16 ([19]). For a given map u € W'(B3,S?) we can find maps

ue WhH(B3,S?) : 3% C B? finite, s.t. }

u€e C2(B*\%,S?)

loc

u, € R°?*(B*S?) = {

such that u, — u strongly in WhH2.

The idea behind this result is to use finer and finer subdivisions (e.g. cubeu-
lations) of B? to define the approximants. One then first approximates the
restriction on the boundaries of the subdividing sets, where one can apply the
classical results for subcritical dimensions. Then a Calderon-Zygmund type
procedure is applied:

e On “good” small cubes where not much energy (i.e. not much L?-norm of
|Vu|) concentrates it will be possible to extend the boundary approxima-
tion in a controlled way, by extending harmonically « into the ambient
space R? D S? and then projecting on S?. Since we control Vu, the map
to be approximated does not oscillate much thus it is well approximated
by such extension.

e On the remaining “bad” cubes we extend the boundary approximation
radially, creating one single singularity. We will have just a bound on
the approximant (in terms of the average of Vu ) and not a bound on the
approximation error. However the total volume of bad cubes is doomed
to become negligible in the limit, since a quantized amount of energy
is concentrated on each cube. This provides the basis for a suitable
dominated convergence result, showing that as the subdivisions refine,
the approximants converge strongly.

Since each so-constructed approximant is continuous except at finitely many
centers of bad cubes, we can then apply classical smoothing methods to im-
prove the local regularity to C*°.

The new difficulty in the case of non-abelian structure groups is that with
each local approximation on a boundary of a cube comes a particular gauge
g in which the approximation is valid. Such gauges interact wildly and an
important new difficulty is to control all their impacts at the same time, while
getting a control on the connection forms.

Ideas of our proof

We also consider cubical grids of smaller and smaller sizes for the approxima-
tion. By using a partition of unity and the fact that by definition [A] € Ag is
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equivalent to a A'2-connection on 4-dimensional slices, we can perform the
approximation on the skeletons of critical dimension 4 by classical methods.

We define “good” cubes the cubes C' of the grid for which the following
quantities defined in terms of A, F' and the average F' of F' on C

/ F - FP, / P and / AP
oC oC oC

satisfy suitable scale-invariant smallness conditions. On each boundary of good
cube we then apply Uhlenbeck’s [132] result cited in Theorem [[LT, which gives
locally a gauge change g; such that

d*(A%) =0, [[A%|lpre < C|F| 12,
2 F9i 2 dAY + AYi A AYi.

We desire to use these gauges to control the approximation process, because
of the W12-control that they give on the local connection forms. Then we
perform harmonic extensions g;, A% of g;, A% and we show that F';,, approx-

imates (F')%.

We thus end up with i*(A%)% ' = §*A on the boundary. On the other
hand the curvature §;(Fj,,)3; ' of (A%)% " still approximates F since in gen-
eral g7 Fig — g ' Fhg| = |g7H(FyL — Fy)g| = |Fy — F,| by the invariance of the

norim.

If we perform a smoothing on the 4-skeleton before applying this procedure
we will also have that the approximating connections are continuous up to
gauge, thus we can apply a classical mollification to conclude.

1.4 Abelian curvatures and vector fields with in-
teger fluxes

In this section we consider the case of the abelian group G' = U(1) = {e :
0 € S'} in dimension n = 3. In this case g ~ R and A, F' are respectively 1-
and 2-forms in the usual sense.

The motivation for studying the Yang-Mills functional in this case is that
it provides a simplified model for the behavior of general curvatures, due to
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the absence of nonlinearities: In this case the local expression of connection
and curvature are expected to satisfy

F = dA.

This simplification allows to investigate connections to several other fields of
research, furnishing several wide open directions in which generalizations in-
volving the (nonlinear) nonabelian connections could point.

A second simplification is the fact that not only the expression of the cur-
vature F' is gauge invariant, but the local expression of F' is completely inde-
pendent of the gauge.

For the abelian case we will introduce the Yang-Mills functional with ex-
ponent p allowed to be different than 2:

M) = [ 1FP.

M

We start by giving a definition of weak curvatures which looks different than
Definition [LI0k

Definition 1.17 (Abelian weak curvatures). An LP-curvature of a singular
U(1)-bundle over B* is a measurable real-valued 2-form F satisfying

/ FIPde® < oo,
B3

e For all x € B* and for almost all 0 < r < dist(x, 0B*) we have

1

— P Fez
27 JoB,(a) 108 (@) ’

where i3y (. is the inclusion map of 0B, (x) in B3.
We call F5(B?®) the class of all such 2-forms F.

We now explain why such weak curvatures in dimension 3 and with ex-
ponents p < 3/2 give the closest analogy to nonabelian L?-curvatures corre-
sponding to connection classes [A] € Ag in 5-dimensions.



16 Chapter 1. Introduction

Topological singularities and dimension 3

In the nonabelian case topological singularities were naturally appearing in
5 dimensions due to the scaling behavior of the functional Y M. For the
most commonly appearing group SU(2) we have that the second Chern class
co € HY(M,Z) characterizes SU(2)-bundles (i.e. complex Hermitian bundles
E of rank 2) over closed manifolds M up to isomorphism (see [74]). By Chern-
Weil theory (see [85]) the value of ¢, on a 4-cycle % can be expressed via the
curvature I of the bundle restricted to X% as follows:

e (E)[5] = # /Z (FAF) €L

In order to reproduce a similar example for U(1)-bundles we look after
the characteristic class which helps distinguishing U(1)-vector bundles (i.e.
complex Hermitian line bundles). Such class is the first Chern class ¢; €
H?*(M,Z). By Chern-Weil theory the value of ¢; on a 2-cycle X2 is represented
by the curvature F' as

o ()52 = % /Z Fel

Since ¢y is 2-dimensional it is therefore possible to imitate the construction
of Example and obtain topological point-singularities precisely when the

complement of a point has nontrivial 2-dimensional homology. This is why we
work in dimension 3.

Equivalence of different definitions of F7(B?)

Our definition of LP-weak curvatures just requires the integrality of the first
Chern class to hold on spherical slices. We note that passing from Definition
[LI7 to an analogue of the 5-dimensional Definition does not change the
space JFp(B?):

Proposition 1.18. For each L*-integrable curvature 2-form F on a a Rie-
mannian 3-manifold M the following two properties are equivalent:

o [' € FH(M) according to Definition L1

e There exists an LP-connection form A on B3 such that for all centers
zo € B® and a.e. py; > 1 >0 the slice z'gBr(mO)A 1s gauge-equivalent to
a locally WYP connection form.
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This result is a straightforward consequence of the next theorem:

Theorem 1.19 (T. Kessel, T. Riviere [83, 84]). Let p > 1 and let M be a
Riemannian 3-manifold. Any weak LP-curvature over a singular U(1)-bundle
as defined above can be approximated in the strong LP-norm by elements of

Roo(M), i.e. by smooth curvatures on bundles over the finitely punctured
manifold M .

Proof of Proposition[1.18: The proof of our non-abelian analogue stated in
Theorem shows that R (M) is dense also in the space of 2-forms satis-
fying the second definition. Both conditions stated in the proposition are closed
under strong LP-convergence. Theorem then concludes the proof. O

Choice of the interesting exponent p

For p > 3/2 any finite energy curvature will automatically have no topological
singularity. In particular we have:

Theorem 1.20 (n = 3 is subcritical for p > 3/2). Let M be a Riemannian 3 -
manifold with OM # and let p > 3/2 and let E — M be a smooth Hermitian
line bundle. Then for each smooth curvature Fy over OM the Yang-Mills
Plateau problem

inf {YM,(A): iy, F = Fy}.
has a minimizer which is the curvature of a WP -connection on the same

bundle E .

Thus dimension 3 is supercritical just for p < 3/2. From now on we restrict
to this case.

1.4.1 Weak closure in the abelian case

One of the main results of this thesis, obtained in collaboration with my advisor
Tristan Riviére is the following:

Theorem 1.21 (Weak closure of the space F5(B?)). Let p > 1 and assume
that

F, € F§(B%), F, = Fux weakly in L, sup||Fy[|1» < oo.

Then F5(B3). The same is not true for p=1.
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This theorem is discussed in Chapter 2, see Theorem there. A con-
sequence is the existence of minimizers for the functional Y M, in the class
Fh(B?).

Slice distance and 2-dimensional integrability result

In order to prove the sequential weak closure of F7 (M) we use slices by spheres
as in the nonabelian case, but with some distinctions. Because of the linearity
of the formula F' = dA we can easily recover local expressions of A from
I, therefore we slice directly the curvature instead of slicing the connection.
Moreover the expression of the curvature is independent on the gauge. By
looking just at slices of F' we obtain an explicit geometric distance between
gauge classes of connections on S$?:

Definition 1.22 (Abelian slice distance). Let Fy, Fy be two LP -integrable 2-
forms on S*. We define

diSt(Fl,Fg) = inf {HO&H[}?(gZ) D da = F1 — F2 — Z(Sml — 8[}

i=1
where the infimum is done on all o, all finite sums of Dirac masses 0,, and
all finite mass integer multiplicity integral 1-currents I .

The fact that this defines a distance is nontrivial. We need the follow-
ing representation result for vector fields in 2-dimensions, which is itself an
important result of this thesis:

Theorem 1.23 (Integrability Theorem). Let p > 1, let £ be a compact 2-
dimensional manifold, possibly with boundary and 6 be the volume form of St.
Then the following equality holds

{u: ue Whr(Q,Sh), deg(u|sq) = 0}

{a: acLP(Q,N'R?),3I € T,(Q), [da] = I},

where I1(§2) represents the finite mass integral rectifiable 1-currents on Q and
[da] is the distribution associated to da by imposing

<[da],gp>:/ﬂda/\g0 Vo € Dy(92).

The proof of this result is based on a density result for a class similar to
R and will be presented in Chapter Bl This result is related to the study of
the distributional Jacobian of S'-valued maps (which would correspond to the
case p = 1, not treated here). See [5] and the references therein.
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Control of the slices

For the distance dist defined above we obtain the same control as for the
nonabelian case, i.e. we control the slice oscillations in terms of the curvature.
This allows the use of a Holder slice oscillation control:

Theorem 1.24. The slice-function of a weak U(1)-curvature F € FF(B?)
satisfies the following kind of bounds:

dist(F(t), F(t")) < O|F || zomoylt — t|* /7.

A more refined statement is present in Theorem [L11Il The proof of this
result is more challenging than in the nonabelian case due to the complication
of our distance, which is formulated in terms of curvatures rather than in terms
of connection forms.

1.4.2 The definition of the boundary trace

Let M be a Riemannian 3-manifold with smooth boundary. In order for the
Plateau analogue

inf {YM,(F): F € FE(M), i} F = ¢}

to be well posed, we have to give a precise meaning to the notation i},,F' = ¢.
A priori this notation does not have a meaning for general LP-forms F' (see
the discussion of Section [0l for more details). Before giving the corresponding
definition we note down important features which a boundary trace definition
should have in order for the above minimization problem to be meaningful.

For a general 2-form ¢ € C*(OM, A>*TOM) we are looking for a definition
of the class F7, ,(M) of “weak U(1)-curvatures with boundary restriction ¢”
satisfying the following requirements:

e (closure) For any LP-regular 2-form ¢ on M, the class F7 (M) is
closed by sequential weak LP-convergence.

e (nontriviality) If ¢ # 1 are two LP-regular 2-forms on 052, then
Fp (M) N Fg (M) = 0.

e (compatibility) For any smooth 2-form ¢, F; NR>(M) are exactly
the 2-forms F' € R*>(M) such that i},,F = ¢, where iy is the inclu-
sion map.
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In the case of M = B? we give the following definition:

Definition 1.25. If ¢ € C>®(0B3 A*T0B?) then we say that a weak U(1)-
curvature F € F5(B®) has ¢ as a boundary trace and we write i} F = ¢
if

dist(F'(t),¢) -0 ast— 1",

where F(t) is the slice of ' along the sphere 0B,

A similar definition can be adopted for general compact 3-manifolds with
boundary, by using appropriate foliations near M .

One of the main results of this thesis is the following type of result:

Theorem 1.26 (Good definition of the boundary trace). For M = B? the
classes J7, (M) defined by using Definition [L.23 satisfy the above three prop-
erties.

A similar result holds for more general 3-manifolds M, as described in
Chapter @

Idea of the proof

The proof of Theorem is based on a careful study of the distance d per-
formed in Chapter @l We show that using the distance d metrizes the weak
convergence of LP-equibounded slices. As we saw above the slice distance is
also Holder-continuous for well-behaved slicing functions. Thus we automat-
ically have local bounds on how much sequences of slice functions of weakly
convergent weak U(1)-curvatures F,, can oscillate near a fixed slice. This
provides the main tool for the proof.

1.5 Regularity of minimizers in the abelian case

One of the main results of this thesis, proved in Chapter [ is the regularity
of minimizers for the functional Y M,,. The precise result is the following one
(see Theorem [B.2)):

Theorem 1.27. Let p €]1,3/2[, and let F € FL(B?) be a minimizer for the
problem
inf {YM,(F): F € FJ(B®), it F = ¢} .

Then F is locally Hélder-continuous away from a locally finite set Y C B3.
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The minimizer exists by the weak closure of F4(B?) described in the pre-
ceding section. A similar procedure works when the closed ball B? is replaced
by a compact Riemannian manifold M3,

The proof of regularity proceeds roughly along the same steps as the proof
of the regularity of harmonic maps [115], [69] and [70]. The main difference and
novelty of our result with respect to previous regularity results is the approach
to the following e-regularity Theorem (cfr. Theorem [E.3)):

Theorem 1.28 (e-regularity). Let M = B3 as above. There exists €, > 0
such that for any local Y M, -minimizer F € F5, if B3(x) C B* and

r2p—3/ |F[P dH? < e,
B (z0)

then
dF =0 on B,js(x).

This result is in fact the crucial point of the regularity theory, because it
allows to pas from knowing that a curvature F' has small energy to the fact
that it satisfies an elliptic system of equations in the weak sense. Once we
know this, the fact that F' is Holder (at least on balls where energy does not
concentrate) follows from the regularity of elliptic systems by K. Uhlenbeck
[130] and P. Tolksdorf [127], which we present in Appendix [DI

The proof of the e-regularity theorem is done via a procedure of approx-
imation and reduction to a combinatorial problem, instead of using elliptic
estimates. Indeed suppose for a moment that we had the information that
F € R*. Then by smoothness and Chern-Weil theory we have

N
dF =Y _di6,, d; €L,

i=1

where p; are the singular points of the bundle corresponding to F'. We wish
to have a procedure which allows to remove singularities from F while (1)
decreasing [, |F|P and (2) maintaining the boundary value of F'.

Equivalent formulation in terms of vector fields

The idea for the construction of competitors in the e-regularity proof is best
explained in the equivalent formulation in terms of vector fields. We use the
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identification of k-covectors [ with simple (n — k)-vectors xf valid in R",
which for oriented manifolds translates into Poincaré duality. In our case a
2-form F' is identified with a vector field X by requiring

FWAV)=X-(WxV)

pointwise for all couples of vectors V, W'.

The equivalent of F7 (M) is the following space

Definition 1.29 (vector fields with integer fluxes). Let M be a compact ori-
ented Riemannian 3-manifold. We define LY (M, TM) to be the class of vector
fields X € LP(M,TM) such that

/ X-velZ, YaeM, ae 1< ppi(M),
9B}(a)
where v : OB3(a) is the outward unit normal vector to a geodesic r-ball.

The integrality condition above and the one in the definition of F; differ
just by a normalization factor.

Main construction used for the e-regularity

Let now X € LY(B? R®) correspond to F € R>*(B?) as above. Then X is
smooth outside a finite set of points {p;,...,pr} and

divX =Y dib,,, d; €L

The flow of this vector field conserves mass outside the points p;, therefore
knowing (1) how this flow behaves near the singular set (2) the set of its tra-
jectories, gives us global information on X itself. We wish to decompose X
using its flow in a geometric manner, and then just inverse the directions of
some flow trajectories in order to “annihilate some sources with some sinks”.
In other words we would like to insert some dipoles tailored on (X, {p;}) using
the structure of the flow trajectories of X for this tailoring.

It is not immediately clear that this strategy can be formalized and that
we can find a criterion for the “source/sink annihilation” to work. In the next
section we describe our solution to these problems.
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1.5.1 Smirnov decomposition and combinatorial flows

The first result which we use is Smirnov’s theorem on the decomposition of
1-currents. This theorem in the special case of 1-currents representable as
L'-vector fields can be summarized as follows: given a L'-current X we can
represent X as a superposition of “topologically simple” rectifiable currents,
i.e. currents supported either (in the boundaryless case) on so-called solenoids,
of which typical examples are strange attractors of dynamical systems, or (in
the case with boundary) on non-self-intersecting Lipschitz curves. Moreover
such decomposition can be done without cancellations and such that also the
boundaries of the currents represented by the above curves superpose without
cancellations. The precise statement is as follows:

Theorem 1.30 ([120]). Assume T is a finite mass 1-current on B™ with finite
mass boundary OT . Then there exists a total decomposition T = A+ C' such
that 0C =0 and A is acyclic.

A can be further decomposed into a superposition of arcs as follows. There
exists a finite positive Borel measure p on the space of arcs such that

(Awh = [(olwduta) (16)

(Alé) = [l o)duta) (1.7)

@A.1) = [ (@), Hauta) (18)

(0al.6) = [ (1obIe)duty). (19)

for all w € C=(B", A'R?), f € C=(B"), 6 € CO%(B"). C can be decomposed

into a superposition of elementary solenoids, i.e. there exists a finite Borel
positive measure v on solenoids Sol such that

(Cw) = / (S, (), (1.10)
dCt @) / (1151, )d(S). (1.11)

We give precise definitions and discuss some proofs and generalizations in

Appendix [Al

Note that if we are interested in preserving the boundary value while de-
creasing the energy, then removing the cyclic part of our X is very much in
our interest. In other words our minimizers X will be acyclic, i.e. no “strange
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attractor’-looking currents will take part into their decomposition. Even if
we are not acyclic (indeed we just suppose that our locally smooth X ap-
proximates a minimizer, not that it is one), since curves corresponding to the
decompositions of A, C' have p-a.e. disjoint supports, we can again just mod-
ify the acyclic part A, without having to manipulate cycles.

For acyclic X we associate a discretized structure to X by “grouping to-
gether” curves in the support of p based on where their endpoints are. This
corresponds to what we mentioned above, i.e. to doing a decomposition of
X tailored on its flow structure. This discretized structure is well-represented
by a weighted directed graph, i.e. to a combinatorial flow, such that however
Kirchhoff’s law of preservation of the flow at nodes of the graph) is satisfied
only up to the integer errors d; corresponding to the degrees of our singularities.

How and under which hypotheses can we decrease the energy of this dis-
cretized flow while preserving its boundary value? A simple answer which is
enough for our purposes is the following:

Proposition 1.31. Assume that X, is a combinatorial flow as above, given
by a directed weighted graph G = (E, V) with weight function ¢ : E — RT,
such that except for a set of edges S C V' called “boundary of X", Kirchhoff’s
law relative to the given directions and to the weights c is valid with “errors”

belonging to Z. If
Zc(s) <1

seS

then we can find another flow X, corresponding to a graph on the same vertices
G' = (E',V) and another function f: E"— RT such that:

The edge sets E, E' agree up to orientation.

o f<c, ie the new flow has lower energy than the old one.

On the subset S the orientations of the edges E and E' coincide and
f=c, i.e. the new flow has the same boundary value.

The new flow satisfies Kirchhoff’s law with no error, i.e. we removed
the charges.

The proof of the above result is done using a maxflow-mincut result. The
main idea of the proof is that since we assume that the energy on the boundary
is smaller than the quantization gap, the proof reduces to a kind of remainder
result.
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This allows to construct competitors satisfying divX = 0 and with lower
energy and thus settles the e-regularity proof.

1.5.2 Some open problems
Regularity in the abelian case and Smirnov decomposition

The proof of the e-regularity for weak U(1)-curvatures uses a technique which
is very unusual for regularity results, i.e. it uses a combinatorial construction
related to the Maxflow-Mincut theorem. It would be interesting to obtain the
same result using traditional tools:

Open Problem 1. Prove Theorem [5.3 without using combinatorial tools.

Possibly such a proof of e-regularity would allow to tackle the regularity
problem for stationary U(1)-curvatures, which is surely very interesting:

Open Problem 2. The stationarity equation for the functional Y M, is given
in Section [5.4.4), equation ([BID). Is it true that stationary U(1)-curvatures
have isolated singular points?

Another possible approach for answering Open Problem Pl would be to
extend a combinatorial characterization by weighted directed graphs of general
curvatures in F7(B?). At this level we can already state this question:

Open Problem 3. Prove Theorem [5.3 without using Theorem [I.19.

Indeed, before applying our combinatorial method to the e-regularity proof
in Chapter Bl we have to reduce to the case in which our weak curvature has
finitely many charges, i.e. we need to first use the approximation theorem [[.T9]

Infinite graphs and extended Smirnov theorems

A possible approach to Open Problems Pl and [B] could be to reason as in the
proof of the existence of minimal connections (see Theorem 2.10]), but obtain a
limit of the weighted graphs described in Section The existence of such
graph for general ' € F7(B?) is strongly related to the question treated in
Section [B.4.1], i.e. whether there can be a notion of Smirnov decomposition
for currents in a class which is wider than just normal currents. In Example
B.22 we provide a flat 1-current which does not have a Smirnov decomposition
due to the fact that its support is totally disconnected. We were not able to
provide such an example within the class F7(B*). We state the question in
terms of vector fields with integer fluxes.
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Open Problem 4. Is an analogue of Smirnov’s decomposition theorem [A.4
valid for LP-vector fields with integer fluzes LY (B3) with p > 1%

Besides Smirnov’s theorem, if we desire to associate a weighted graph to
F € F(B?) directly and use it to prove regularity results, it could be necessary
to have an effective analogue of the maxflow-mincut theorem for infinite
networks. Results of this type are already available in the case of locally finite
graphs (see Section [C.2]) however we expect stronger results to be necessary:

Open Problem 5. Is a maxflow-mincut theorem like Theorem [C8 valid for
the wider class of infinite networks G such that every subgraph of G has finite
boundary capacity?

1.6 Results on Coulomb gauges and Nonlinear
Sobolev Spaces

1.6.1 The search for a global gauge in dimension 4 and
Lorentz spaces

Sometimes, e.g. for the control of the 4-dimensional Yang-Mills flow 0;dy =
—dy Fy, a quantitative control of the singularities of the connection V is re-
quired (see [122]). This control is achieved in the L?-small curvature regime
(i.e. when no singularity is present) via Uhlenbeck’s Theorem [[LEl This the-
orem provides gauges g(t) in which A(t) is W'%-controlled by F(t) and the
flow provides weak equations controlling the behavior of A(t) for short time.
This control breaks down at energy level ¢y because of the possible formation
of singularities, or “topological bubbles” of the bundle. If p is such a bubbling
point, the connection form will satisfy

|A]

™ dist(-, p)

near p. We achieved a quantitative control on such bubbling by working in
function spaces X over R* in which a function like f(z) = |71| has finite norm.
Optimal candidate for such a space X is the Lorentz space

v i { e L@ swple s |f)0) > o)l <o

The following theorem, obtained in collaboration with my advisor Tristan Riv-
iére, is one of the main results of this thesis:
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Theorem 1.32 (Globally controlled gauges). Let M* be a Riemannian 4-
manifold. There exists a function f :RT — RT with the following properties.
Let V be a W% connection over an SU(2)-bundle over M. Then there exists
a global W'4>°) section of the bundle (possibly allowing singularities) over the
whole M* such that in the corresponding trivialization ¥V is given by d + A
with the following bound.

1Al eacor < f (I1F | z2an)) »

where F' s the curvature form of V.

For the proof see Chapter [@ and Section The technique of proof uses a
new Lorentz-Sobolev extension for functions in W'3(S3 SU(2)) (see Section
[LE6.2), together with a discussion of the energy concentration possibilities for
the curvature and Uhlenbeck’s Theorem [6.4. We provide a more extended
summary of the proof in Section @511

It would be interesting to obtain also the Coulomb condition besides the
above control. This is however an open question:

Open Problem 6. Prove that it is possible to find L**-controlled global
Coulomb gauges as in Theorem[1.32. In other words, prove that it is possible
to find a gauge as in Theorem [1.32, but with the further requirement that
d*A =0 in such gauge.

1.6.2 Controlled extension of Sobolev maps into mani-
folds

The main ingredient of Theorem is the following optimal extension result, also
obtained in collaboration with my advisor Tristan Riviére:

Theorem 1.33. There exists a function f; : RT — R with the following
property. Suppose ¢ € WH3(S?,S3). then there exists an extension u €
W) (B4 S%) of ¢ such that the following estimate holds:

IVull o < fir ([[VElLs) -

The originality of this result with respect to the previous ones [22] or [93]
is that whereas the previous works were concerned with the existence of an
extension, in our case a control is provided in term of the boundary value. We
show in Section that even under the hypothesis deg(¢) = 0 such that a
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W4 extension surely exists, no energy control will be available.

We discuss the relevance of our theorem, several possible extensions and
related phenomena in Section

Here we point out the main open questions in the area of controlled nonlin-
ear extensions and some analogues of Theorem An useful tool to control
the topology of a manifold N are the fundamental groups m,,(N) which is
a quotient of C°(S™ N). To say that any map in this space is continuously
extendable to B™*! amounts to asserting that 7,,(N) = 0.

We consider here the controlled extension problem for maps S™ — S". As
is usually the case the interesting new features appear when smooth maps are
not dense in WH?(S™ S™)  in which case we expect topological obstructions
to gradually disappear as p decreases. The first facts to note are the following:

e For extensions of maps from W'P(S™ S") to B™"! the natural space
given by continuous Sobolev and trace embeddings is W "n P(B™ 1 S)

(see Sec. B.2.11 and 0.2.2).
e For p < ZLm the controlled extensions exist (see Sec. L2.T]).
e p > m the extension question reduces to a purely topological problem
(see Sec. @.2.2).
The open cases when p < m are the thus among the following ones:

Open Problem 7. Assume that "H om < p <m and m > n. For which such
choices of m,n,p does there exist aﬁmte function fu, ., RY — R such that

for every ¢ € WHP(S™, S™) there exists an extension u € Wl’mTHp(BmH,S")
for which the estimate

[0l g5 sy < S (18w )

holds? Does the estimate hold for p = m for the norm Whim+leo)(pm+l gn) 2
The above problem is partially understood or solved just in some cases:

e Due to a relation of extension problems to lifting problems we answer
the above problem for n = 2 < m and 3m <p< see Prop. [L.30]
and Section [0.2.4]

=g
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e In particular we cover all p for the dimensions m = 3,n = 2.

e For n=1,m > 3 and n?;—ﬁfl < p <m [22] prove that no extension exists.

It will be interesting in the future to look at the link of extension and lifting
problems in detail. It is possible to do this also in the case of S'-valued maps
and in nonlocal Sobolev spaces, e.g. using the results of [2§].

In the critical case p = m left aside in the above Open Problem we have
the following results:

e Using the Hopf lifts as in [72] [73] we prove Theorem [[.34] which is the
solution to case p=m =n =2 (see Sec. [0.3)).

e The extension exists but cannot be controlled in the above Sobolev norm,
making the Lorentz-Sobolev weakening of Theorem and of Theorem
L34 below optimal (see Sec. @.20). This is analogous to the case of
global gauges in 4-dimensions pointed out in the introduction.

e We also prove an analogous result for p = m =n =1 (see Theorem [0.13))
however this is not the natural space to look at, unlike higher dimensions.
In this case indeed the trace space H'/2(S',S') is the natural space to
look at, because W!(S!', S') does not continuously embed in it (we recall
a counterexample in [0.2.3)).

These theorems leave open higher dimensional cases:

Open Problem 8. Assume n > 4. Does there exist a finite function f, :
R* — R such that for each ¢ € WH(S",S") we can find an extension
u € WhintLeo)(Brtl \§ny - for which the estimate

lullwr .00 gnes gny < fo ([ Qllwrnn sm)

holds?

Unlike linear Sobolev spaces, not only the topology of the domain must
be compared to the Sobolev exponent p, but also the dimension and struc-
ture of the constraint (i.e. the target manifold) plays a critical role. This is
also related to the topological global obstructions to density results for smooth
functions between manifolds in F. Hang-F. Lin [64 [65] (see also T. Isobe [TT]).

A general tool allowing extensions the projection trick of Section [0.2.1]
which works well for Sobolev exponents smaller than the target dimension
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plus one. Lifting theorems allow to increase this dimension thus to apply the
projection trick with higher exponents.

Using the Hopf fibration H : S* — S? we construct controlled lifts and
apply a version of the projection trick obtaining the following theorem with
much less effort than for the 3-dimensional case of Theorem [1.33}

Theorem 1.34 (see Section [@3)). Suppose ¢ € WH2(S% S?) is given. Then
there exists u € WHG>°)(B3 S?) such that in the sense of traces ulsps = ¢
and such that the following estimate holds, for a constant independent of ¢.

[l oo 2y < Cllollwrzee) (1 + [[0llwzs2)-

The Hopf fibration has a natural structure of U(1)-bundle with nontrivial
characteristic class, P — S2. Lifting amap ¢ : X — S2 toa ¢ : X — 93
for which H o ¢ = ¢ corresponds to giving the trivialization of the pullback
bundle ¢*P. Analogous lifts are interesting to study for general principal G-
bundles, using universal connections. The next case after the one with target
S?% is the SU(2)-bundle of the introduction, which corresponds to the Hopf
fibration ST — S*.

The Hopf lift seems to be much more difficult to extend the case where
the target is S*. We cannot use principal bundles because m5(G) = 0 for all
compact Lie groups G. For other fibrations the following question is open:

Open Problem 9. Is it possible to find a fibration m: E — S* with compact
fiber M and a constant C' > 0 such that for each ¢ € W13(R3,S?) there exists
a lift ¢ : R3 — E satisfying the estimate ||V oo < CL(|VO|1s) for some
finite function f:Rt — Rt ?

The controlled Hopf lift result for S? yields also an answer to Open Problem
[ for dimensions m = 3,n = 2:

Theorem 1.35. Assume ¢ € W3(S3 S?). Then there exists a controlled
extension u € WHA)(B* S?) with the control

1wl oo pa g2y < Cll@llwragss2y (1 + [|]lwrass s2))-

If instead we have ¢ € WIP(S3 S?) for 9/4 < p < 3 then there exists an
extension u € Wh3P(B S2) with

1l go g g2) < CllBllwrages s2) (1 + [|9]lwross s2))-
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The same proof allows to also answer Open Problem [ for n = 2 < m for
some exponents p:

o, 0 3 4
Proposition 1.36. Assume n = 2,m > 3 and 1 < p < ;57 and con-

sider a ¢ € WYP(S™ S?). Then there exists a controlled extension u €
m-+1

LB (B S?) with

el gy < ClSlwmn 52y (L 1l o)






Chapter 2

Weak closure for U(1)-curvatures
in 3 dimensions

2.1 Introduction

In this chapter we prove the weak closure theorem for the class F7 of weak
LP-curvatures on singular U(1)-bundles, in 3 dimension. This chapter is based
on joint work with my advisor Tristan Riviére [PR1]. This result parallels the
one of Chapter [8 done for the nonabelian case in 5 dimensions.

The main difference is that here we prove closure based on the definition of
F7 in terms of an integrality condition rather than based on the existence of
local W1P-representatives of the curvature. This is equivalent to the general
definition of F7 precisely by the higher linearity available in the abelian case, as
discussed in Section [L4Jl We will discuss the relation of the slice definitions
and slice distances in Chapter M. For a motivation of our setting see the
discussion in Section [L.4l

2.1.1 Definitions and results

We recall the definition of the class F5(B?):
F € LP(B* A*R?) s. t.
FP(B?*) :={ Yz e B* ae 0<r <dist(z,0B?)
5= Jos, (@) o5, F € L

33

Y
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where i3, v is the pullback via the inclusion of 9B, (z) into B3. We will
L

often use a different normalization in which the above factor o

disappears.

As discussed in Section [ studying F7(B?) is equivalent to studying the
class LY (B* R3) of vector fields X € LP(B?* R?) such that

/ X -veEZ Vac B ae. r<dist(a,0B?),
983 (a)

where v : 0B3(a) — S? is the outward unit normal vector.

For p > 3/2 the above integrality condition implies divX = 0, while for
1 < p < 3/2 it is possible for X to have a dense set of singularities. We are
interested in the variational problem

inf{||X||zr : X -v = ¢ on 09, X has integer fluxes}. (2.1)

The study of this problem proceeds as follows. Any minimizing sequence Xy
has a subsequence converging weakly in LP to some vector field X,. We
should consider the question of whether X, has still integer fluxes or not.

To have a positive answer we have to exclude wild oscillations of the Xj,
which might “average out” their fluxes. Such oscillations take place if p = 1
but in the other cases we have a closure result:

Theorem 2.1. For 1 < p < 3/2 the class L (B3, R?) is weakly sequentially
precompact. More rigorously, if

Xp € IB(BYRY), X, "8 X Yk || Xillw < C,
then X, € LY (B3 R?).

For p=1 given any vector-valued Radon measure X € M3(B?) where
M3(B?) := {(1, p12, p3)| p1; signed Radon measure on B>},

we can find a sequence X, € LL(B3 R?) such that X), — X weakly in the
sense of measures.

The version of the above theorem involving weak curvatures is the following:

Theorem 2.2 (Theorem 2] curvature version). Let p > 1 and assume that

F, € FYBY).  F, = Fy weakly in L7, sup||Fy |1 < oc.

n

Then F5(B3). The same is not true for p=1.
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Recall from the discussion of Section [L4] that the integers obtained by in-
tegrating a curvature along a 2-cycle corresponds in the smooth case to the
first Chern class of the bundle on that cycle. The above theorem can be refor-
mulated by saying that this interpretation “survives” under weak convergence.

We will prove below the following result:
Proposition 2.3 (Interesting exponents are p < 3/2). If F € F5(B?) and
p>3/2 then F = dA for some A € Wh(B3 A'R3).

We can prove directly that the class F7 is also closed in the strong LP-
topology:
Lemma 2.4. The class F5(B?) is closed for the LP topology.

Proof. We take a sequence Fy € F7(B?) such that Fj, L F. If we take
r € B3 R < dist(z,0B3), then there holds

R
‘Fk — Foo|pd$(7 Z /
0

1P~ Pl > [

Br(z)

p
OBy (x)
Therefore the above LP-functions

fr 1 [0, R — Z, fr(r) ::/ z'gBT(x)de’Hz
0B, (z)

converge to the analogously defined function f., in LP, therefore also pointwise
almost everywhere, thus proving that F,, also belongs to F7. O

This also follows from the fact that the class R* of smooth curvatures on
smooth bundles over a finitely punctured B? is strongly dense in FZ(B?) (see
[83] 84] and Theorem 2.5 below).

2.1.2 How we obtain the weak closure

We prove the Weak Closure Theorem by introducing a slice distance be-
tween the slices of fixed center appearing in the definition of F%(B?). Since
our slices are by spheres and each slice has integer total F'-area, we consider
the following space of slices:

Y = LP(S2,A2R2)m{h: / heZ}.
S2
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To prove that the integrality required by Theorem for the weak limit F,
holds as required by the definition of F7 we may restrict to the slices along
0B, (z) for fixed x and r € [p,2p]. In this range of radii we can rescale our
slices to obtain elements of Y without inducing large distortions because the
corresponding function f(z +rw) = (r,w) € [p, 2p] x S* is bilipschitz.

We therefore reduce to studying a sequence of slice functions
hy : [p,2p] = Y.

Suppose that we are able to obtain boundedness of the LP-norms of h,(s)
for a.e. s. If we use Banach-Alaoglu’s theorem then for each s such that
h,(s) € Y for all n we will find a convergent subsequence n(s) depending on
s. We have to identify the limit h.(s) with the s-slice of F.

the problem which stops us at this point is that the set of s is uncount-
able: we have no guarantee yet that all the subsequences n(s) have a common
subsequence. To pass from an uncountable set of “relevant” s to a countable
subset which still controls the behavior of h,(s) for all s we need a control on
the oscillations of the h, . For this we introduce a new distance d on Y which
is suited for using the behavior of the F,, for controlling the oscillations of the
slice functions h,,(-).

For hy,hy € Y we define

N
d(hl,h2> ;= inf {HOéHLp . hl — h2 = dOé+8[+ Zdl 5[11.},

i=1

where the infimum is taken over all triples given by an LP-integrable 1-form
«, an integer 1-current I of finite mass and an N-ple of couples (a;, d;), where
a; € Sz and dz € 7.

By the identifications given by Poincaré duality we can equivalently con-
sider h; to be functions and we can replace a and da respectively by a vector
field V' of the same regularity (i.e. belonging to LP(S?)) and by its distribu-
tional divergence divV on SZ2.

The fact that d is a metric is not immediate (we prove it in Section [A.2):
in particular the implication

d(hl, hg) =0=h; =hy
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depends upon the result of Chapter 3l which says that flow lines of a LP-vector
field on S? with divV = OI where I is an integer multiplicity rectifiable 1-
current of finite mass can be represented as preimages u~'(y), y € S!, for
some u € W'P(S% S).

The estimate connecting the distance d above to the ideas [139, [§, [72] is
see Proposition a bound on the Lipschitz constant of the slice function
p p

h:lp,2p] — (Y,d), x> h(z):= Ti5p, @) F)

where T,(6) := a+=z6 maps S* to OB, (a). We estimate the Lipschitz constant
of h in terms of the maximal function of the L!'-function

felp20) = RY, f(2) = (@)% = lids, @ FlL,

an estimate in the same spirit of the one used in [72], which was a generaliza-
tion of the approach of [§] (see Appendix [El

The oscillation control of the h,(s) (for h,, coming from F;, as in Theorem
2.2) comes from the abstract theorem 2.3

We note that a stronger control on the oscillations of the slices will follow in
Section [4.4], where we prove that slices are Holder with respect to the metric on
spheres coming from the parameterization by center and radius. In particular
the existence of a limit will follow from the usual compactness result for Holder
functions, see Section [4.4.1]

2.1.3 Overview of the chapter

In Section [2.3 we prove a modified version of Theorem 9.1 of [72], which from
the uniform LP*°-bound on a sequence of maximal functions M f,, defined
as above (which is a direct consequence of the uniform LP-bound on the se-
quence of curvatures F), considered initially), allows us to deduce a kind of
locally uniform pointwise convergence of the slices h,(z) for a.e. x, up to the
extraction of a subsequence. This uniformity is the main advantage of our
whole construction, and this is why we have to introduce the above distance
and maximal estimate. The seed from which our technique grew was planted

by [8], and first developed in [72].

Section is devoted to the verification of the hypotheses of the abstract
Theorem 213 and Section [2.4 concludes that we can extract a subsequence
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as requested by Theorem

The last Section[271s devoted to the proving the “p = 1” part of Theorem
211 thereby also justifying the assumption “p > 17 of Theorem

2.2 Ideas for the definition of the distance

2.2.1 Strong approximation result

We recall some results of [83] [84] which justify the above definition of d. They
all depend on the following theorem:

Theorem 2.5 (Strong approximation via curvatures in R, [83,84]). Let p >
1 ans assume F € FF(B?*). Then F is approzimable by classical curvatures
belonging to Ro, N LP. In other words, for k € N there exists

e a finite set X, C B3,
e a smooth Hermitian line bundle Ei. over B3 \ 2k,

e a smooth curvature F* on Ej such that F* € LP(B3\ ¥, A°R?)

such that
|F — F*||» — 0.

Because of the fact that ¢;(FEj) is an integral cohomology class represented
by F* it follows that

dF* =21 " dis,, where d; € Z.

pEX

2.2.2 Calibrations and minimal connection

We assume for simplicity that F* = F (in particular F is smooth) on a
neighborhood of 9B%. We thus have that

/ i*F* € 2n7 is independent of k.
oB3
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It follows that for each k, &’ the numbers of topological singularities of F* and
of F¥ are equal, thus there exists an integer multiplicity 1-current of minimal
mass [, connecting them, i.e. we can identify

dF* — dF*¥ = 0l .

Definition 2.6 (Minimal connection). If pi,...,p{ and py,...,p; are finite
sequences of points inside B, then we call minimal connection of the pt’s
to the p~’s the integral 1-current I realizing the minimum in the following

problem:
min {M(J) 0T =) 0, — 51,1_} .

It is not difficult to see that the minimal connection is represented by a finite
number of segments [p;(i),p;r] such that o is a permutation on k& elements,

satisfying
_l’_ _ — . . J’_ _ —
DI =gl = inf > It =l

Following E. Sandier [I13] we can construct a calibration and formulate the
problem of minimizing mass for a fixed singular set as a dual problem:

Proposition 2.7 (Existence of a calibration following [I13]). Assume that we
have two sequences of points pF,i = 1,...,k inside B3. Then there exists a
1-Lipschitz function f: B> — R such that

Z fph) — Z f(p;) = length of a minimal connection. (2.2)

Proof. Tt is sufficient to define on S := {pF,i = 1,...,k} a 1-Lipschitz f
satisfying (2.2)), because thereafter we can use Kirszbraun’s theorem. Up to
relabeling we may assume that a minimal connection corresponds to the iden-
tity permutation. Consider the set of functions ¢ satisfying

9() —9(py) = i — i |.

Let f realize the smallest possible Lipschitz norm on S among functions as
above. Assume that this normis A > 1 by contradiction. Consider the directed
graph G on k vertices with edges corresponding to the couples (i, j) for which
f (p]i) — f(pF) = )\\pj-[ — p¥| for some choice of signs. G has at least one edge
by hypothesis.

Suppose that GG contains a source or a sink, at vertex . We can then change
the two values at f(p°) into f(pi°) + a for small a, such that the graph G
for the new function misses the edges touching ¢ and no new edge is created.
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We can repeat this procedure and obtain an empty G (which contradicts the
minimality of A\) unless G has directed loops
Now consider the graph G on 2k vertices p .0 = 1,...,k containing edges

(p;,p;) and the edge (p;",p)) for i # j whenever f (p;) — (o) = Alp) —
pF|. We call the first kind of edges 1-edges and the second type A-edges,

distinguishing between the different Lipschitz constants that f has on them.
Since G has a directed loop, G has a loop where all the A-edges are directed
in the same sense and possibly just some 1-edges are not directed that way.
Consider the segments [p;_, p;; | of that loop which have this incorrect direction
(there must be at least one because the total increase of f along the loop is
zero). We see that

> fh) - fn) Z fr) — fps)

Since f only increases along the loop between pia+1 and p; we have

fol )= fi) = A Z( lengths of \-segments) +
+ Z( lengths of 1-segments)
Z |p;;+1 - pi—a )

where the sums are on the segments corresponding to edges of the loop between
pg’;ﬂ and p; . The last inequality is strict unless A = 1. Therefore

S it = el = I, — il

with strict inequality unless A = 1. But if the inequality is strict then we
contradict the fact that we started with a minimal connection. O

Remark 2.8. The proof remains valid also if we replace B3 with an a general
metric space E.

A corollary of the above result is the following:

Proposition 2.9 (Estimate of the connection via the curvature). Let F €
Roo(B?) be a smooth curvature on a Hermitian line bundle over B>\ {pF,i =

., k} such that F = 0 in a neighborhood of OB*. Assume that the topo-
logical degree of the bundle around each punctured point is £1 i.e. that

szzépf_Zépf'

Then the length L of the minimal connection connecting the p; to the p;
estimated by the L' -norm of F:

L < |Fllp. (2.3)
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Proof. We associate a current Ir to F as follows: for ¢ € C(B3 AIR3)
define

(I, &) ::/BBF/\qb.

We can minimize mass among currents supported in B? and having fixed
boundary equal to dIr and we have that

min {M(I) 0T =) 0, — Zapi}

can be rewritten as follows:

min{sup{([,oz) Clallpe <132 0 = ngj _ ng;}.
For I as above and o = df and f as in (22)) we have

(Ldfy=> (f(pi) = f(p;)) = L.

%

Note that [z is a competitor in the above minimization and
M(Ip) = [ [|F].
B3
Using Proposition 2.7 we conclude the proof. O

Now by the density result of Theorem we deduce the existence of con-
necting integral 1-currents for curvatures F € F5(B?):

Theorem 2.10 (Minimal connections for F%(B?), [83, 84]). Assume p > 1
and let F € FL(B?) be smooth near OB3. Then there exists a finite set of
charges £0,, and a finite mass rectifiable integer 1-current I such that for the
1-current associated to F' there holds

OIpLB® = 46, + 0l

Proof. Using Theorem 2.5 we may find a sequence F* € R.,(B?) which coin-
cide with F' in a neighborhood of dB? and such that

| R — F¥|| pupsy < 277

Since F*1 — F* is a curvature satisfying the hypotheses of Proposition 2.9}
there exists an integral rectifiable 1-current [, satisfying

oI, = OF* ™ —oF*  M(1,) < 2",
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We may then write the following formula where the infinite sum converges in
L' and in the sense of distributions:

F=F"+) (FF' - F").
k=1

If 44, are the singularities corresponding to F'! we have

Olp = +04,+0 (Z 1k> .
i k

By the closure of rectifiable integer 1-currents under mass convergence and
since the above infinite sum converges in mass, we obtain that

I::ZIk
k

is an integral rectifiable finite mass 1-current which proves our result. O
2.2.3 The connecting current I and a controllable slice
distance

Now we go back to the question on how to define a distance which allows to
control the oscillations of slices done along concentric spheres. We use Propo-
sition to understand what the situation is expected to be. The schematic
picture of the behavior of F' € Z in this case is given in Figure 2.1

Compare now the condition
y
dF = anéx + 01, / / |F(a + rw)dwr?dr < C
‘ x S2

and the definition of the slice distance (call T7i5p F = sloF')

d(sl,F, sl,F)P = inf { laf?

SZ

a € LP(S*,T*S?) and
da = slyF — sl,F + Ym0, +0I |

We see that the oscillation of T*i*F along the transverse (radial) direction
might give a control on the slice distance. We prove this in the next section.
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Figure 2.1: We represent schematically (i.e. we forget for a moment that
we are in a 3-dimensional setting) the form F and the current I given by
Proposition[2.10. On the left the portion between two spherical shells is shown,
and the current I s represented by a collection of segments, where the boundary
components with opposite signs are represented by small balls. An integration
in the radial direction reduces us to the picture on the right, where part of
the boundary of I projects to a boundary of a current, while for boundaries
of components of I which are only partly inside the spherical shell, we obtain
a number of Dirac masses. Such number is finite for almost every couple of
slices. Applying Stokes’ theorem we can compare the slices with the derivative
of our 2-form inside the spherical shell.
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2.3 Using the metric d for the weak closure

We hereby consider a 2-form h on B? := B{(0) such that i}k = 0 and we
suppose that for a fixed point a € B* and for 0 < s’ < s < dist(a, 9B?) there
holds

VCL’ € [3/7 8]7 / ZBBz(p)h € 7.
OB (a)

We also suppose that there exists an integral 1-current [ in [0,1]* such that
01 can be represented by *dh. In this case we have the following result:

Proposition 2.11. Under the above hypotheses, for each subinterval K C
s, s] there exists a function My € LV (K,R), such that there holds

d(h(x), h(z))

1
[MK(,I‘)] /P Z 6555“]750#%6[{ |(L‘ — i‘|

, (2.4)

Where the 2-form h(z) = Tjizp o h on S? corresponds to the restriction
5B, @)l through the affine map T : S? — dB,(a), T,(0) :=a+ 0.

Proof. Without loss of generality, we may suppose that s = 1 and that a is the
origin. We start by observing that given a subinterval K’ = [t,t 4 0] C K, we
may consider (in polar coordinates) a function ¢(6,r) = ¢(0) on By(0) \ {0}
and identify the 2-form h with the 1-form *h. Then for x €]0,1], i55 h will
be identified with a 1-form tangent to 0B,(0), and therefore h(z) is identified
with a 1-form (or, after fixing the standard metric, with a 1-vector field) on
S2. Observe that

<¢,*Szdgz ( /t t+6h(9:)dx) >SZ =/, V() - < /t ch(m)(@) dx) dg
_ /t " /S {dp(0), () (6)) da d
— [ aet6). 535, 16 av
- /Q<d@, xh) dV
~ [ panyav+ [ . <liin, WP do
- /{)Bt *(ipp,h)p do
_ /Q@,*dh) dV+/ h(t + d)p df

S2
~ [ nteyo as
SQ
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where Q := B; \ By. We used above the definition of h(z) and the fact
that since @ depends only on 6 we have that for any one-form w there holds
(dp,w)sn, = (dp,i5p w)sn, . We now use the property relating the 1-current
I to the form h:

/Q (5, +dh) AV = (3, (9T).Q) .

The following formula holds for C'-approximations y. € C(]0,1[*) of the
characteristic function of 2:

(O = 15%(8])LX6 = 11_:(}1(1] [O(ILxe) + Iu(dxe)] = 0(1 Q) + 11_1(}1(1] Ic(dy.),
and the last term can be expressed in terms of slices along the proper function

f:Bi\ By — [s1]
@,7) —

keeping in mind that Q = f~!([t, ¢ + d]): we have

lim [ (dx) = (I, f,t+8) = (I, f,1),

and we observe therefore that for almost all values of ¢ and ¢t + 6 the above
contribution is an integer O-current, so from

1
/ M(I, f,7)dr = M (I f#(x(sd7)) < CyM(I) < o0,

we obtain that it has also finite mass for almost all choices of t and t + ¢,
therefore it is a finite sum of Dirac masses with integer coefficients. We now
use the following easy lemma:

Lemma 2.12. With the above notations, if .J is a finite mass rectifiable integer
L-current in B, \ B, for 1 >y > x > 0, then there exists a finite mass
rectifiable integer 1-current supported on B, such that

o for all functions @(0,1) = p(0)x(r) where x € C°(]0,1]) and x =1 on
[z,y], there holds (p,d.J) = (p,dJ),

o M(J) <M(J)

Applying the above lemma to J = IL{), we obtain

(O(1LQ), p) = (0], ¢),
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where J is a finite mass rectifiable integer 1-current. We can summarize what
shown so far by writing (all the objects being defined on S?)

t+6
xd (/t h(:):)dx) W+ 8) = h(t) + (I, f 4 8) — (I, f,0) + D
= h(t+0)—h(t)+ Y _ did,, + 0.

i=1

Therefore, by definition of the metric d(-,-), it follows that

/t v h(z) dx

t+6 P 1/p
/ h(r)(0) dr d@]

) t+6 1/p
< 53 [ / h(r) (@) dr d@}
t S2

< sl ([ mor) @],

where M f is the uncentered maximal function of f on the interval K, defined
as

d(h(t),h(t+9)) <

Lr(S?)

We further compute:

d(h(t),h(t+9)) < [/2

MKf(x):sup{m/jB(yJﬂ: xEBp(y)CK}.

2.4 The almost everywhere pointwise convergence
theorem

We next call y
P
Nih(t) = [Mr (1)) 0]
where D = [0,1)*> or D = §?.

Then the following is a restatement of the equation (24]) in terms of Nph:

For all z,y € I, there holds N;h(x)|x —y| > d(h(z), h(y)). (2.5)
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Consider now the metric space

Y = [LP(D),d(-,-)]n{h: / heZ}. (2.6)
D

It is clear that f := [t — ||h(t)||§p(D)} e L\([s',s]) forall 0 < s < s < 1,

therefore, by the usual Vitali covering argument for M;f we obtain that there

exists a dimensional constant C' for which

sup NP[{t € I : N;h(t) > \} < C/I|f(a:)|dz. (2.7)

A>0

We can now prove the following analogue of [72]’s Theorem 9.1 (a proof is
provided just in order to convince the reader that the hypotheses in the original
statement can be changed: in fact it is completely analogous to the original
one).

Theorem 2.13. Suppose that for each n = 1,2,... h, : [0,1] = Y is a
measurable function such that for all subintervals I C [0,1] there holds

sup AP[{t € I Nih,(t) > A} < pn(1) (2.8)

A>0

for some function Nrh, satisfying (Z3), where p, are positive measures on
0, 1] such that sup,, 1,([0,1]) < co. We also suppose that a lower semicontin-
uous functional N':'Y — R* is given, and that

e the sublevels of N are sequentially compact

e there holds

sup N (hy(z))dx < L < o for some L € R. (2.9)
nJ[0,1]

Then the sequence h, has a subsequence that converges pointwise almost ev-
erywhere to a limiting function h : X — 'Y satisfying

o f[O,l} N(h(z))dx < L,

o VI C [0,1], supyoo \WP[{t € [ Nih(t) > A} < sup,, pun(I), where again
Nih satisfies (23).

Remark 2.14. In Theorem [2.13 we considered the interval [0,1] instead of
[s', s] just for the sake of simplicity; the above results clearly extend also to the
general case.
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Proof. Claim 1. [t is enough to find a subsequence f,, which is pointwise a.e.
Cauchy convergent. Indeed, in such case for a.e. z € [0,1] there will exist a
unique limit f(z) := lim f,/(z) € Y, the completion of Y. For such 2 we can
then use Fatou’s lemma and (2.9), obtaining for a.e. x a further subsequence
n” (which depends on ), along which N (f,~(x)) stays bounded. By com-
pactness of the sublevels of N we then have that f(z) € V.

Next, the lower semicontinuity of A" implies that the property (2.9) passes
to the limit, while for the other claimed property we may take

N[h(l’) = Ssu M

Isite | — T
and then use (2.3]) to obtain
d(h(z), h(Z)) = lim d(hy (), by (2)) < liminf Nphy (z)|z — 2],

which gives (28) for N;h,, since it shows that N;h(x) < liminf, Nk (z).
This proves Claim 1.

Desired properties. We will obtain the desired subsequence (n’) by
starting with ng(j) = j and successively extracting a subsequence ny(j) of
ng—1(j) for increasing k. In parallel to this (for each k > 0)

e we will select countable families Zj of closed subintervals of [0, 1] which
cover [0,1] up to a nullset Zj

o for I € 7, we will give a point ¢; € I such that y;; := hy,(j(cr) are
Cauchy sequences for all I € 7;, and

1
limsup Nihy, ) (cr) < — (2.10)
i k||

Claim 2. The above choices guarantee the existence of a pointwise almost
everywhere Cauchy subsequence h, . Indeed, we can then take a diagonal
subsequence j' =n;(j), and use the fact that the nullsets Z; have as union a
nullset Z. Then for I € Z;, with k big enough, we have d(f;(cr), fir(cr)) < €/3
for 7', j' big enough, while for = € I, by (2I0) there exists C' close to 1 such
that

1
(i (), hi(er)) < Niholen) 1] < O

From these two estimates it follows that for all = € [0,1] \ Z the sequence h;
is Cauchy, as desired.
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Obtaining the desired properties. The subsequence ny(j) of ng_1(j)
will be also obtained by a diagonal extraction applied to a nested family of
subsequences myp_; < my; < mg < ... (where a < b means that b(j) is a
subsequence of a(j)). We describe now the procedure used to pass from ny_;
to my.

We choose an integer ¢ such that

q > 2k sup 1, ([0, 1])

and we let Z be the decomposition of [0,1] into 2¢ non-overlapping subinter-
vals of equal length. Then for each n we can find ¢ “good” intervals in Z having
fn-measure less than 1/(2kP). The possible choices of such subsets of intervals
being finite, we can find one such choice of subintervals {Iy,...,1,} C Z and
a subsequence mg > ni_; such that for any of these fixed “good” intervals and
for any j € N, there holds

1
pomo) (Ls) < 575 (2.11)

For a fixed interval [;, we now give a name to the set of points where (2.10)
is falsified at step mq(j):

1

Then by 23), (ZI1I)), 2I2) and since |I;| < |I| =1, we obtain
1 1
| Binoi)| < K2l b 3y (1) < 514" < S il

for j large enough, and therefore by Fatou lemma we get

14l

)
L="2|I
3L 6| |

J

I;
/Ilim_inf [XEW( ) ‘N( Ty (1)) | dze < _|1|+

Therefore we can find ¢;, € I; and a subsequence m; > mg so that along m;
we have

| i
XE'rnl(j)(CI) N( m1(j) (Cfi)) < 1>

in particular ¢, ¢ E,,,(; for all j, and N(fm)(cr,)) is bounded. The lat-
ter fact allows us to ﬁnd a Cauchy subsequence msy > my, while the former
one gives us the desired property (2I0) for I;. We can further extract such
subsequences in order to obtain the same property for all the “good” intervals
I,...,1,. These intervals cover 1/2 of the Lebesgue measure of [0, 1], so we
may continue the argument by an easy exhaustion, covering [0, 1] by “good”
intervals up to a set of measure zero. U
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2.5 Verification of the properties needed in the
Abstract Theorem

We have seen that the functions N;h, defined in Section 2.4] satisfy the hy-
potheses (23] and (2.8)), as follows from (27) if we choose

/ on () 2,y

In order to use the abstract theorem 2.13] we specify the space

Y = {h e L?(D, \2D) / hez), (2.13)

where D is a 2-dimensional domain (for example [0,1]* or S?) and we define
the functional N : Y — R* by

N(h) = /D Ih[Pdz. (2.14)

We show in Chapter 4] that Y is a complete metric space with respect to the
distance d:

Proposition 2.15. The above defined function d is a distance on LP(D, N*R?),
both in the case when D = [0,1]* and in the case D = S?.

Proof. See Theorem O

We must now show that N satisfies the properties stated in Theorem 2.13]
namely that it is sequentially lower semicontinuous and that it has sequentially
compact sublevels. The proofs are given in the following two propositions.

Proposition 2.16. Under the notations 2I4) and (ZI3)), the functional N :
Y — R* is sequentially lower semicontinuous.

Proof. In other words, we must prove that if h, € Y is a sequence such that
for some h., € Y there holds

(P, hoo) — 0, (2.15)

then we also have

lim inf N'(hy,) > N (hoo). (2.16)

n—oo
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We may suppose that the sequence N (h,,) is bounded, i.e. the h, are bounded
in L”. Up to extracting a subsequence we then have

ko,

LP

hy, =

for some k., € LP. By taking as a test function f = 1, which is in the dual
space L7 since D is bounded, we also obtain that k., € Y. Up to extracting
a subsequence we may also assume that for all n we have f phn = f ke €Z.
By the lower semicontinuity of the norm with respect to weak convergence, we
have:

liminf A (hn) > N (koc).

n—o0
This implies (2.16)) if we prove
hoo = ko (2.17)
We now write (2ZI5]) using the definition of d: there must exist finite mass

integer 1-currents [ and vector fields X, converging to zero in LP such that

D

Now we proceed as before, i.e. we define ¢, and ¢, by

hi, — heo = Awlmf[)wk =0
A(pk = diVXk,

so that div(V (¢ — ¢x)) = 0. We also have that Vi, — 0 in LP and Vi

is bounded in W?, thus up to extracting a subsequence we may assume that
wip
Now by Proposition 7] we can write
V(tr — vr) = Vi

for functions uy € W'P(D,R/27Z) such that |Vug|» < C. Up to extracting
a subsequence we have Vuy, — Vu,, weakly in L, thus also in L], and in
particular

Vipoo = VVug.

Since weak- WP -convergence implies D’-convergence, we have as in the proof
of Proposition that

0L, 25 01 + div(V+us) = divVie,

where I, is an integer finite mass 1-current. By Lemma .8 we have than
that 0l = 0, which implies that

he — hoo 20,

Therefore we have (ZI7), which concludes the proof. O
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Proposition 2.17. Under the notations (214)) and (ZI3), and for any C > 0,
the set {h €Y : N(h) < C} is d-sequentially compact.

Proof. We must prove that whenever we have a sequence h,, in Y such that
|hnllze is bounded, then up to extracting a subsequence we have that for some
ko €Y there holds

d(hp, ks) — 0. (2.18)

We surely have a subsequence of the h, which is weakly- LP-convergent to a
function k., € L?. Then, as in the proof of Proposition 216 we have [, ks € Z
and up to extracting a subsequence we may assume that [ p(hn — ko) =0 for
all n. Then we define v, to be the solution of

fD Yn =0,
and we claim that
IVl r — 0. (2.19)

This is enough to conclude, since we can then set X,, = V1, which gives an
upper bound of d(h,, ks) which converges to zero, proving (2.I8]).

In order to prove (Z.19) we express

Viu(z) = /D VG, ) [ha(y) — kao(y)] dy,

where G is the Green function of D. We know that VG € L4 for all ¢ < 2 and
we also have that the sequence h, — k., converges to zero weakly in LP and
is bounded in L?. From the weak convergence we then obtain the pointwise
convergence

Vi, (x) — 0 for all z. (2.20)

We can then use the LP-boundedness of h, — k., together with the Young
inequality
IVl < (IVG| Lallhn = kool o,

for ¢ as above. We then have that ||V,|/.- are bounded once the following
equivalent relations hold:

In particular we have the boundedness in L" for some r > p. This to-
gether with the pointwise convergence (Z20) and with the LP-boundedness
gives ([2Z.19)), as desired. O
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2.6 Proof of the Weak Closure Theorem

Our strategy will be to apply Theorem 2.13] to the sequence h,, arising from
the F), of Theorem 22 We start with two relatively elementary lemmas.

Lemma 2.18. Suppose that d(h,(t), he(t)) — 0 for almost all t € I. Then
for all o,e > 0 there exists a subset E,. C I such that |E, .| < € and that
there exists N, . such that n > N, . and t € E, . tmply

d(hn(t), h(t)) < a

Proof. Call E,,,, '={x € I : d(hi(z),he(z)) < 1/mfori > n}. Then for
fixed m, > o', the sets E,.» form an increasing sequence whose union is /.
It follows that |E,,, | — |I], so we find N, such that |I\ E,,, n,.| < €. We
then choose E, . 1= Ep, n... It is easy to verify that this set is as desired. [

Lemma 2.19. Fiz x € I and a 2-form ho(x). For all ¢ > 0 there exists
e > 0 such that

PR} = = [

Proof. Suppose by contradiction that there exists a A > 0 such that for all
k € N there exists h; such that

d(hi (), hoo(x)) <

[ Im@r <
[ # [t

By the second property, we can extract a subsequence hy (z) of the hy(x)
converging weakly in LP. In particular we would then have

Z > /hk,(x) = /hgo(x)

In particular, for some N € N large enough, the subsequence hy» := hyry n(x)

satisfies
/ o () / W ().

We now prove that ho(z) = hl (x). It is enough to prove that hy.(z) A
h! (x). and this follows exactly as in the proof of Proposition 217 We thus
contradicted the assumption [ hg(z) # [ hoo(x), as desired. O
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Proof of Theorem|[2Z2. By the LP-boundedness of the F,,, it is clear that we

may find a weakly converging subsequence F), = F,. We suppose by con-
tradiction that there exists a point x € B;(0) and two radii 0 < ¢ < s <
dist(x,0B1(0)) such that

3S c [s,s] s.t. H'(S) >0 and Vt € S, / i, I & L (2.21)
OBy (x)

We then identify the forms given by
Fn|8BT.(1‘) 1= lyp, @ for r € [¢', s],

with functions (defined almost everywhere) h, : [¢/,s] — Y (with the nota-
tions of Section 2.4]). We suppose without affecting the proof that [s',s] = I
(see also Remark 2T4]). By Theorem 213 we can assume (up to extracting a
subsequence) that there exists ho, such that for almost all ¢t € I there holds
d(hn(t), hs(t)) = 0.

We call
= fu(t).

[ o)~ [t
Since we have f, > 0, if we prove that the f, converge in L'-norm, then
the almost everywhere pointwise convergence follows, implying the fact that
|S| = 0 and reaching the desired contradiction. To prove Theorem we
therefore have to prove that

lim [ f,(t)dt = 0. (2.22)

n—oo

IQA:{teI /mAmp2A}

It clearly follows that (with C' as in the statement of the theorem)

|ﬂA§%/(ﬂm@@ﬁ:%

Now take A such that the above quantity is smaller than e, and use Lemma
to obtain a constant « such that d(h,(t), he(t)) < « implies f,(¢) =0
for ¢ such that [|h,(t)|? < A, i.e. for t ¢ F, 4. With such choice of o apply
Lemma[2.18 and obtain a set E, . so that |I\ E, | < € and an index N, . such
that for n > N, and for ¢t € E, . there holds d(h,(t),0) < a, and therefore

We start by calling
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falt) = 0.

For n > N,, the function f,(t) can therefore be nonzero only on E, U
F, 4, and we have

/ fa(t)dt < /E e Fa(t)dt

1/p
|Eoc U F, A 71/P [ / Ifn(t)lpdt]
< (2¢)7VrC,

IN

whence the claim (2.22)) follows by the arbitrarity of € > 0, finishing the proof
of our result. O

2.7 The case p =1

We prove here the result stated in the Main Theorem 2.1] for p = 1, thereby
showing also that the thesis of Theorem cannot hold when p = 1. We
consider the case when the domain is [0, 1]® for simplicity. The case of general
domains is totally analogous.

Proposition 2.20. Consider a signed Radon measure X € M3([0,1]*), with
total variation equal to 1. Then there exists a family of vector fields X € L},
such that

1. There are two constants 0 < ¢ < C' < oo such that

Vk c¢c< HXkHLl([OJ}S) <C
M(divXy) — oo

2. divXy = 01y for a sequence of integer rectifiable currents I, of bounded
mass, and finally
Xk — X

From the above, it immediately follows:

Corollary 2.21. The class F;, is not closed by weak convergence.

The following holds for all p < -5 in n dimensions:
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Lemma 2.22. Given a segment |a,b] C R™ of length € > 0 and a number
6 >0, if p < 5 then it is possible to find a vector field X € LP(R",R™) with

divX = (Sa — (Sb,
sptX C la,b] + B(0),
IX[lr < Cermtnmbr

where C' is a geometric constant, and for two sets A, B, we denote A+ B :=
{a+b: a€ A, be B}.

Proof. We may suppose that a = (—¢,0,...,0),b= (¢,0,...,0) first. We then
define the piecewise smooth

etn=1|BPTL Tegn—1BpTE

{X(j:e(t—l),est) - ( L s ,‘) for (t,s) € [0,1] x B!
X(z,y) = (0,0)if |2+ |y

Rn—1 > €.

Then clearly sptX C [a,b] + B, and using the divergence theorem it is also
easily shown that divX = 0, — d, in the sense of distributions. For the last
estimate, we observe that
C
X (z,y)| < (

(=)t X{lo|+ly<e} (2, ),

SO we can estimate

/\X|pdxdy < 0/ (e )" ~ dx
R2 E—LU

n(nl
U

Proof of Proposition[2.20. We will do our construction first in the simpler
model case F = dy A dz_[0,1]*>. The modifications leading to the general
case are treated separately.

o The case of X = (1,0,0). We consider the collections of segments in
0,1]% given by

Sp = {[(=27%7",0,0), (27%7,0,0)] + (a,b,¢) : (a,b,c) € 27°Z°N]0,1[} .

We then define an integral rectifiable 1-current [ as the canonical in-
tegration from right to left along all the segments of Si. There clearly
holds

M(1;) = 273 (2% —1)% — 1, (2.23)



2.7. The case p=1 57

and it is a standard exercise in geometric measure theory (based on the
approximation of H3_[0,1]3 by sums of Dirac measures in the points
275730, 1) to show that there holds:

I, = H?U[0,1* @ do ~ (1,0,0). (2.24)

We can then use Lemma for each one of the segments in S; and
with 6 = 3¢ = 27% (which produces a set of (28 — 1) vector fields
with disjoint supports, which can then be consistently extended to zero
outside the set of the supports) each of whose L!'-norms is equal to
Ce?max{d~ !, et} = 273%C, which is proportional to the mass of the
respective segment. Therefore (using (2.24])), property () follows.

The last point of the proposition follows by proving that also the vector
fields X, converge as 1-currents to the diffuse current X . The strategy

used is as the one usually adopted for the proof of the convergence of the
I;;: for a fixed smooth vector field a and for £ — oo we may approximate

<Xk,a> = Z Xk~a

€S, sptX7
= Z [( Xk(:)s)dx) ~a(P) +
PeZ3n]0,1[3 sptX?
+ Xi(z) - Da(P)[x — P]dx] + 0,(27%)
sptX7

= > 27(1,0,0) - a(P) + 0,(27%)

Pe2-+73n])0,1[3
R / a(x) - (1,0,0)dz
[0,1]
where the integral containing the differential Da is zero by the symmetry

properties of X7 and using the fact that

|0, (€| < sup { a(x + eu) — a(x)

— Qase—0.

— Da(z)[u]| : = € B}, u€S2}

e The case of X = (p,0,0) € M3([0,1]?), where p is a probability density
on [0,1]3. In this case we consider the 23* disjoint cubes Cj having
the same centers as the segments in S;, and side-length 27%, and in the
above construction we substitute to the segment o, € S, the segment
o, having the same center, but length equal to p(C}), where Cj € Cj, is
the cube with center equal to the one of o, and o,. The newly obtained
currents [, will still satisfy (2Z23) and the analogous of (2.24]) given by:

Iy = p®dz = (p,0,0).
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It is then easy to apply suitable modifications to the above proof showing
that also in this case property (2) holds.

The general case. We can write (by Radon-Nikodym decomposition):
X =(pf —p1:ps —p2,p5 — P3),

where p; are positive Radon measures of mass less than 1. Doing sep-
arately the construction in the previous point for all the p; we obtain
integer rectifiable currents I of mass bounded by 6, each of which is
supported on finitely many segments. Applying Lemma to each of
the above segments, we obtain vector fields converging as before to the
measure X , and since the supports of the vector fields obtained in this
way superpose not more than 6 times, the estimate of the Lemma (used
here for p = 1) still holds, up to changing the constant.



Chapter 3

Integrability of LP-vector fields in
2 dimensions

3.1 Introduction

In this section we will present a result which helps for a technical step in the
study of the slice distance used for the closure theorem of weak curvatures in
the abelian case G = U(1). The result consists in realizing LP-vector fields
V on a 2-dimensional Riemannian manifold as gradients of S'-valued W hP-
functions.This chapter is based on .

This can be done precisely when the divergence of V' can be represented
as the boundary of a integral rectifiable 1-current of finite mass, and in fact
for p > 1 there is a bijective correspondence between the two points of view.
Therefore the result has an independent interest.

3.1.1 Presentation of the problem

Consider a vectorfield V' € LP(B? R?). If divV = 0 then by the Poincaré
Lemma we know that there exists a WWhP-function ) with

V =Vt (3.1)

The next case in which the situation is relatively standard, is when (in the
sense of distributions)

N
divV = QWZniémi, for some n; € Z \ {0} and x; € B> (3.2)

1=1

29
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Note that we cannot have V € LP unless p < 2 (consider the model case
V(z) = %5, corresponding to N = 1,2, = (0,0),n; = 1 in (32)).

Nl

The representation (BI) holds then just locally outside the points x;, and
the local representations do not lift to a global one. If p > 1 then we ob-
tain that the function ¢ is locally harmonic and V is locally holomorphic.
Therefore, it is possible to find a representation of the form (B)) for a func-
tion v € Wl?(B2? R/27Z), by taking ¢» = Arg(V) + C for any constant C.
Equivalently, one could use the Green function for the Laplacian to obtain a
harmonic solution of Vg = V', and then from the regularity of g the existence
of ¢ would follow.

If we now consider the preimage 1 ~(y) of any regular value y € R/27Z of
1, then we see by Sard’s theorem that this will be a rectifiable set, and with
the orientation corresponding to the vectorfield Vg, we can also consider this
set as an integral current I, on B?. The boundary of this current is precisely
the sum of Dirac masses in ([8.2)) (without the “27” factor):

1

SdivV. (3.3)

N
01y B = nid,, =
i=1

When passing to the case where we allow N = oo in ([B.2)), we have to face
the new difficulty that not all the formal infinite sums of Dirac masses can
be represented as the distributional divergence of an LP-vectorfield. The most
obvious restriction (depending on the Fubini theorem) is seen as follows. Let X
be a closed smooth Jordan curve and consider its perturbations ¥(t),t € [—¢, €]
via a family of diffeomorphisms. Then the flux f(¢) of V' through >(¢) should
satisfy again f € LP([—e, €]). In particular, it cannot happen that the alge-
braic sum of the Dirac masses inside X stays infinite for a set of times ¢ of
positive measure.

If we assume for a moment that a rectifiable 1-current I as in ([B.3)) exists,
the above condition would translate by saying that the mass of the slice of I
along ¥(t) is a LP-function of ¢.

In this work we prove a necessary and sufficient condition for a repre-
sentability property like ([B.I)) to hold. Consider a smooth domain 2 C R? or
Q0 =8*~CU{oo}. The main result of this chapter is the following:

Theorem 3.1 (Integrability Theorem, first version). Suppose we have a vector
field V € LP(Q,R?) with p > 1, whose divergence can be represented by the
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boundary of an integral 1-current I on €1, i.e.
1
ég/whv¢=u¢w>v¢60§my (3.4)

Then there exists a WP -function u : Q — R/27Z such that V = Vtu and
ulaq has zero degree. Viceversa, for any u € W'P(Q,R/27Z) with deg(u|pn) =
0, the vector field V+u belongs to LP and has divergence equal to the boundary
of a current in I;(2), in the sense of (B4I).

The zero degree condition on 0f2 in the above theorem can be removed in
the following way. Consider a LP-vectorfield V' such that

1

N
27TdiVV =0l + aném for some n; € Z \ {0} and x; € €. (3.5)

i=1

Then we can find, via the Green function method sketched in the introduction,
a vectorfield V’ satisfying (8.2) and a function ¢’ € WP(Q, R/27Z) satisfying

B10), with
N
deg(¢'[on) = D ni
=1

idiv(V — V') =0lI,
21

and we can apply the integrability Theorem to V' —V’ obtaining a function ¢ €
WhP(Q,R/27Z) with degree zero on 9 and which satisfies V4t =V — V.
Then ¢ + " will satisfy

Viw+y¢)=V

deg((1) + ') |oa) = an

With this construction we obtain the following generalization

Corollary 3.2. Suppose we have a LP-vector field V' satisfying [30). Then
there exists a WP -function u : Q — R/277Z such that V = V*u and ulsq
has degree Zf\il n;. Viceversa, for any uw € WHP(Q,R/27Z) with deg(u|sq) =
d € Z, the vector field V+*u belongs to LP and satisfies [B.5), where d = 5" n;.

In the case p =1, a result similar to the Integrability Theorem above is a
sub-case of the result of [5]. An equivalent statement of such result is (see also
Section 1.2l where different notations are proposed):
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Proposition 3.3 ([5]). For each integral 1-current I of finite mass on ) there
exists a map 1 € WH(Q,R/27Z) such that (in the sense of distributions)

1
oI = —div(V+).
2m
The distribution div(V+) is called distributional Jacobian of ).

Remark 3.4. As seen in Frample [323, for p > 1, unlike the case p =
1, a large subclass of the boundaries of integral currents is not realized as
distributional Jacobian of maps in WLP(B? S'), therefore we must ask for a
higher integrability condition for the current I : this is why the existence of the
L? -vectorfield V' is imposed.

3.1.2 Different formulations of the Integrability Theorem

We have at least three ways of looking at the manifold S', namely:

1. as a subset of R?: S' = {(z,y) € R*: 2% +y* = 1},
2. via a parameterization: S!' = {(cos(t),sin(¢)) : t € R},

3. as a group quotient: S! =R/277Z.

When considering W1P-maps on B? with values in S!, these three points of
view lead to three possible spaces:

L Wy ={ue W”(B*R?: u(z)+ui(z) =1, a. e. x € B?}, which is
just the usual definition of W?P(B? S'),

2. Wy = {(cos(¢), sin(h)) : 1 € W»(B2,R)},
3. W3 _ {U c Wl’p(B2,R)}/ ~, where Uy ~ Usg if U1 — Uy is a measurable

map with values on 27Z a.e. We denote this space by WP(B? R/277Z).

W, is isomorphic as a (topological vector space) to W3 via the diffeomorphism
¢ : R/27Z — S', t — (cos(t),sin(t)). On the other hand, the space Wy is
different than Wi, W3 because of the following result:

Theorem 3.5 ([39]). If 1 < p <2 and u € W'P(B™,S") then the following

statements are equivalent:

e u can be strongly approximated by smooth maps uy € C>(B",St)
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o d(u*f) =0 in the sense of distributions

e There exists u € WHP(B™ R) such that u = (cos(u),sin(a)).

In our work, the space W3 seems notationally lighter, but since W, is more
common, we would like to reformulate the Integrability Theorem here:

Theorem 3.6 (Integrability Theorem, second version). Let V € LP(Q,R?)
with p > 1 be a vectorfield satisfying [B4l) for an integral 1-current 1. Then
there exist a map u € W'P(Q,S") with degree zero on O such that V =
uaV4tuy — uy V=>tuy. Viceversa, for any map u € WHP(Q,SY) with zero degree
on the boundary, the vectorfield usV+u; —uyV=+uy is in LP and has divergence
equal to the boundary of an integral current.

We describe how to pass from the first to the Theorem in Section [3.3.11

Our result can be reformulated in somewhat more geometrical terms by
identifying differential forms o € LP(Q,A'Q) with vector fields. 0 v, e
LP(Q,R?) by setting V, = (ao, —) if @ = ajdz + aydy, so that da cor-
responds to divV,. We also observe that if we consider the tangent space of
S! = R/27Z to be identified with R in the canonical way, then V- can be
identified with V+u. We obtain therefore the following alternative formula-
tion:

Theorem 3.7 (Integrability Theorem, third version). Let p > 1, let Q be
either a reqular open domain in R? or the sphere S*, and let 6 be the volume
form of S'. Then the following equality holds

{u*0 : we Wh(Q,SY), deg(ulsn) = 0}
{a: a€ LP(Q,A'R?), 3T € 7,(9), [da] = 01},

where I (§2) represents the finite mass integral rectifiable 1-currents on Q and
[da] is the distribution associated to da by imposing

<[da],gp>:/ﬂda/\g0 Vo € Dy(92).

IThis is a special instance of the identification of k-covectors a with (n — k)-vectors V
in an n-dimensional oriented manifold M given by imposing

(8, V)= (BAa,M)

for all (n — k)-covectors 3, where M is an orienting n-vector field of M.
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3.1.3 Ingredients of the proof

The proof of the first part of our theorem follows from a density result: We
prove that the class of LP-vectorfields with finitely many topological singulari-
ties is dense in the class of vectorfields satisfying the condition ([B4]). This fact
is proved in Section The proof is in the spirit of the work [19] of Bethuel
(see also [18] 130, 65] for related results) and is inspired by the ideas

present in [84].

It is easy to prove the first part of the Integrability Theorem for V' having
finitely many singularities. We can then pass to the limit the W'P-maps wuy

obtained in the simpler case for an approximating sequence V = V', in order
to achieve the representation result in the first part of the Integrability Theo-
rem (see Section B.3).

The second part of the theorem is a direct consequence of a coarea formula
(see for example [89]), which is related to the Sard theorem for Sobolev spaces
(for which see among others [24] 4T], 56]). We state here just the result that
we need:

Theorem 3.8. If f € WLP(M™, N") for some manifolds M, N, then there
exists a Borel representative of f such that f~1(y) is countably (m — n)-
rectifiable and has finite H™ ™ -measure for almost all y € N and such that

for every measurable function g there holds

[ st = [ ([ g e, 6o

where |Jp(z)| = \/det(Df, - DfT).

3.2 A density result

We consider two classes of vector fields:
Vy :={V € [’(D,R?) : (34) holds},

and
Vi :={V € V;: V is smooth outside a finite set S C D}.

Since V7 is closed in LP, it is clear that V_RLP C Vz. We desire to prove the
following result:
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Proposition 3.9. With the above notations, V_RLP = V7 holds.

By the remarks about Vxr and Vy, we just have to prove that any V € Vy
can be approximated up to an arbitrary small error ¢ > 0 in L”-norm, by
some V. € Vg. The strategy of our proof is to choose first a “grid of circles
of radius r”, on which we mollify appropriately V', and then to extend the
mollified vector field inside each circle by creating finitely many singularities
(note that the number of singularities might become unbounded for r — 0),
and by staying LP-near the initial V. Finally, we will patch together the
extensions on each of the balls bounded by these circles, obtaining the desired
approximant V.. The way in which we “fill the r-balls” will be by either radial
or harmonic extension: we decide the method to apply depending on the degree
of V,,, on the respective ball (we are guided in this by the result of Demengel
[39] cited in Theorem [3.5]).

3.2.1 Choice of a good covering

Lemma 3.10. Given r > 0, there exists a natural number N, a set of centers
{x1,...,2n} and a positive measure subset E C [3/4r,r]N such that for all
(ri,...,ry) € E

e The balls {By, ..., By}, where B; = B, (x;) cover B?.

o The smaller balls Bs,, (x;) are disjoint.

e For some constant depending only on p and on the dimension, there
holds

N
S [ W nn e < Copr ™ VI, (3.7)
i=1 i

where np, is the outer normal to the ball B;.
Proof. See Section [3.4] O

The next lemma is needed in order to translate properties of the current I
to the vector field V.

Lemma 3.11 (Slicing of 1-currents). Given a piecewise smooth domain §2 C
B?, for almost all t € [—¢, €| the following properties hold:

o The slice (I, distyq,t) exists and is a rectifiable 0-current with multiplic-
ity in 277
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o The map [y, V(y)-nu(y)dH'(y) (where ny is the unit normal to 0 )
is well-defined and coincides with the number (I, distyq,t)(1) € 277Z.

Proof. See Section [3.5] !

Combining the Lemmas B.10] and B.11] we obtain:

Lemma 3.12. Given r > 0, there exists a set of balls { B, ..., By} with radii
in [3/4r,r] such that the thesis of Lemmal310 holds and that for any Q@ which
is the closure of a connected component of B*>\ UY.,0B; the slice (I, distaq, 0)
exists, is a rectifiable O-current with multiplicity in 277 and

(1, distyn, 0)(1) = /a V() maly)di(y) € 22

Proof. We can use Lemma first, obtaining a set £ C [3/4r,7]V. For a

cover {Bj],..., By} corresponding to a density point of E, we can then apply
Lemma B.IT] for all the closures of connected components of B? \ U9B!, and
then consider the slices for ¢ < 0 only. O

3.2.2 DMollification on the boundary and estimates on
good and bad balls

Lemma 3.13. For a choice of balls B; as in Lemma [313, it is possible to
find a vector field V,, € C>*(U;0B;,R?) such that for all the regions Q as in
Lemmal3.12 there holds

Vi, / Vi - nodH' = / V -nqdH' € 277 (3.8)
o0 o0
Vin = Vlzeios) < €m- (3.9)

Proof. 1t is enough to find V,, satisfying (8.8) and ([B.9), and defined only on
U;0B; \{x : 3 # j,x € 0B;NIB;} :=U;0B; \ I. Indeed, then we can modify
it on a neighborhood of I in U;0B;, defining a global smooth vector field,
without affecting the requirements (3.8)) and ([B.9). See Figure Bl

We now find V},, as above. From Lemma B.I2]it follows that ), xop,V -np, €
LP(U;0B;) and has integral in 277Z. Therefore we can take its mollification as
a definition of the normal component of V,,, automatically satisfying (3.8]) by
the properties of the mollification. Then we can mollify the component of V/
parallel to UOB;, and take the resulting function as the parallel component of

Vin, thereby verifying (3.9) too. O



3.2. A density result

67

Figure 3.1: We represent schematically the procedure used to construct the
vectorfield of Lemma [3.13. 'V, is initially defined outside the finite set of
points I which is marked thicker in the drawing on the left. Then we keep V,,
fized on the set which is thick on the right, and modify it near the crossings to

obtain the final vectorfield.

Lemma 3.14. Suppose B, are families of finitely many balls which cover B?

such that each point is not covered more than C' times and
max (diamB) — 0 (n — o0)
BeB,
Then there holds B
S IV =Vl =0 (n— o0).

BeBy,

Proof. We take a smooth approximant W = W, such that
||V — W||Lp(B2) S 5/40
Then, we can use Poincaré’s inequality
IW =Wl < Cri” VW o).

and for n big enough there will hold

DW= Wl < /2.

BeBy,
Putting together the above two estimates, we obtain

Z |V — VHLP(B) <

BeBy

(3.10)

<Y WV =Wl + Y IW =Wlem + > IV = Wlim)

BeB, BeB, BeB,
<2 Z WV = Wi +¢/2
BeBn

< 2C||V — W||Lp(32) + 6/2
<eg,



68 Chapter 3. Integrability of LP-vector fields in 2 dimensions
as desired. 0J

We now distinguish the balls B; based on the value of the integral |, B, V.

np,dH': we call B; a good ball in case such integral is zero, and a bad ball
in case it is in 277 \ {0}.

Lemma 3.15. There exists a constant C' > 0 such that if we have a cover as
in Lemma 310 with radii not greater than r := €, then the number of bad balls
satisfies the following estimate:

#(bad balls) < CP 2|V,
Proof. For a bad ball B we have

1<

Y

/ V. ’/LBdrHl
OB

whence we deduce successively
1< C’ep_l/ |V - np|PdH'
oB
and (by summing and using Lemma [3.10)
#(bad balls) < CeP™? Z / V- nplPdH' < CeP2|| V|5,
oB

B bad

as desired. O

Remark 3.16. We observe that by Theorem [3.8, on a good ball the normal
component

U —v:0B; = R? v, —v=ng[(Vy — V) -ng)]
satisfies Uy, — v = V¥a,, for some WYP-function a,, : 0B; — R.

Remark 3.17 (explanation of the notation). If we associate to the form a =
ardz 4+ aody the vectorfield V,, = (ag, —aq), then in an orthonormal frame
ng,,ts, given by the normal and tangential unit vectors on 0B; we see that
taking the normal projection done on vectorfields, corresponds to restricting the
associated form o, obtaining ijp o where ipp, 0B; — € is the inclusion. We
can explain our notations above by saying that objects arising from restrictions
of forms will be denoted by lower case letters.

The following is a well-known result from the theory of elliptic PDEs.
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Lemma 3.18. Let a be a function on the boundary of the unit 2-ball St having
zero mean. Consider the harmonic extension A of a over By satisfying

AA=0
{ A=a onS' (3.11)
Then the following estimate holds:
IV Al () < CIVall oo (3.12)

We will consider a], on the boundary 0B of a small ball instead of a on
0By, and obtain a harmonic extended function, denoted by A/, satisfying the
analogue of ([3.IT]). Taking into account the scaling factors we then obtain the
following estimate analogous to ([B.12)) on a ball B, of radius r:

||VA;n||LP(BT) < CT’l/pHUm — 'UHLP(@BT). (3.13)

We claim that extending V,, := VLA;n + V inside B,, we obtain the desired
approximation:

Lemma 3.19. If B is a good ball of radius € on whose boundary we have
IV = Viullpoom) < €, then the extended smooth vector field V,,, defined as above
satisfies on B

pet _
|V — VmHLP(B) < Ce7 [|vm — UHL”(BB) + HV - VHLP(B)

Proof. We can then write
IV = Viallzom < IV = Viieem) + V- ALl o)

The second term above is estimated as in BI3), by Ce'/?|jv,, — v||rrom), and
the estimate (B.9) gives then &|vyn, —v[[7, 55 < CeP~! | finishing the proof. O

Lemma 3.20. If B C B? is a bad ball of radius € and v, is the smooth
orthogonal vector field on OB related to V,, as in LemmalZT13 and V! is the
radial extension V,'(0, p) := Svyn () (in polar coordinates centered in the center

of B), then with the notation V, := V! —V , we have the estimate:
HV - VTHLP(B) < HV - VHLP(B) + Ce.

Proof. There holds
V=Vl < V=Vl + 1w

Wiiw = [ [ (5) omtorratpds

= 052||Um“Lp(aB

From (37), (39) and the last equality above we conclude that ||[V/||% o) S
CeP, as desired.
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3.2.3 End of proof of Proposition

Application of Lemmas [3.19] and [3.20]

We will use the results of Section [3.2.2in order to achieve a first global approx-
imation Vi of V. We again start with the ball By, where we will use Lemma
or 320, respectively when B; is a good or a bad ball. The new vector
field V; obtained by replacing V' with the so obtained local approximant on
By satisfies the following properties:

e Good approximation of V' on B;: The approximation error in L”-
norm on the ball B; is bounded above by Cel/? + HV — VHLP(Bl).

e Controlled behavior on the boundary: The extension inside Bj is
equal to VA’ +V on the boundaries of the B;’s, and in particular it has
degree equal either to the one of V,, or to zero on any of the boundaries
of the domains © of Lemma B.I3l Indeed, A/, is smooth, so V,,|p, will
have divergence either zero (for good balls) or a Dirac mass in the center
of By (for bad balls), while on By \ U;0B;, V,,, = V4. Therefore V; also
has the properties stated in Lemma [3.13]

This allows us to apply iteratively the above construction for the balls B;, j =
2,..., N, in order to further modify V;. We obtain successively approximants
Va, ..., Vy according to Lemmas B.19 3.20], and we are able to continue en-

suring the smallness condition ||V — Vi, || zra8,) -

Lemma 3.21. For each & > 0 there exist a radius bound € and an approxi-
mation error bound €, (in Lemmal[313) such that the approximant Vy con-
structed above satisfies

|V — VNHLP(B2) <éZ.

Proof. Since in Lemma [3. 0 the balls B 3, (x;) are disjoint, we see that no point

is covered by more than C' balls B;, where C is a geometric packing constant
depending on our domain 2. Therefore in our construction we modify our ini-
tial V' at most C' times at each point. This induces a factor C' in our estimates.



3.3. Proof of the Integrability Theorem 71
By Lemmas and we can estimate

IV = Vil < C Z [C€%||Um—v||LP(8B)+HV_VHLP(B)}

good B
+C 3 IV = Vll sy + Ce]
bad B
= O ||V =V + Ce#(bad balls) + Ce'» .
all B

Consider now the expression in the last row above: the first term converges
to zero by Lemma B.I4 and the last one is small for ¢, small. The middle
term can be estimated using Lemma and has thus a bound of the form
CeP=Y|V||%,. Since p > 1 and V € LP, also this term is small for & small. [

Smoothing on the boundary

The preceding iteration procedure gives us an LP-approximant with error Ce
if the radius r of the balls was chosen to be equal to €. Moreover it is easy to
verify that

divVy = Z O / ', locally outside U; 0B; (3.14)

where z; is the center of B;. The resulting vector field Vy is however not in
Vg: for instance, it is not smooth on all of U;0B;. We will thus mollify Vy as
follows. We observe that locally near U;0B; on B*\ U;0B;, Vi is represented
as V+tA; := VYA, + V;, where A] is smooth and V; is a constant equal to
the average of V' on a particular B;. We can take an open cover by small
balls of a neighborhood of U;0B; then mollify the functions A; inside each of
these small balls, then use a partition of unity to patch the mollifications into
a single smooth function A., introducing an error of less than ¢ in LP-norm.

Then we can safely define V. := V+A,. O

3.3 Proof of the Integrability Theorem

Proof. We first show how to deduce the second part of Integrability Theorem
B from Proposition 3.9

The main idea is that, by Proposition 3.9] we can take a sequence V, By
which belongs to Vi and construct u,’s such that V,, = V+tu,, and they will
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be constrained to converge to a u with the desired property V+itu = V. We
remark that if V,, is smooth and divergence-free outside a discrete set X, then
VL is locally holomorphic, and the fact that the divergence around any point
of ¥ is a Dirac mass with coefficient in 277 translates into saying that V!
has degree equal to that coefficient around that point. Consider the divisor D
supported on ¥ with residue corresponding to the divergence of V,,. In com-
plex notation VX becomes a meromorphic function with divisor D, so we can
take u, := argVt, which is well-defined with values in R/277Z and satisfies
Vu, = V5.

We have thus functions u, € WH(Q,S!) satisfying V,, = V+u, and therefore
Vu, V. We can change the u,, by a constant so that \ﬁl| fQ u, =0 € R/27Z.
Then by Poincaré’s inequality we have that u, form a LP-Cauchy sequence,
converging therefore to u € LP(2,R/277Z). After extracting a subsequence

wip
u, — u € WP, Since we have a.e.-convergence too, it must hold u = % and

V+u =V, as desired.

1,
As above, u, ' u and d(utf) are finite sums of Dirac masses with integer
coefficients. The fact that for v € WP(Q,R/27Z) the vectorfield V»'u has
the properties required in the theorem, follows from Theorem B.8], by taking

I=I'=r7 (u—l(z), 1, %) ,

for a common regular value z € R/27Z of all the u,, and of uw. With this
choice, using the coarea formula (observe that in our case |J,| = |V+tu|), we

obtain, for all f € C*(Q),

/Qu*ﬁ/\df = /viu Vfdx—/gldy/ < o |>cm1
— [ = [ oy

Similarly we obtain for all n:

Juiondr = [ or(pyy = 2mornp)
Q st

since for functions wu, having finitely many singularities, dI,"(f) does not
depend on y. We have (since C° C (WhHr)*)

/8[“” dy—)/@[“ )dy,

Without loss of generality, recalling Theorem [B.§ we may assume that the
integrands on the left converge pointwise at z, and that the mass M(/¥) is
bounded. This proves the condition ([4) with I = [“, thus finishing the
proof. O
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3.3.1 Proof of Theorem 3.1

Proof. We consider the diffecomorphism ¢ : R/27Z — S' C R? given by
t — (cost,sint), and then instead of the map u :  — R/27Z obtained in the
Integrability Theorem [B.1] we take the map 4 := pou : Q — S € R?. We
then obtain

Vau = Vu® (Vyou)
B (—81usinu 81ucosu)

—Ohusinu  Oyucosu

therefore

—Ohu —Ohul
_ 11— = e 2 2 c 2 2 S vAT
U1Vl — UV 1y = cos u< O ) + sin u( O ) V—u.

This proves the desired identifications, and we only need to prove that if
u € Whr(Q,SY) then w;,V4tuy — uoV+ia, € LP(Q,R?). This follows using

the relation @? + 42 = 1 and its consequence iV, = —iiy V=4, We have
indeed:
[ Vg — Vi |* = 4|V iae|? — 2011V ua Vi g + a3 V- |2

= (@] +u3)|Vr | + (af +u3) |V
= (otin)® + (O1112)* + (Dotiy)* + (01;)*
= |Vaf,

and since u € WP, this proves the result. O

3.4 Proof of Proposition [3.10

Our aim here is to prove the following

Proposition 3.22. Given r > 0, there exists a cover of B} by a finite set of
balls {B; (1), ..., Br(yn)} such that the balls B, s(y;) are disjoint and such
that for some constant depending only on p and on the dimension,

N
Z/aB ( )IV g, o [Pdx < Copr VI e (3.15)
i=1 rYi

where np, () is the outer unit normal vector to the circle 0B, (y;).

Directly form the proof of Proposition 8.22] we can also obtain the more
refined result:
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Proposition 3.23. Given r > 0, there exists a natural number N, a set of
centers {x1,...,xx} and a positive measure subset E C [3/4r,r|N such that
for all (r,...,rn) € E

e The balls {By,...,By}, where B; = B, (x;) cover B?.
e The smaller balls Bs, () are disjoint.

e For some constant depending only on p and on the dimension, there

holds

Z/;)B |V np, Pdx < Copr VI e

3.4.1 Equivalent definition of the pointwise norm of V'

(V,0) for a vector § € S' C R?, can be expressed as |V|| cos~y| where 7 is the
angle between 6 and V. After noting

/S1 | cosy[PdO =: ¢y,

we can write

1
VP = —/ [(V,0)[Pdb. (3.16)
Cp s1

We now pass to consider the circle S,(z) = 0B, (z). Then we can write

V(y)-np,(y) dy = Vi), (=) Yay = [ (V(x+r6),6)rde.
(@) 50() ly — x| 51

Given a positive number 7, a point x € R? then belongs to S,(y) exactly for

y € S,(x), and we have by (810, that
r—y
V(z), | ——
< (’<m—y0>

_ / V(). 0) [Prd6

= ¢r|V( )\p (3.17)

p

dy
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3.4.2 Proposition [3.22 and an extension of it

Proof of Proposition[3.22: We observe that ([BI7) can be integrated on R?
(after having extended V' by zero outside B?), to give

r \V(z)|P de = cpr |V (x)]P dx
B2 R2

= // V() np,q }p dy dx
R2 J S, ()

= // \V(2) -np, ) (2)]" dodz
R2 r(2)

— / / nBT(z)(x)‘p dr dz. (3.18)
B2 o

1+r

We now define some systems of disjoint balls. We consider a set

ming<izj<n d(zi, x;) > 7
S 1s maximal

S ={x1,...,an} C Bf,, s.t. { (3.19)

and the corresponding set of translates of the ball B,.(0).
S=5+B0)={{zmi+y,....on+y}: ye B (0)}

Then S covers By, (by maximality in the definition of S') at most C' times,
where C' is a packing number (by the requirement on the mutual distances of
elements of S'). We can then bound the integral ([BI8)) from below as follows

v [ V@) de = / / 2) ()] de dz
B2 B2 Js.(

Z/ |V -n|Pdy | dz
By rm—l—z

and it follows that there exists z € B, such that

Z/ [V -n
7n:(,‘z-l—z

This is enough to prove (BI3). Moreover, again by the maximality of Sy, the
balls {B,(z;+2)}¥, cover B, and by the requirement on the distances of the
centers in (3.19), the By o (x; —|— z) are disjoint, proving Proposition 322 [

v

< T [ VP do = Copr VI
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3.5 Proof of the slicing Lemma

We prove the Lemma B.IIl Suppose that we are given a vector field V €
LP(B?,R?), for some p # oo, such that for some integer multiplicity rectifiable
current I we have divV = 0I. This means more precisely that

/V V¢ = (I,d¢), for all functions ¢ € C5°(B?). (3.20)

Here (I,d¢) refers to the action of the current I on the 1-form d¢. If Q is a
piecewise smooth domain, we will also call 9, the set {z s.t. distgq(x) =t}.
By distsgg we here denote the oriented distance from 0f2, i.e. the function
defined on a small neighborhood of 02 and equal to disty outside 2 and to
—distqe inside €2. Our aim in this section is to prove the following

Proposition 3.24. Given a piccewise smooth domain Q C B?%, for almost all
t € [—¢,¢| the following properties hold:

o The slice (I, distyq,t) exists and is a rectifiable 0-current with multiplic-
ity in 274

o The map [, V(y) - ni(y)dH' (y) (where ny is the unit normal to 99 )
is well-defined and coincides with the number (I, distyq,t)(1) € 2nZ.

Proof. We consider a family of symmetric mollifiers ¢, : R — R supported
in [—e,e], and their primitives x.(z) := [*_¢.dt. We will consider a non
negative function g which is C2°-extensions to a neighborhood of 992 of the
constant function equal to 1 on all the Q;’s with t € [—2¢,2¢], and we write
the current I as (M, 0, 17), where M; is a 1-rectifiable set supporting the
current [, 77 is the orienting vector of I and 6; is the multiplicity of I.
Then the currents approximating the slice (I, f,t) (for some Lipschitz function
[ B* — [—2¢,2¢]), when it exists, satisfy:

I f# (.- = t)dr)(9) = /M<TI(93),9(93)<P5(f(93)—t)dfx>d7i1(l‘) (3.21)

B / (t1(2), g(2)d(x-(- = t) 0 f)o)dH' (x)
My

= (ILg,dF.) where F.(x):= x(f-(x)—1),
= (I,dF.) since sptF. C {g=1},

= / V-VEdz* (by (3.20)).
{w: |f(2)—tI<e}

Now we take f(z) := distgq(z), obtaining that a.e. on a tubular neighborhood

T(,2¢) := U_g:<t<2:0%2,
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V[ exists, and on each 02, = {f = 7} it is a.e. equal to the unit normal
vector n,. Therefore we have

VF.(z) = V(x.(-—1t)o f)(z)
= @+ —t)o f(2)V[(z) = [pe(- — ) o dist(x, O)] naistyq ()

and

/ V. .VEdr* = / @. o distaq, (z) V(z) - V(distagq, ) (x)dz?
{lf=tl<e} T(Q,2€)

= /_i @ (t) (/mt v-ntd“rzl) dt.

As in the usual theory of slicing, for almost all ¢’s the currents I f#(¢.(-—t)dr)
converge weakly to the slice (I, f,t) as ¢ — 0. Similarly, V' being in LF, a
dominated convergence argument gives also for almost all ¢ the convergence

/ pe(T — 1) (/ V. naQTd’HI) dt — / V- npo,dH! (3.22)
—€ o o

The fact that almost all slices of an integer multiplicity rectifiable current are
integer multiplicity rectifiable gives the first point of the Proposition, while
the second point follows from (B.21) and ([3.22)). O

3.6 Further remarks concerning the Integrabil-
ity Theorem

We wish first to point out that not all boundaries of rectifiable integral currents
OI are representable as u*0 for u € WP(Q,S'), if p > 1, showing that this
case is more subtle than the case p = 1 treated in Proposition To do this,
we use the second formulation of the Integrability Theorem, which says that
such u*@ would then be equal to V1 for some vectorfield V € LP satisfying
divV = 0I. We will demostrate that not all integral currents I have 9I equal
to a divergence of a LP-vectorfield.

Suppose first that we have a vectorfield V' on B.(p) satistying divV = 4,
(where 6, is the Dirac mass in p). Then for almost all r € [0,e] we have

/ Vingp dH' =1, (3.23)
8B7"(P)

and we see that under the constraint (3.23), the minimal LP-mass is achieved
by the radial (in polar coordinates around p) vectorfield

1
me(H, T) = —’f'

2rr
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(by a rearrangement argument and by the convexity of the LP-norm for p > 1).
We therefore obtain (for some geometric constant C')

||V||I[)/P(Bg(p)) > vainHip(BE(p)) = Ce*™? (3.24)

We see that such estimate on the norm of V' is only dependent on the fact
that (divV)LB.(p) = d,. We can now use a series of inequalities like (3.24]) on
a series of (disjoint) balls in order to find our counterexample.

Example 3.25. Take a sequence of positive numbers (a;);en such that

supa; = €
d a = 2 (3.25)
=1
Y ai? = =+o0. (3.26)
=1

It is possible to achieve this for any € > 0, since p > 1.

Now take a 2-dimensional domain €. It is possible to find a series of
disjoint balls B; of radii a; for any sequence a; as above, provided that € 1is
small enough (because H'(Q) = oo and for any set C', H'(C) > 0 implies
H?7P(C) = 00 ). Inside each B; one can insert two disjoint balls B, B; of

radius % . Call x; the center of B}, and consider the current

I= Z[:c;,:cﬂ

=1

Using the estimate (3.26) and the estimates [3.24) on the disjoint balls B,
we obtain that any vectorfield satisfying divV = I must not be in LP. By our
Integrability Theorem (second version) [3.8, we see that none of the currents
constructed in this way can possibly have boundary equal to the distributional
Jacobian of a map u € WP(Q,S).



Chapter 4

Slice distances in the abelian case

4.1 Introduction

In this chapter we study some properties of the slice distance d utilized in
Chapters 2l and we define the boundary trace for the Yang-Mills Plateau prob-
lem in 3 dimensions. This chapter is based on .

4.1.1 Plateau problem for U(1)-bundles

We recall that for the rigorous treatment of the Plateau problem for U(1)-
bundles a suitable setting should consist of the following two ingredients:

o A class of weak bundles which is closed by sequential weak-LP convergence
of the curvatures: since as we said the natural energy is the LP-norm
of the curvature, the topology giving precompactness of sublevelsets of
the LP-norm is the weak LP-topology. In particular any minimizing
sequence will have a weakly convergent subsequence. Thus a suitable
class of bundles should be closed under this topology.

o A suitable notion of boundary trace: if F' denotes the curvature of a weak
bundle as above, we desire to be able to state the minimization problem
which could be formally written as follows

inf {/Q FlPda : Flog = ¢} (4.1)

in a meaningful way. In particular, we would like the weak convergence in
the previous point not to disrupt our boundary condition, and to reduce
to the usual boundary restriction for locally smooth bundles.

79
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Remark 4.1. Another possible approach for the creation of nontrivial bundles
which are critical for our energy is by minimizing a relaxed energy instead,
as suggested in [84 and [78], and in analogy with the case of harmonic maps
[20]. In our case a good candidate for such energy would for example be given

by
E(F) = / |F|Pda® +  sup /FAdg.
Q Q

[ldgl| Lo <1

The first point above was solved by Theorem and is discussed in Chapter
2l The solution of the second point is one of the main results of the present

chapter (See Section [.0)).

4.1.2 Definition of the boundary trace

The definition of the boundary trace will be inspired by the good control al-
lowed on slicing functions via the curvature, and the boundary will therefore
be regarded as a trace. The same mechanism which ensures a good passage to
the limit of slice functions will also ensure the robustness under weak conver-
gence of our boundary traces. We are therefore forced to deepen our study of
the slice distance d introduced in Chapter 2

We recall that the class F5, of weak U(1)-curvatures was defined (up to a
normalization) by requiring that

/ iop,@mF €Z forallz, ae r>0.
OB, ()

We then identify 0B, (z) ~ S? via a homotethy and since the above integral
condition is scaling-invariant our slicings along concentric spheres give func-
tions

h:lry,r] =Y = LP(S* A°TS?*) N {F : / Fe Z} )
SZ

The distance d on Y introduced in Chapter [2 and explained in Section 2.1.2
is defined as follows:

N
d(hl,hg) ;= inf {HOéHLp : hl — hg = da+8[+ ZdZ 5ai},

i=1
where the infimum is taken over all triples given by an L”-integrable 1-form

a, an integer 1-current [ of finite mass and an N-ple of couples (a;, d;), where
a; €S? and d; € Z.

We then define the class of weak curvatures having boundary trace equal
to the smooth 2-form ¢ as follows:
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Definition 4.2. Let ¢ € C*®(S?*, A?°TS?). We say that a weak U(1)-curvature
F € FP(B3) has boundary trace equal to ¢ if

d(h(r—e),¢) =0 ase— 0",

where h : [1/2,1] — Y s the slice function for F along spheres with center
the origin. We denote the class of such weak curvatures by fgw(Q).

For a discussion about the properties ensured by this definition see Section
46l It is shown in Section that once we have the definition for B the
whole setting can be transferred to a domain 2 which is Bilipschitz-equivalent
to B®. Ensuring the properties of the boundary trace requires a study of the
slice distance d, whose results we now briefly describe.

4.1.3 Study of d and properties of the trace

Our first goal will be to prove the following result:
Theorem 4.3. The above defined function d is a distance on LP(S?, A*TS?),
both in the case when D =[0,1]* and in the case D = S?.

We will see that the implication d(hy,hy) = 0 = h; = hy will be quite
involved, requiring the results of Chapter Bl See Section for the proof.

The second result will be that the distance d has a good behavior in terms
of weak convergence in L” on Y:

Proposition 4.4. If h, € Y are equibounded in LP, then

h, % h, o h, "= h,.

This result is proven in Section The other result which is worth noting
is that slices coming from a weak LP-curvature F' € FL(B?) are d-Holder
continuous:

Proposition 4.5. Let F € FL(B?). Let A:={(z,r): B,(z) C B3} parame-
terize the balls contained in B®. Consider the slicing function

h:ByxRT DAY

which to (x,r) assigns the form corresponding to restricting F' to OB,.(x) then
pulling the result back via the homothety T, : S* — 0B, (x).
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Then h is Hélder-continuous with respect to the product distance on A and
to the distance d on Y and its norm is controlled by F. More precisely if
B,B" € A then

dh(h(B), h(B')) < 16| F||nse| B — B'|' 7.

For the proof see Section [£.4l The above control is stronger than the one
which we used in the Abstract Theorem 2.13] therefore a shorter proof of the
closure theorem of Chapter [2 can e provided in Section E.4.1]

4.1.4 Further results and questions
Other slice distances and optimal transport

We dedicate Section 7] to presenting other functions which are closely related
to the distance d and a connection to Optimal Transport (see also Appendix Bl
for other results in this direction). More precisely, in [29] the following distance
was defined between positive measures fiq, fto on a domain 2 C R":

D,(p1, p12) = inf { (/ |a|p) : dive = pg — 11, o -v =0 on 8Q} :

where v is the normal to 2. The interpretation of this minimization is that
1; represent the initial and final distribution of goods to be transported, o is
a vector field which represents a strategy for transporting the goods, and min-
imizing the L”-norm for p > 1 will have the effect of penalizing concentration
of transport paths.

In our situation the p; are replaced in the definition of d by the densities
p1, p2 of the 2-forms hy, hy with respect to the volume form of S? (which may
change sign, unlike the optimal transport problem). We moreover allow an
“error” in the transportation, instead of requiring that p; is exactly transported
to po. This is the case because instead of asking that the divergence of o be
equal to py — p; we allow the “free” introduction of the error > n;d,, + OI.
This is why the fact that d is still a distance is less obvious. On the other
hand the fact that it is actually true leads to the possibility of introducing
generalized optimal transport problems. This is still to be investigated.
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Reconstructing a weak curvature from information on its slices

We briefly describe in Section the relation between studying the slice func-
tions and studying the weak curvatures F' € Fz. The points which we treat
are the following ones:

o [f we precisely know all the slices then F' is uniquely determined. This
is still true if the tangent spaces of the slices which we know span the
Grassmannian of 2-planes at each point of B3.

e We define a compatibility condition as a sufficient condition for an ab-
stract slice function (i.e. a function assigning to each element of a fixed
family of 2-cycles a weak curvature form on it) to correspond to a weak
curvature F on B®. We leave open the question of finding a good can-
didate for such condition.

4.2 Proof that d is a distance

We prove here Theorem [4.2] i.e. the fact that the distance d on the model
space of spherical slices Y is a distance.

Proof of Theorem [].3: We will prove the three characterizing properties of a
metric.

o Reflerivity: This is clear since the LP-norm, the space of integer 1-
currents of finite mass and the space of finite sums Zf\il d;0,, as above,
are invariant under sign change.

o Transitivity: If we can write

hi — hy = divX, + 9l + SN | did,,
hy — hg = divY, + 0J. + Y1 €0,

where

{ ||X€HLp < d(hl,hg) +e€
| Yel|zr < d(ha, h3) + €,
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then we put Z, := X.+Y,., K. = I.+ J. and we consider the singularity
set {(cx, frx)} where

{ae} = {ai} U{bs}
d; if ¢p = a;, ¢ ¢ {b;}
fe = é; if ¢ = b;, o ¢ {a;}
di+e; if ¢ =a; =0,

We see that K, is still an integer 1-current of finite mass and that
hy — hy = divZ. + 0K, + Y, fidc, . Then we have:

d(hi,hs) < | Zel[wr < || Xel|re + [|Yel[ 10
< <d(hi,hy) + d(hg, h3) + 2e,

and as € — 0 we obtain the transitivity property of d(-,-).

e Non-degeneracy: This is the statement of the following proposition.

O

Proposition 4.6. Under the hypotheses above, d(hy,hy) =0 implies hy = hy
almost everywhere, for 1 <p < 2.

Proof. We may suppose without loss of generality that [ plh1 —hy) € Z.
We start by taking a sequence of forms X, such that

||X€HLP — 0
hl — h2 = diV)(E + 8]6 + (50 fD(h'l - hg)

We would be almost done, if we could control also the convergence of the 1-
currents I.. To do so, we start by expressing the boundaries 01, in divergence
form. Therefore, we consider the equations

{ Aw:hl—h2+5ofD(h2—h1)
waIO

(by classical results, this equation has a solution whose gradient is in L9 for
all ¢ such that ¢ <2 and ¢ < p) and

{ Ap, = divX,
fD e =10

(4.2)

(4.3)
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This second equation can be interpreted in terms of the Hodge decomposition
of the 1-form associated to X,: indeed, for a I” 1-form a we know by classical
results that it can be Hodge-decomposed as

a = df + d*w + h, where
foZO, fD*WZO, Ah =0, and
dfl[e + [|d*w|[Le + |[Rl[ e < Cplla]]| Lo

Therefore in equation ({3) we can associate a 1-form o to X. and take ¢,
equal to the function f coming from the above decomposition. Then an easy
verification shows that (£3]) is verified.

We have thus, that both ([4.2]) and (A3]) have a solution, and such solutions
satisfy the following estimates:

HVSOEHLP < Cp||X€HLp —0
Vi € WHP C LP since p* = % > p.
Then (supposing p < 2) we obtain
Ol = div(V(pe — )
(4.4)
||V(S05 - w)HLp is bounded

Now we consider the vector field V(o — ) := V. € LP(D,R?).

Proposition 4.7. Suppose that we have a function V € LP(D,R?) with p > 1,
for a domain D C R? or for D = S?, whose divergence can be represented
by the boundary of an integer 1-current I on D, i.e. for all test functions

v € CX(D,R) we have
/ Vy(z) - V(x)dx = (I,V7). (4.5)
D
Then there exists a WP -function u: D — S' ~ R/27xZ such that V+tu =V .

Applying Lemma 5] to the current I, of ([A4]), we can write
Viue = V(pe — )
o1, = div(V(p. — )
IVuel|r < Cl[V(pe = 9)[r < C.

Then we have that a subsequence uy, of the u. converges weakly in W1P(D, R?)
to a limit wug, and thus it converges in L], proving that uy € WP(D, R?).
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Now, the wuy converge to uy almost everywhere, and thus the limit function
1
ug also has almost everywhere values in S'. Since we know now that wuy, L, U

and that ||ug||z~ < 1, we obtain by interpolation wuy 5 g for all 7 < oo.

Therefore (by choosing r = ﬁ and by Young’s inequality) it follows that
L, Lol
V=uy, = Voug. (4.6)

By a generalization of Sard’s theorem, the fibers F.(0) := {x € D : u.(z) = o}
for o € St are rectifiable for almost all o and can be given a structure of integer
1-currents. Then for almost all o € S' we have

By ({.0) we also obtain that the LP-weak limit V(po—1)) exists up to extract-
ing a further subsequence, and it is equal to V+ug. Therefore, again by Sard’s
theorem, its divergence is the boundary of an integer 1-current I, which can
be described using a generic fiber Fy(o) of ug:

leV((po - ¢) = 8[0

Since uy € WP, by an easy application of the Fubini theorem to the gener-
alized coarea formula, we have that the generic fibers F'(o) have finite H!-
measure, thus Iy has finite mass.

Since Vi € LP, from
Vi = V(0 - o) 5 Vg

1
we deduce that Vo Ly Vyo. On the other hand, Vi, 20 together with
(42), implies that there exists an integer 1-current such that

hi — hy = 0ly. (4.7)
The following lemma concludes the proof. O

Lemma 4.8. If the boundary of an integer multiplicity finite-mass 1-current
I on a domain D C R? can be represented by a LP-function for p > 1, then
ol =0.

Proof. Suppose for a moment that 0l # 0 and that there exists a function A
such that for all ¢ € C!(D) there holds

(o, h) = (. 01).
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If we take a smooth positive radial function ¢ € C}(B;(0)) which is equal to
1 on Bj)5(0) and we consider a point of approximate continuity zy of h such
that h(zg) # 0, then we will also have

umvells 2 [(V. (etete -2} 1))

1

€

¢ [h(wo)|

’
€

/¢@@—x@m@ym

which for € > 0 small enough is a contradiction. O

4.3 d metrizes weak convergence on bounded se-
quences

Lemma 4.9. If h,, hi,hoo €Y, ||hn]|1e is bounded, d(h., h,) — 0 and h, —
heo weakly in L, then h, = hy .

Proof. From the weak convergence, with no loss of generality [ hy = [ heo for
all n. Define then the potential v, by

and observe that A1), — 0 in LP thus by elliptic theory and Rellich-Kondrachov’s
embedding ||dy, ||+ — 0.

Now take 1-forms «, such that (using the definition of d; and Proposition

4.21])
hp —he = d*ay, + 2, o], = 0

where 3, is a finite sum of Dirac masses with integer coefficients, and let
A¢, = d*ay,. Then ||doy||r» < Cllon,||» — 0 by elliptic estimates. Denote by
1, the function satisfying, for some fixed point p in the domain,

A%:M—m+@ﬂm—m%

and observe that ||di,||;»+ is bounded. Then
A(Wp — dp) = hy — by — d*a, = 300,
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and denoting v, = d(v,, — ¢,,) we obtain for some g > 1

{ d*v, = X,
1oallg < Cllenlly + [1delly + llddnlly) < C

therefore (see the Chapter ) there exist u,, € W14(S?,S') such that u*0 = v,,
where @ is the normalized volume 1-form of S!. The end of the proof goes as
in Chapter Bl where at the level of the wu,, it is possible to find a converging
subsequence, and by Sard theorem it is concluded that for a rectifiable 1-
current of finite mass Iy there holds 0Iy = hoo — hy, thus ho = h,. O

Proposition 4.10. If h, € Y are equibounded in L?, then

h, 5 h, o h, "= h,

Proof. Using the fact that a sequence has a limit h, if and only if each subse-
quence has a subsequence converging to h, and the previous lemma, we obtain
immediately the “=" implication.

Suppose now h,, vt h.. Then take the potential such that A, = h,, — h,.
By the elliptic estimates and the Rellich-Kondrachov theorem, after extract-
ing a subsequence, diy; — 0 in LP". The limit is zero independent of the
subsequence, so «, = di, satisfies

{ hy — he = d* i,

llaw|lp =0

which implies h, i) hy. O

4.4 Regularity on slices

Consider a form F' € F7(2). We desire to compare its slices along 0B(z, r),0B(a,r") C
Q.

The slices will be given by a function (defined a.e.) h: Q xRt — Y C
LP(S?), where h(x,r) is the function on S* corresponding to the restriction of
F to 0B(z,r), after a homothety and an identification of 2-forms on S? with
functions.

Consider the following function A : §* x [0,1] — Q:

Ao, t) =t(x —2) + 2’ + [t(r —1") + 1o := 21 + 0.
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Suppose that A is a diffcomorphism onto its image (this is true under the
hypothesis (H) formulated below). Then A*F € Fz(S? x [0, 1]); one can now
build a competitor for the infimum in the definition of d(h(z,r), h(z',r")) as
follows. Consider

Flo) = —

1
| q / FJE't . (0)dt, where Fy, ,,(0) :=1r]F(z, + ory).
r—rlJ ’

Here Fi't,rt indicates the component of F,,,, parallel to the volume form of
the sphere 0B,,(z;). Reasoning along the lines of Proposition 2111 (See also
Proposition [[.T9]), this gives a competitor for the minimization in the definition
of the slice distance d(h(x,r),h(z',r")). To demonstrate this introduce the
reparameterization p = r; and compute:

r p
3 - l
. |F|P(0)do = /S2 (/7” Fxmp(a)dp) do
< |r— r’|1_p/ / |Fy, p[Pdodp.
r JS?

In order to compare this with the norm of F', note that

DA(o,t) = ([t(r — ") +'|Idpsz|z — 2’ + (r —1')o)
= (rddrslz — 2’ + (r —1")o).

Then (assuming B’ C B for the moment) we pull back the function |F|P:

/ |F|PdH? :/ |F|P o A|DA]
B\B’ A-1(B\B')

1
— / \F (2, + r0)[Pri|r — ' + (0,0 — 2)|dodt.
0 Js?
Our hypothesis on the slices can then be reformulated as follows:
1
(H) |z—2< 5(7’—7"),1 >r >

Under this hypothesis, (since |o| = 1) there holds

1 T
[ ipan = Jo-o) [ ([ Rl )a
B\B' 0o Ty S2
11
I p
T2 / 2 (/S For d“) ”
1" .
—/ (/ |Fxp,p|pd0) dp ifp<1.
2 r! S2

v
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Observe that F, , is the Poincaré dual of h(x,, p). Denote:

117

F:QxRtDy " R+,

Then

e 1) < ot ([ Fe)

1/p
(Under hypotheses (H)) < 2|r —r |1_7 (/ |F|p) .
B\B'

Combining the basic estimate above for a couple of segments, we obtain Holde-
rianity.

Theorem 4.11. The slice-function h : A := B x R* N {(x,r): B(x,r) C
Bi} — LP(S?) defined above is Hélder-(1—1/p) -continuous with respect to the
distance d, and its Hélder constant is bounded by the LP-norm of F'.

Proof. We desire to see how the above estimates worsen if instead of connecting
B = (x,r), B’ = («/,7") along a segment, we use a polygonal curve. Consider
then +, consisting in a union of segments {S}, each of which satisfies (H).
For a given segment S = [S,S] (where S = (2/,7') is the end with the largest
radius) we denote Ag := Bg\ Bg and |S,| the difference of the radii of S, 5.
We then have the following estimate, by the same reasoning as above:

S
1
AWy = [ ZFlsnde

22p

> S, [P~ Hd(h(S), h(S))P.

Summing up and using the triangle inequality,

24{SHIPlle D 1S, > d(h(B), h(B)).

Sexy

Because of this estimate, the question is how we can join B, B’ by some
polygonal v which stays in the allowed set 4 and is made of segments verify-
1
ing (H), such that #{S5} is as small as possible and } ¢ 1S.|'"7 is bounded
above.

N can be bounded by 4 because as we sketch below we don’t need more
than 4 segments, and that maxge, |S,| is bounded by 2|B’ — B| (also in this
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case it’s optimal to have a few long segments rather than many short ones).
We just briefly describe the kind of v we use for the estimates.

The worst case that we can face is the one where B, B’ are on d.A, have
the same r-coordinate, and are as far from each other as possible. If they are
on the part where z, 2’ € 031 with r < 1 then we can take v to start from B
and go “up” in the r- direction with slope 2 until it touches 0.A, then “down”
until a very small radius and center x = 0, then do the same symmetrically,
building up an M -shaped graph. If r > i, then it’s better to first go down
then up, making a symmetric W-shaped graph. If instead z,2’ € dA\ 0B 1
then again a W -shaped graph is the best option, and if r is large enough a
V -shaped graph will be even better.

It is easy (but tedious) to verify that the above constructions verify the esti-
mate on |S,|. We thus end up with the following bound:

1

L6||F||o| B — B'|""» = d(h(B), h(B"))
O

Remark 4.12. In general, even though d is Hélder on the slices, Proposition
[4.10 does not apply, to give weak continuity on the slices, because the norm
boundedness is not verified. This is already clear in the case where the form
F is the radial form F,(V,W) = np -V x W. Denote by Si4, the slice along
OB(1+ p,(0,0,1)) for p € [—€,+¢€| (see Figure[{-1]). Since these spheres look
almost flat near (0,0,0) for small € and the integral of F on the portion of
a gwen slice just depends on the solid angle covered by that region, the p-th
power of the LP-norm of the slice Siy, on a small ball near the singularity
grows like p*>=%", i.e. such norm blows up. This fact is indeed to be expected,
given Proposition [{.10 and Theorem [{.1]], since f51+p i*F = sgnp, and in
particular the slices Siy, are not weakly continuous at p = 0.

4.4.1 A simplified proof of the closure theorem

Theorem [4.11] and Proposition [4.10 allow a simplification of the proof of the
Closure Theorem The new proof avoids the Abstract Theorem 213 We
state and prove here the crucial step from which Theorem follows at once.

Lemma 4.13 (Main step of the Closure Theorem). Let p €]1,3/2[ as above.
Suppose that the 2-forms F, € Fp(Q) are weakly convergent to a 2-form
F e [P(Q). Given B,(z) CQ, consider the slices S : [r/2,7] — LP(S?), given
by S(p) =i, ,F'. Then for almost all p € [r/2,7], S(p) € Y. In particular
the integer flux condition is preserved.
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Figure 4.1: We represent schematically the slices passing near the origin.
The areas of the thick regions behave like p* and the integral of F on them

is constant and positive, so |i*F| ~ p% and the LP-norms of the slices is thus
> p2—2p .
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Proof. W.l.o.g. suppose z = 0. By lower semicontinuity of the norm, up to
a subsequence ||F},||L»(B,\B,,,) < C. By Proposition [LT]] the slice functions
Sy, of F, are equi-Holder with respect to our metric d. This means that there
exists a pointwise convergent subsequence.

It is evident that the deformation factor of the LP-norm (coming from the fact
that iy, are not isometries) is bounded. Fubini’s and Chebychev’s theorems
imply that we may restrict to a subset of p € [r, /2] on which the LP-norms of
the S,(p) stay bounded. Then Proposition applies. Therefore the slices
converge weakly almost everywhere, and testing them on the constant function
1, we see that their degrees also converge. Therefore S(p) has integer degree
on S?, as desired. O

4.5 The case of Lipschitz slices

Consider the problem of extending the definition of the distance d to the case
of slices different from spheres. The main motivations for this extension are
the following;:

e A natural question regarding the class F7 is whether or not the inte-
grality condition is required on spheres can be replaced by a condition
on different kinds of surfaces. A particularly interesting case would be
one in which the slicing sets tile space, as is the case for the surfaces of
cubes.

e The definition of the boundary condition in Section[4.6]is based on slicing.
Having more general slice models will allow defining the trace on more
general domains.

Given a bilipschitz map ¥ : §* — X, define the following distance between
LP-integrable 2-forms on X:

d\p(hl, hg) - d§2(\11*h1, \I]*hg)
The pullback by bilipschitz functions preserves the integrability class, since

|(U*h)e| =  sup  hyu) (d¥v, dV,w) < ||d\If||io|h\1,(x)|,

[v]<1,|w|<1

and the same holds with ¥~! instead of U. Analogous estimates imply that
different bilipschitz maps induce equivalent distances:
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Proposition 4.14. Suppose Vi, U, : S* — X are bilipschitz maps. Then dy,
are distances and they are equivalent:

C 'y, < dy, < Cdy,.

The constant C depends only on the Lipschitz constants of ¥, W1,

Proof. The fact that dy, satisfy the triangular inequality and the reflexiv-
ity follow at once from the analogous properties of d. The non-degeneracy
dy,(hg,ho) = 0 < hy = hy is a consequence of the inequalities of the thesis,
since for W, = ids and ¥ = S?, dy, is a distance. If we prove the Proposi-
tion for ¥, = idg2, Y = S?, the general case will follow by transitivity of the
equivalence between distances. Thus we consider just this case.

We will work with the equivalent definition of d; as in Section [4.7]

Fix hq,hy € Y, and consider a competitor « in the definition of dy(hy, hs).
In other words, if h = hy — h; and X represents a finite sum of Dirac masses,
then (interpreting h; as 2-forms and using the Hodge star on S?)

d(xa) = h + %X, ie.
Vo € CN(S?), [ b d(xa) = [ 6 h+ (S, h),

The crucial observation is that the above objects extend naturally to the space
of Lipschitz functions, and it is equivalent to use ¢ € Lip(S?) instead of ¢ €
C>=(S?) above. If we replace ¢ by ¢oWoW~! and change variable, we obtain
(recall that WY is the image measure):

/d(*(\lf*oz))qbo‘lf:/\If*h(bo\lf+(\lf#2,¢o\lf>.

Since U is bilipschitz, it is a bijection of Lip(S?) into itself, and thus U*« is
a competitor for the distance dy(hq, hs).

Now observe as above that [¥*a|, < [|[d¥||x|a|w(z), which leads to the
conclusion that

[ walzde < llavlz, [ lafy o < lavlfav |2 [ oy
S

The same holds also with ¥~! instead of ¥, so the infimum in the definition
of d is comparable with the one in the definition of dy . O
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4.6 Definition of the boundary value

Let Q C R? be an open bounded smooth domain. Let F7(£2) be as in Section
L5l Such class consists of all LP-integrable 2-forms F' such that for generic
2-cycles S bilipschitz-equivalent to S?, there holds

/FGZ.
s

Given a smooth 2-form ¢ on 02, we would like to find a suitable class F7 (€2)
which satisfies the following three conditions:

e (closure) for any LP-regular 2-form ¢ on 0, the class Fj (€2) is
closed by sequential weak LP-convergence.

e (nontriviality) if ¢ # ¢ are two LP-regular 2-forms on 0f2, then
Fr. ()N F7 ,(Q2) =10.

e (compatibility) for any smooth 2-form ¢, 7 (€2) N R> are exactly
the 2-forms F' € R*> such that 35, F" = ¢, where iy is the inclusion
map.

For general LP-forms (i.e. without the restriction of belonging to F7) no
such class can exist, even if in the closure requirement above we had required
strong convergence. Indeed, let F, G be different smooth forms, and consider
fn 010, 00[= [0, 1], fr = X[1/n00[- Then F,(x) := F(x)+ f,(dist(z, 0Q))(G(z)—

F(x)) satisty F, L G. Then by compatibility F; and F should have the same
trace, and so by closure G and F' should have the same trace, contradicting
nontriviality.

At the other extreme, for locally exact LP-forms, using the Poincaré Lemma,
we have

dF =100 0 = F =, dA, Ac W?

loc *

Thus one can impose the boundary condition directly on the restrictions to
O of WhP-regular “local primitives” A, using classical trace theorems, and
all the above properties follow.

Our new space F7(€2) is an intermediate space between the two extrema above,
escaping both the above reasonings. We therefore use the distance dg between
2-forms on cycles S, as in Section .14l Up to a bilipschitz deformation, we
may assume that Q = B?, and thus it is enough to define the boundary con-
dition in this case.

The distance d is used to compare the boundary datum with the slices
of forms F € FJ. We abuse notation and denote by f(z + p) the form
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(with variable = € S?) corresponding to the restriction to dB;_, of the form
F'. This strange notation is inspired by the analogy to slicing via parallel
hyperplanes, instead of spheres. We then define the class F7 ,(B?) via the
continuity requirement

d(f(z+p),0(x)) —0,as p — 0. (4.8)

It is clear that the definition (A.8]) satisfies the nontriviality and compatibility
conditions above, since d(-,-) is a distance and since for R* having smooth
boundary datum implies that in a neighborhood of dB? the slices are smooth
and converge in the smooth topology to ¢. The validity of the well-posedness
is a bit less trivial, therefore we prove it separately.

Theorem 4.15. If F,, € Fy,(B*) are converging weakly in LP to a form
F € F;(B?) then also F belongs to Fz,,(B?).

Proof. By weak semicontinuity of the L” norm we have that F), are bounded
in this norm, ||F,||r\8, ,) < C.

Therefore by Theorem [ZITl the f, are d-equicontinuous, so a subsequence
(which we do not relabel) of the f, converges to a slice function f,, with
values in Y a.e.. For all p' € [0, p] the forms f,(-+ p') are a Cauchy sequence
in n, for the distance d. This is enough to imply that f. is equal to the
slice of F'. Even if F' is just defined up to zero measure sets, it still has a
d-continuous representative. By uniform convergence it is clear that f still

satisfies (A8]). O

The same proof also gives an apparently stronger result:

Theorem 4.16. If F, € Fz,, (B*) are converging weakly in L? to a form
F € Fz(B?) then the forms @, converge with respect to the distance d to a
form ¢ and also F belongs to Fz,,(B?).

Remark 4.17. With a bit more effort one can define the boundary value and
prove Theorem[]. 16 using just the LP> -bound of the modulus of lipschitzianity
of the slices, as given in Theorem[8.2. One can prove the analogous result if one
replaces condition ([L8]) by the following approximate continuity requirement

A
for all e > 0, lim 10, o]0 A
p—0F P

=0, where Ac :={p": d(f(- +p),¢)) > €}.

Theorem M.16] can be reformulated in the formalism of vector fields with
integer fluxes:
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Proposition 4.18. Let X € LY (B®). Let p(x) = z/|z| be the radial vector
field defined outside the origin of R®. For (x,p') € S?x]0, 1, define &(x+p') :=
p-X(x(1—p)). For a given LP-reqular function ¢ defined on OB define the
class L% ¢(B3) via the following continuity requirement:

d((x +p), ¢(x)) = 0 as p' — 0T

With this definition we have the following two properties:

1. If X, € Ly, (B®) converge weakly in LP to X € Ly(B®) then also X
belongs to Ly (B?).

2. If X,, € L (B®) converge weakly in LP to X € Ly(B?) then ¢y,
converge with respect to the distance d to some function ¢ and X belongs
to Ly, (B?).

Proof. The correspondence between 2-forms and vector fields is used. The
restriction operation F' + i, [ corresponds to the operation X +— vg - X.
The closure of LY (B*) under weak convergence being proved in Chapter 2
we have to prove the preservation and convergence of the boundary condition.
The needed results are proved in Theorems and respectively. O

Remark 4.19. As noted before, the definition of the distance as in Section
[4-3 allows to extend the definition of the boundary value to arbitrary domains

4.7 Some other definitions of slice distances

We compare here the distance on Y := {h € LP(S?): [, hdH? € Z} defined
by

N
d(h,l,hg) ;= inf {HOKHLP : hg - hl = d*06+81 + Zniéal}
=1

as in the Introduction, to the following function:
N
dl(hl, hg) ;= inf {||Oé||Lp : hg — hl =d'« + Zniéai}

i=1

We define also another distance ds, in the struggle to free our distance d from
the presence of an unknown sum of Dirac masses:

dy(hyi, hy) = lir%in£{||a||Lp : spt[(he —hy) —d"a] C A, Aopen ,|A| <e€}.

The motivations for introducing these objects are as follows:
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1. Sometimes in applications, as for example in Section 5] it is easier
to deal with definitions in terms of finite, rather than infinite, sets of
singularities. This justifies the introduction of dj .

2. Tt is natural to ask whether or not our distance d is induced by a norm
defined on the larger space LP(S?). Candidates for such norms are norms
which “don’t see small sets”, in particular they should not be sensible to
the presence of the singular measures defining d. More importantly,
having an underlying norm could perhaps help to define new and more
natural notions of critical points for our energy. Investigating the rela-
tionship between d and d; seems a reasonable first step for that line of
research.

We will use the following density result:

Proposition 4.20. Fix an exponent p > 1 and consider the space Vy consist-
ing of all LP-integrable 1-forms o on S* such that

/aAd¢:<aI,¢), Vo € C>(S?),
SZ

where I is an integer rectifiable 1-current of finite mass on S*. Then its
subspace Vg given by the 1-forms which are smooth outside a discrete (thus
finite) set, is dense in the LP-norm.

4.7.1 The distance d;

Proposition 4.21. On Y there holds d = d; .

Proof. Clearly d; > d since the infimum in the definition of d; is taken on a
smaller class. To prove the opposite inequality, fix h = ho — hy; and consider
a minimizing sequence «. as in the definition of d. Then

(d*OéE)+ (h—éo/ h) :816, ||Oé6||Lp —>d(h1,h2>.
S2
Consider the function g satisfying the following equation:

d*dg:h—éo/ h, /g:o.
S2 S2

By standard elliptic theory ||dg||» < C||h||Le. It follows that

d* (o + dg) = OI.,



4.7. Some other definitions of slice distances 99

and Proposition 1.20] applies then to a. + dg, giving a decomposition
ac+dg = fF+ ek,

where f¥ € Vi and e "2 0 i LPonorm. In particular there exists a
measure YF of the form ZZN:1 n;04, as in the definition of d;, for which

d*ff:—Zf:d*(ae%—ef)%—h—éo/ h.

S2
Therefore
h:d*(a5+ef)+25—5o/ h.

S2
Thus o, + e': are competitors in the infimum defining d;(hq, hs), and as k —
00, € — 0, their LP-norms converge to d(hi, hy). This concludes the proof of
d=d,.
U

4.7.2 The distances dy and d;

A possible choice for the set A in the definition of dy (if we interpret A as
the set on which d*a “avoids” as much LP-norm of hy — hy as possible) could
be some neighborhood of a superlevelset of |hy — hy|, which gives us a third
distance ds:

dg(hl, hg) S khm il’lf{HOéHLp : h2 - hl = d*« whenever |h2 - hl‘ S ]{7} = dg(hl, hg)
—00

Lemma 4.22. dy is a distance and for hy,hy € Y there holds d(hi,hy) >
dy(hy, hs).

Proof. The inequality d(hy,hy) > da(hy, hy) follows easily from Proposition
[4.27] since we can take as the set A a small neighborhood of the singularities
in the definition of d;. In particular, it follows that ds(hq,he) = 0 < hy =
hs. Being the triangular inequality and the symmetry evident for dy, and
since dy(hy,hy) = 0 = hy = hy follows directly from the Lebesgue continuity
property of LP-forms, d is indeed a distance. O

The other inequalities are still to be investigated:

Open Problem 10. s it true that d = dy = d3 ?
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Remark 4.23. We mention here an interesting analogy. A simpler distance
similar to dy was studied in [29], where for probability measures piy, s on
Q C R" bounded open with smooth boundary the following distance was defined:

Dy (p1, o) = inf : {/ H(o(x))dx : d*oc = py — po, 0 -v =0 on 8(2} ,
Q

ceLP(QR"

for a class of functions H including the case H(z) = |z|P,p > 1. The con-
nection between our distances and the class of distances Dy would give an
interesting connection to the theory of Optimal Transportation, which would
strongly echo with the use of basic Optimal Transportation for “minimal con-
nections” connecting singularities of harmonic maps in [30].

4.8 First steps towards a compatibility condi-
tion for slices

Since we used slices to define the class of weak curvatures Fz(€2), it is natural
to go one step further and try to construct forms F' € Fz(€2) by assigning their
slices. This kind of problem seems to represent an unexplored area of research,
related perhaps to integral geometry. We were not able to find any example of
similar problems in the literature. Therefore in the following subsections we
attempt to formalize the main questions which have arisen.

Slices on rectifiable cycles and genericity

Consider a 2-form F' € F}(§2) which is bounded in L”-norm. Given a Lipschitz
2-cycle C'= JK on 2, chosen in a “generic” way such that i, F is in LP(C, H?)
and that (in the duality between 2-cycles and 2-forms)

(C,F) €,

we can associate

C— hC):=i F € Ye,
where Y is the set of 2-forms h such that

e ) is LP-integrable w.r.t. the surface measure on C',
e h is H%-a.e. the dual of the unit tangent 2-vector C to C,

e (C,h) is an integer.
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Open Problem 11. Which such h give rise to an F € Fy ¢

We now explain what the requirement that h be defined only for “generic”
cycles should mean. For that purpose, denote by C the fized set of Lipschitz
cycles on which a compatibility theory will be defined (useful choices may vary
from the set of all spheres to the set of all Lipschitz cycles). The domain of
definition of h above should then be given by C\ Rr for some set Rp, possibly
depending on F', which belongs to an admissible class of residual sets.

Definition 4.24. Fix a class of cycles C. We call an admissible class of
residual sets a class R C C satisfying the following:

o Suppose that (Cy)ge(-c.q @5 a Lipschitz foliation by Lipschitz cycles Cy C
Q. Then CN Sy CR for all sets Sy of the form

Sy ={C,:x€ N} with N C] —e, e[, L'(N)=0.

Once we fized an admissible class of residual sets, we call the complement of
a residual set generic.

The compatibility question

Consider the question of slice compatibility for a class of slicing cycles C. Not
all applications
k:C— yc = UCGCYC (49)

can be represented as slices h of an underlying form F € F7:

Lemma 4.25. Assign to each cycle C = [0B(x,r)] the form h(C) € Yo equal
to YEN(S?) of a fived nonzero 2-form h(S?) € Ysz, where ¢ : C' — S? is the

similitude bijection. The so-obtained function
h:C=A{[0B(z,r)]: x € Q,r €0, dist(x,00)} — V¢

cannot satisfy h(C) = i&F for generic C € C.

Proof. Assume for a moment that there exists such 2-form F € F7(€2). Then
for any fixed M > 0 we would have |F| > M almost everywhere on €. Indeed
fix € > 0 such that |E.| > €, where E. := {|h| > €}. Then consider the sets
S(x,r) = Upgr@b]}(lw)(Ee), with the constraint r < \/€/M . These sets form a

fine covering of 2, and if h(S?) = (¢;')*igs F for almost all C' in the definition
of S(r,z), then |F| must be larger than M almost everywhere on S(z,7). By
extracting a (not necessarily disjoint) countable cover of Q by sets S(z,r) up
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to zero Lebesgue measure, we obtain that |F| > M almost everywhere. By
the arbitrariness of M we obtain that F' cannot be in LP | thus contradicting
our assumption. ]

Remark 4.26. Suppose that C is a family of cycles such that for almost all
x € Q the tangent spaces (T,C)recec Span the Grassmannian G(2,1) of 2-
planes. Then for any k as in ([L9) there is at most one 2-form F such that
k = kp. Indeed, fizing the restrictions i F" at some point x along three linearly
independent tangent planes relative to three choices of C', automatically fizes
the value of F' at x.

The compatibility requirement between k and F' following from Remark
depends on the pointwise behavior of the single slices. We would like to
find a more geometric condition (C') which can be tested by looking only at
the function k& as in (£9). See condition (C*) and Open Problem [[2] for an
example. The desired condition (C') should also satisfy the following proper-
ties.

Definition 4.27. Suppose that (C') is a property of the function k of (49)
for a given set of cycles C. We say that (C) is a compatibility condition if
the following are true:

1. If F e FP(Q) for some p €]1,3/2] then the function kg which to a
generic C € C associates the slice of F' along C', satisfies (C').

2. If F; € FJ(Q2) are a sequence converging LP-weakly to a form F then
kr (defined as in (1) above) satisfies (C').

3. Whenever k satisfies (C), there exists a F € F3 () such that k = kp.

Since we “know much more” about F7 than about weak convergence or
about slice functions, in general the first point above should prove relatively
easier to check.

Example 4.28. In Chapter([d, a (C) satisfying the first condition was implied.
In that article we had a situation where

C={0B(z,r): v € R*r >0}

and the generic sets R were the ones of the form {0B(z,r) : r € N} s.t.
LY(N)=0. Then one had the following condition (C):

(C): : “the integral of k(C') is an integer”.

This is exactly the definition of F5. As shown by the example from Lemma
[4.23, this candidate for condition (C') is too weak to satisfy the second property
above.
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A simple geometric candidate for compatibility

consider still the case where C consists of all spheres contained in €. If our
form F € F} has only finitely many singularities, then the integral [ o I along
each cycle corresponds to an algebraic sum of the degrees of the singularities
situated in the interior of C'. Now consider two intersecting spheres, C’, C”
and suppose that their intersection is a circle D. If we assume that none
of the singularities of F' is on " U C”, we will have then that near D the
forms if, F,ig, F' can be represented respectively as dA’, dA”, for suitable 1-
forms A’; A”. Tt is easy to see (by using Stokes’ theorem) that the difference
Jp A" — [, A" must then be an integer, and must equal the algebraic sum of
the degrees of all the singularities contained inside C' N C”. It is thus natural
to formulate the following compatibility condition more in general:

(C*): Vaz for a.e. circle D with center x,/ Al — / A" e Z,
D D
where i, k(C") = dA, ignk(C") = dA” locally near D.

It is easy to see that condition (1) of Definition £.27is satisfied, while condition
(2) is achievable using the techniques leading to the closure theorem 221 The
third condition is however still to be investigated. We thus formulate the
following

Open Problem 12. Is condition (C*) a compatibility condition in the sense

of Definition[{.277






Chapter 5

Interior regularity for abelian
curvatures in 3 dimensions

5.1 Introduction

5.1.1 The regularity result

In this chapter we complete the study of the problem, following [P3].
inf {y./\/lp(F) = |F|P . F € FL(B®), iygs F = <b} . (5.1)
B3
Recall that this problem is equivalent to the minimization of the LP-norm on
L(B%)
inf{ | X|P: X € LL(B?), v- X = ¢} : (5.2)
B3
These problem are interesting just for p < 3/2 (see Section [[4)), otherwise

they reduce to the case where F' is exact, respectively X is a curl. Knowing
this stronger fact reduces the problem to a more classical one.

The existence of a minimizer follows via the direct method of the Calculus
of Variations, from the weak closure result of Chapter 2.

Without the constraint X € L?(B?) the minimization in (£.2)) would yield
the minimum X = 0 regardless of the choice of ¢. The fact that with that
constraint the minimization is in general nontrivial follows instead from the
good behavior of our boundary value as defined in Section (in particular

105
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from the nontriviality condition ensuring that the class of weak curvatures with
nontrivial boundary value ¢ # 0 is disjoint from the class of weak curvatures
with boundary value zero.

The above results imply the existence of minimizers:

Proposition 5.1. If ¢ is a 2-form in LP [respectively, up to Hodge star duality
with respect to the standard metric, an LP-function] on OB? having integer
degree and the Definition [[.9 [respectively, its translation for vector fields] is
used for the boundary value i%y F' = ¢, then the minimum is achieved in

Problem ([B1) [resp. (B2])].

Proof. We give the proof in the language of forms. Consider a minimizing
sequence F; € ]-"2 ¢(B3) and extract a weakly convergent subsequence, which
we label in the same way, abusing notation. We denote by F, the limiting
LP-form. From Theorem we know that F., € FL(B*). Using Theorem
we deduce that F, € F) ,(B%). Thus F. is the desired minimizer. O

The main result of the present chapter is the following:

Theorem 5.2. Let p €]1,3/2[, and let X € LP(B3* ,R®) be a minimizer. Then
X s locally Holder-continuous away from a locally finite set ¥ C B3.

The new result leading to regularity is the following e-regularity theorem:

Theorem 5.3 (e-regularity). There ezists €, > 0 such that for any minimizer
X € LY of the LP-energy if B3(xy) C B® and

r2p—3/ | X7 dH? < ¢, (5.3)
By (zo)

then
divX =0 on BT/Q(I()). (54)

In other words, we have that X is a curl in the regions of small energy
concentration. Therefore we may apply the regularity theory of (see the
review in Appendix [D)) and obtain the regularity of X in such regions. The
rest of the proof of Theorem [5.2 follows the strategy of the regularity theory for
harmonic maps. For a discussion of the proof of Theorem see the beginning
of Section (.21
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5.1.2 Relation to the regularity theory for harmonic maps

Our regularity result parallels the following result of Schoen and Uhlenbeck
[114] (case p = 2), later extended by Hardt and Lin [70] (for general p €
|1, 00[) regarding minimizing harmonic maps. The result was proved for more
general manifolds, but the special case stated here already presents the main
difficulties. The more precise description the singularities is due to Brezis,

Coron and Lieb [30].

Theorem 5.4 ([115],[70],[30]). Suppose u : B®> — S? is a map in W'?(B3,S?)
minimizing the L?-norm of its differential. Then u has Hélder-continuous
derivative outside a locally finite set ¥ C B*. Moreover, u realizes a nontrivial
degree around small spheres centered at each point in 3.

The analogy of our problem with the one of harmonic maps is also reflected
by the fact that in our case the singularities also encode some topology, i.e.
they all have a nontrivial degree.

Our approach roughly follows the strategy of the regularity theory for har-
monic maps. As in the harmonic map regularity proof, we derive and make
use of a monotonicity formula and a stationarity formula (cfr [70] and [I03]
with our Section B.H). In Section we prove an e-regularity result, in Sec-
tion .31l we describe an analogous of the Luckhaus lemma [87], which helps
proving the sequential compactness of minimizers. Then we proceed to the
study of tangent maps and to the dimension reduction in Section [5.4l

The techniques and results of sections Sections and [0.3.1] are quite dif-

ferent from the approaches that we found in the literature, and might shed a
different perspective also on the theory of harmonic map regularity. The main
new observation is that the e-regularity can be studied on a simple model if we
use the fact that the singularities come with an associated integer (the degree,
or flux, of our vector field on small spheres surrounding the singularity).
The structure that naturally arises is a weighted graph, having vertices that
represent the singularities and edges representing the vector field’s flow lines.
Reducing to this model is allowed by the strong density result of Kessel [83] [84]
(the statement is provided in Theorem [[T9]).

The approximants to a minimizer (as given by Theorem 2.5]) correspond
then to normal 1-dimensional currents. We are able to associate a weighted
graph to vector fields in R, by applying a decomposition result of Smirnov
[120] for normal 1-dimensional currents (see Theorem [(.§]).
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The e-regularity theorem is then obtained by a combinatorial reasoning on
these graphs. It relies on an elementary minimax result (the famous “maxflow-
mincut” theorem, [57]). See the scheme (@.20) in the next section for a more
precise overview of the proof. The same discretization method is the critical
step also in the Luckhaus lemma, in Section

5.2 The e-regularity Theorem

In this section our goal is to prove a so-called e-regularity theorem. This result
states that if, for an energy minimizer X on a ball B the energy happens to
be small enough, then X has no charges inside a smaller ball. The main steps
of the proof can be summarized as follows (see the scheme (0.26) below).

e We first approximate our vector field X € L strongly in LP-norm by
some smoother vector field XR>(B?) as in Theorem 2.5

e To X we associate a 1-current T'; in a classical way, and we apply to Tz
a decomposition result due to Smirnov [120] (see also the recent develop-
ment by Paolini and Stepanov [99] [100]). This result says that a normal
current like T’y can be decomposed via a measure (on Borel sets for the
weak topology) pg into a superposition of rectifiable integral currents
supported on Lipschitz curves starting and ending on the boundary of
T . This result is described in Section [5.2.1]

e Smirnov’s decomposition gy in our case (since the boundary 07T is
supported on a discrete set) gives rise to a weighted directed graph G,
by grouping together the curves in the support of pg with the same
starting and ending point. These constructions are performed in Section
D.2.2)

e We define a way of perturbing G into another graph G’. For the
underlying vector fields, this corresponds to perturbing X into a vector
field X’ that is (not smooth but) still in LY and has energy bounded
by the energy of X. We call these modifications elementary operations
(see the definitions at the beginning of Section B.2.2)), and we use the
same notation for operations on the graph G'; and on the corresponding
vector field X .

e If X has little energy on a ball B, then we can perturb it by elemen-
tary operations into another vector field X’ as above, and which has no
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charges inside B. This uses the classical “max flow/min cut” theorem on
the graph G (see Section B.23)).

e Finally, as the vector fields X approximate better and better the mini-
mizer X, since p > 1 we can apply the results of Chapter 2] and extract
a subsequence of the perturbed X’ that converge weakly to a competitor
for X. The comparison of X with the competitor gives a contradiction
unless X has no charges in B, proving the result (see Section [5.2.3)).

approxi-
mation

Smirnov’s
decomposition

competitor X' eI} ftx neasure on
. rect. lip. curves
elementary
perturbed (&’ 1 operations ‘ weighted Gy
graph J ‘directed graph

5.5)

5.2.1 Smirnov’s decomposition of 1-dimensional normal
currents

We build our constructions upon Smirnov’s decomposition result for 1-dimensional
normal currents [120]. In order to state the results that we use, we need some
preliminaries.

Definition 5.5. A 1-current T in R? is called an elementary solenoid if there
exists a 1-Lipschitz function f: R — R3 with f(R) C spt(T), such that f,T
satisfy
) )
T = D lim [T,
M(T) = 1.

In the spirit of the above definition, we can identify an oriented Lipschitz
curve with a 1-dimensional rectifiable current. We call C, the set of all oriented
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curves of length < ¢, which we endow with the weak topology. All measures on
paths described in this section will be positive, o-finite measures, Borel with
respect to the weak topology. The corresponding integrals are understood in
the weak sense, i.e.

S = / Rdpu(R) is the current defined by S(¢) = / R(¢)du(R) for ¢ € D(R?).
C( Cl

Definition 5.6. We say that a 1-current T' is decomposed into currents lying
m a set J C DHOC(]R?’) if there is a Borel measure j1 supported on J such that

r — [ Riu(r)
J
7y = ; ||R]|dp(R).
T € Ny 10.(R?) is totally decomposed if the same 1 also decomposes the bound-

ary:

oT = [ ORdu(R),

J

10T = [ [[OR[|dp(R).

Using Birkhoff’s theorem (in the appropriate setting), Smirnov proves the
following decomposition result.

Theorem 5.7. T € Dy (R3),0T = 0, then T can be decomposed in elementary
solenoids.

For the case 9T # 0 there holds instead:
Theorem 5.8. If T' € Ny 1,.(R?) then T can be decomposed as follows:

T = P+Q,
1l = Pl +1ell,
T = 9Q,9P = 0.

moreover (Q can be totally decomposed into simple curves of finite length, i.e.
into elements of Coo := UpsCy .
For the sketch of the proofs of the above theorem see Appendix [Al

Remark 5.9. We now note some facts that follow easily from the constructions
of Smirnov, but are not explicitly stated in his paper:
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1. In the total decomposition of () above, the paths have in general un-
bounded (finite) lengths, but almost all of them (w.r.t. the decomposing
measure (1) have start point b(R) and end point e(R) on the support of

T = 0Q).

2. If T corresponds to a reqular vector field (i.e. for all test forms w,
T(w) = [w(X)dL? and X is reqular), then the paths are composed of
pieces of trajectories of the flow of X.

3. The functions b,e : Coo — R? are continuous for the weak topology. In
particular, given two Borel sets A, B C R3, the set of paths

{R: M(R) < 00,b(R) € A,e(R) € B}
s Borel for the weak topology.

4. Suppose that a 1-current T' decomposes via a measure i on the space of
1-currents. If a is a bounded Borel function on D1(R3), then v = apu
induces by integration a 1-current T,, that is totally decomposed via ||,
and satisfies

To=+T and ||Tal| < |||z ITII

Indeed, this is true for step functions o, and L' -convergence at the level
of the decomposition induces weak convergence at the level of the decom-
posed currents.

5. The same result as above holds also in the case of a totally decomposed
current T, with the analogous inequality holding also for the boundaries:

10Ta| < [l oo 1Tl

5.2.2 Encoding the useful information in a graph

For vector fields X € R (€2) the decomposition of Smirnov allows to group the
integral trajectories of X L) according to their start and end points: a generic
trajectory could start or end on OS2 or on one of the “charges” (i.e. singularities)
of X. We encode this information in a weighted directed graph (i.e. a graph
such that to each edge a positive number called “weight” and a direction are
assigned). The weights in our encoding graphs keep track of how much of the
flux of X is carried by each group of trajectories, and the direction of an edge
encodes the direction of the corresponding trajectories. The grouping is done
in such a way that there are no flux cancellations within the same group. Thus
specifying the flux for a group of trajectories automatically gives a measure of
the norm of the restriction of X to those trajectories.
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Elementary operations

The following kind of operations will be the ones that we perform on our
encoding graphs:

Definition 5.10. An elementary operation on a directed weighted graph G
consists of multiplying by a factor o € [—1,1] the weight of an edge, where
multiplication of the weight by a negative factor v < 0 means inverting the
orientation and multiplying by |a|.

We indicate by G < G’ the statement that G is achieved from G', after ap-
plying finitely many elementary operations.

We now define the elementary operations on the underlying X € R.,. We
use the same name because the two definitions correspond to each other in a
natural way, as described in Section £.2.2

Definition 5.11. Consider X € R.,, which we identify with a current T'= T
as in Remark[29 @), and to which we associate P,Q) and a measure p totally
decomposing @) as in Theorem[2.8. An elementary operation on X consists in
replacing X by the vector field corresponding to (Tx ), obtained as in Remark
@), for some function « that only takes values in [—1,1] and that is
piecewise constant on a family of sets defined via b,e as in Remark 29 ().
We indicate by X < X' the property of X of being achievable after performing
finitely many elementary operations starting from X'.

Remark 5.12. 1. [t is immediate form Remark[29 @) that X =< X’ im-
plies || X||r < || X||1p with strict inequality unless || =1 in all of our
elementary operations.

2. Reo 18 not invariant under elementary operations, since such operations
often create jumps in X . In general also the integer divergence condition
1s not preserved by these modifications.

3. From Remark[ZQ [) it follows however, that for X € R, NLP(Q), any
elementary operation sends X to a vector field X' € LP() having zero
divergence away from the singular set of X.

Grouping trajectories of X € R, N LY(Q)

Consider X € Ro,NL'(Q) and the normal 1-current Tx as in Remark 5.9 [2)).

Using Theorem (.8 we can find a decomposition Ty = Px + Qx and a
measure py on Cu = UpoCp that totally decomposes )y into finite-length
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Figure 5.1: We represent schematically (i.e. we forget for a moment that we
are in a 3-dimensional setting, and we take €2 to be a ball) the finitely many
charges of our vector field X € R N LY () as black dots, and some of the
supports of the rectifiable currents R of Definition[5.8, as thin lines.

simple paths.

Then note that, due to the special structure of X, 9(Tx L) is supported on
0Q U {charges of X}. Also, by the total decomposition property of Q)x, there
holds

ATLB) = | ORdux(R) = | (G ~ dum)diex()

Coo )

and b(R),e(R) € sptd(TxL B) for px-a.e.R, so that we can decompose the
set of finite length paths into disjoint Borel sets:

Coo=CU | J Cy.
i,j=0
where p1x(C') =0 and for all R € Cj; there holds
b(R) € A7 e(R) € A],

where

AT = 00N {sgn(X - vg) = +1}

and

A¥ i > 0 enumerate the 4 —charges of X, possibly with repetitions.
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By the decomposition theorem (.8, if
Cr = Uj_oCy, Cf = UL Cyy,

then

n

px(CH) =Y pux(Cy), px(Cy) = ZNX(Cij)a

Jj=0

and for i > 0 it is clear that ux(C;) is equal to the charge of AF (see also

Figure (.2]).

Figure 5.2: In the example of Figure[2 1, we represent with different patterns
the supports of curves belonging to different C;;’s. We omit the set Cj; if it
has pux(Ci;) = 0.

Associating a graph to a vector field

With the notations of the previous subsection, we associate to X the graph
Gx (see Figure 5.3]) which has the following features:

e has vertices indexed by AF,i=0,...,n,
e has a directed edge A; — A;r, for all 0 <i,5 <n, unless pu(Cy;) =0,

e any edge A7 — A7, it has weight px(Cy;) assigned to it.
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Figure 5.3: We superpose to the picture of Figure [5.2 the associated graph,
where on top of each arrow we also describe its weight. The gray vertices
A, Ay correspond respectively to start and end points of curves which lie on
the boundary.

Fu}"ther, if G < Gx then we associate to G a vector field X < X such
that G = G ¢, by the following procedure:

e Fix a sequence Gy = Gy = G = --- < Gy = G such that Gy is
obtained from G} by an elementary operation. We can still identify the
vertices of (Gj, with those of Gx.

e To each () we associate a function oy € L®(uy), as follows. We start
with ag = 1. For k > 0 if G,y is obtained from G} by multiplying the
weight on A7 — A by a € [~1,1] then we define ajy1 := axe, o +
XCoo\Cij Ok -

e Clearly ay € L>(ux) defines an elementary operation on X, and so we
call X the vector field corresponding to (Tx)a, -
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5.2.3 Proof of the e-regularity
Modifications to eliminate charges in the regular case

In this subsection we restrict to vector fields X € R, N LP(Q) satisfying
the conditions of the e-regularity theorem, and we show that we can apply
elementary operations decreasing the energy while eliminating the charges of
X . The main result is as follows.

N

Proposition 5.13 (regular case). Suppose that X € Ro N LP(S2) and that
Q> Q is such that [, |X| <1 and [,, X -v=0. Then there exists a second

vector field X € L5(Q) such that X < X and

1. X=X onQ\Q,
2. X oy < 11X lpoey and

3. (divX)LQ =0.
The inequality of point (2) is strict unless X already satisfies point (3).

Proof. The main idea of the proof is to apply elementary operations to X, so
that we cancel out the charges inside ). Because of the above constructions,
it is enough to do the corresponding operations on the graph G x that encodes
all the information that we need for the proof.

Step 1: structure of the graph Gy . Consider the graph G := Gx defined
in Section £.2.2] and call

e Ot C~ the sets of vertices of G corresponding to the interior charges of
a given sign,
e XF the sets of vertices of GG corresponding to components of 9 with

local charge +,i.e. ¥ = {AT}.

The form of our graph is summarized in the following scheme, where we also
indicate names for groups of arrows:

DA LYol SR »C

The hypothesis |, 00 | X [P < 1 implies that the arrows o* have total weight
less than 1. This will be important in the sequel.
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Step 2: elimination of the singularities. We desire to keep the arrows in
o* fixed, and modify the other arrows via elementary operations so that the
modified graph satisfies Kirchhoft’s law. This can be done as follows:

e We keep (i.e. multiply by +1) all the edges which go directly from ¥+
to X7 . Since these edges are not affected by the elementary operations
done in the rest of the proof, we suppose from now on, without loss of
generality, that there are no such edges.

e Let’s restrict to a connected component of our graph. Suppose first that
it has the form drawn above (i.e. it is not degenerate): in this case we
can find a maximal Kirchhoff subgraph K connecting X% to X7, in the
undirected graph

Xt C- ct .

By the “max flow-min cut” theorem, after subtracting such directed sub-
graph, the remaining edges make a disconnected graph that has 4 pos-
sible forms (where we keep the orientations as in the original G):

1. All arrows in v have been cut, but there are some edges joining >
to some point charges. These charges correspond to singularities of
X, for which at least 1/2-charge flowed from/to ¥. In particular,
since the difference |o"| — |o~| is constant during our construction,
there must be an even number of such charges. This is not possible
because the [;, | X - vg|dH? was assumed to be smaller than 1.

2. The whole graph has been used, and we end up without leftover
edges of the graph. Then again we see that [ |X - vs|dH? is pro-
hibited to be smaller than 1, since in any charge connected to ¥,
the total wight of the arrows from/to the boundary 092, is = %,
and there are at least 2 such charges.

3. All arrows o~ have been cut. Then also the arrows in o™ have dis-
appeared after eliminating the maximal flow, again because |oT| —
|o~| is constant (equal to zero) during these modifications. Thus
in this case all arrows outside v are canceled. Then we can multi-
ply by zero the remaining arrows: these arrows are of positive total
weight since else we reduce to point (2)), which is already excluded.
Thus we strictly decrease the LP-norm of X .

4. The last case is the “generic” one: it could be that after the cut we
are left with a graph of the form

- C-=—Ct
¥t 3T

- —
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It follows from Lemma [B.15] that in this case it is possible to find
another minimal cut that gives a graph as in ([B]) or in (2]) instead,
and we conclude the proof.

The conclusion of this enumeration is that the only possible cases that
allow any singularity at all inside €2 and are compatible with the small
boundary energy are the ones corresponding to the case ([B) above. Ob-
serve that in this case we are sure to have canceled some edges i.e. we
have decreased the energy of X, as desired.

O

Example 5.14. Consider a reqular vector field in R N LP(S)) that has 5
singularities, one point having charge 1 a second point having charge 2, and
the remaining points having charge —1 each (see Figure[5.]). Suppose that the
weights of the edges of the associated graph are as in Figure[5.] We assume
from the beginning that px gives no weight to the curves that both start and
end point on the boundary (such curves are anyways not affected by our ma-
nipulations). The mazximal flow pictured on the right corresponds to any of the
3 minimal cuts on the left. In general, no uniqueness of either the mazimal
flow or the minimal cut is guaranteed. Figure exhibits what happens next,
in our manipulations. Once we fix the mazimal flow of Figure[5.4, we change
by elementary operations the flow lines of X, ending up with the graph on
the left of Figure[5.d. Since this represents a flow, i.e. obeys Kirchhoff’s law,
the curves representing the modified vector field X are concatenated, i.e. that
they all start and end on the boundary. This concatenation is “automatically
done” by Smirnov’s decomposition, since the associated current Tx is totally
decomposed (see Definition[5.8). The “canceled flow” on the right of the figure,
gives a measure of the amount of LP-norm of X gained this way.

We must point out that the LP-energy improvement in passing from X to
X depends also from factors not captured by the graph Gx itself, namely on
the lengths and concentrations of the curves decomposing the associated current
Tx . But for our purposes a subtler analysis along these lines is not needed.

Lemma 5.15. Under the hypotheses of Proposition[2.13 on X, suppose that
a connected component of the associated graph Gx has the form

s CT=—0C" | ,
o+ o e

where a minimal cut is given by the arrows in b, c,d,e. Then another minimal
cut is given by the arrows in a,b.
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Figure 5.4: (A): a graph corresponding to a possible vector field X having 6
charges (of which the one represented by a larger circle is a double one). In the
unoriented graph (B), we represent by dashed lines two minimal cuts separating
the wvertices with dashed boundaries; a non-minimal cut is corresponds to a
dotted line. Observe that the flow through each of the 3 cuts in (A) is the
same, but in (B) the sum of edge capacities is larger for the dotted line. In (C)
we exhibit the unique maximal flow obtained on (B) between the gray vertices.

Figure 5.5: Continuing with the example of Figure[5.]], we represent schemat-
ically on the left what remains after the cancellation of the charges (in terms
of the associated graphs the three arrows of weight % actually are substituted by
Just one arrow of weight %, but we drew the picture to suggest that a procedure
of “concatenating arrows” is actually underlying the operation). On the right
we have the flow that results after removing the maximal flow graph out of the
witial graph. In our charge removal procedure, we diminish the weights of our
graph by the amounts in the right picture, so in this particular X has a smaller
energy than X .
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Proof. The fact that a,b give a cut is clear from the above diagram. We must
prove that such cut is a minimal one.

We indicate by |z| the total flow through the arrows of the group labeled
by x. First of all observe that by the zero total flux and small boundary energy
hypotheses on X,

1
al + 6] = lel +1f1 < 5.

therefore, being b, ¢, d, e a minimal cut, by comparison with the above cut we
obtain

1
b1+ lel + ] + fe] < 5.

This implies that the total number of charges contributing to the vertices CF
is the same as the number of charges contributing to C~, and similarly for
C*,C~. Indeed, suppose for contradiction that the numbers of charges con-
tributing to C*,C'~ were not equal. Then the total flow |a| + |c| + |d| + |e]
would be > 1, and this would contradict the fact that |a| and |c| + |d| + |e]
are both < %

By the consideration in italics above, we obtain that

la +[d] = |e[ +[e], [b] + ] = [d] +[f].
Therefore, by definition of a minimal cut
6] + [e] + |d] + le| < |a] + [0]
and this gives, using the previous computations,
lal = le| + |d] + [e] = [a] + 2d],

so |d| =0 and the above inequalities are actually equalities, as desired. O

The proof of e-regularity

Proof of Theorem[2.3. First of all, we may reduce to the case where the e-
regular ball B(zg,r) of the theorem is the unit ball B = B(0, 1), since the
estimates and the function spaces considered are invariant under homotheties
and translations of R3. We call { the image of the initial B; under this
transformation.

Step 1: fixing a small energy sphere. We claim that, for any small ¢ > 0,
we can find a positive measure set of radii p > 1/2 such that faBp | X|P < 2¢,.



5.2. The e-regularity Theorem 121

Indeed, if the opposite estimate would hold for a.e. p > 1/2, then we would

obtain .
/ Xp > / / XP > 6
B 1—e aBP

/ | X |PdH? > (1 — €)eo,
B

and this contradicts our assumption for € small enough. Now from the above
boundary energy bound by €, we get via Hoélder’s inequality the following
bound

therefore

p—1
P

/a IXI< (260 [T

and we choose ¢, such that the right hand side is equal to 1. This gives
the small boundary energy condition as in Proposition B.13] and the zero
flux condition follows from the definition of L7(B) and from the inequality
X -vp,| < |X].

Step 2: passing to the approximants. We know that there exist X, €

R NLP(Q2) that converge to X in LP-norm. From the construction leading to
this approximation it is clear that we can also further impose the convergence

5 y
Xilos, = X|os,,

therefore for k large enough, X}, satisfies the properties required in Proposition
5131 Applying this proposition, we thus obtain X € L%(Q) which are equal
to X outside B, and satisfy ||)_(k||Lp(Q) < ||)~(k||Lp(Q) (with strict inequality
if (divX;)L B, #0) and (divX;)L B, = 0.

Step 3: a divergence-free competitor. By weak compactness of L%(Q) it
follows that a subsequence of the X, converges weakly to some X € L%(Q).
The zero divergence condition passes to weak limits, so divX = 0 on B,. By
sequential weak lowersemicontinuity of the norm, we also deduce

X1, < i inf || X[l < liminf [|X||, = || X]],-

Since X was a minimizer, all the above inequalities must actually be equali-
ties. We also observe that since the sequence X, converges both weakly and
in norm, it must converge also strongly, to X . By examining the definition of
elementary operations we also observe that the inequality |Xj|(z) < |Xg|(z)
holds almost everywhere for all k£, and from it and the a.e. convergence it
follows that the same inequality holds also in the limit. Since both X and X
are minimizers it further follows that |X|(z) = | X|(z) almost everywhere.

Step 4: X is also divergence-free. We use the classical regularity
theory, namely Lemma [B.T7 (which applies since divX = 0) and Proposition
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to deduce that X is Holder-continuous in the interior of B, . It then
follows that also divX =0 on B,/,, since in this case X € L°(B,/2). Indeed,
using Theorem it follows that X can be approximated by vector fields in
R (By/2) in the strong norm in L7 for ¢ > 3/2. But for such exponents
the vector fields in R N L9($2) are all smooth (and in particular divergence-
free, since the divergence is concentrated at their singular points). Thus by
approximation also X is divergence-free. O

5.2.4 A classical consequence: C"“-regularity

From Theorem (.3 using an extension by Peter Tolksdorf (and Christoph
Hamburger) of the regularity theory first developed by Karen Uhlenbeck, it is
relatively straightforward to prove the following extension of it:

Theorem 5.16 (Holder version of the e-regularity). If X € LY is a minimizer
then we can find an €, > 0 such that if on B2(xo) C B* the vector field
X satisfies (B3) then on B,ja(xg) the vector field X is a-Holder, with o
depending only on p and with the Hélder constant of X\BT/2 depending only
on p and on || X||rxs,)-

In order to prove the above theorem, we use the conclusion that divX = 0
of Theorem B3 and the Euler equation of the functional [, |X[? to reduce to
the by now classical regularity result for systems of equations due to the above
cited authors. The main heuristic idea in play here is that roughly “divX =0
implies that X = V f for some VVli’f—function f.

In order to use this idea while still keeping rigorous, we use the formulation
of our minimization problem in terms of differential 2-forms w instead of vector
fields X.

Lemma 5.17. The condition that a vector field X € L%(Q) minimizes the LP -
energy and satisfies divX = 0 implies that the associated 2-form w € F3 ()
satisfies locally in the sense of the distributions the following equations:

dw =0
§ (JwP~2w) = 0.

Proof. The first equation is a trivial translation of div.X = 0 in our new setting.
The second one is the Euler equation, and can be directly obtained from the
requirement that w be minimizing, by using the perturbations w +— w + ed¢,
for ¢ € Cg°(A*TQY) and taking the derivative in € at e = 0. Since d is exact,
it easily follows that the perturbed form is still in F75 (). O
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With the result of the above lemma, we are exactly in the setting of [130],
except that that article treats the case p > 2, while we are interested in the
case 1 < p < 3/2.

Luckily, the result of [I30] was extended in [127], to the case 1 < p < 2.
The article of Tolksdorf considers only the “basic case” where the equations
concern a differential of a function instead of the generalization of exact differ-
ential forms described by Uhlenbeck, but the setting in which Tolksdorf proves
regularity can be translated without much effort into the one of Uhlenbeck,
and the techniques present there are not affected by the translation.

Proposition 5.18 ([127]). If w € LP(A?*TQ) satisfies the equations of Lemma
[2.17 in the weak sense, then w is a-Hdélder, with « depending only on p and
with the local Hilder constant of X|p,,, depending only on p and on || X||1s(5,)
for any ball contained in €.

From the above lemma and the proposition, it is straightforward that The-
orem [b.16] holds.

5.3 For minimizers X weak convergence implies
strong convergence

In this section we prove the following compactness result:

Theorem 5.19. Suppose X, € L, (B) are minimizers of the LP-energy, and
that X, — X weakly in LP. Then X is also a minimizer and X, — X
also LP-strongly on any ball B(0,r),r < 1. In particular, any sequence of
minimizers of bounded energy has a strongly convergent subsequence.

It is a classical result that strong convergence can fail while weak conver-
gence holds, only if some energy is lost in the limit. Thus, it remains to prove
that the energy of X on B, is not lower than the limit of the energies of
the X on the same ball. The fact that any X obtained as a strong limit of
minimizers is a minimizer itself follows from the strong local convergence.

The idea of the proof is to introduce a small parameter ¢ > 0 and to con-
struct an interpolant Xj, € LY (B) that equals X; on B\ B,;. and X inside
B,, in such a way that the energy of X, in the small spherical shell B \ Brie
goes to zero as € — 0. This allows us, using the minimization property of X},
to bound from above the energy of X, on B, , by the energy of X on the same
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ball.

For the proof of the e-regularity, it is enough to be able to do the construc-
tions for vector fields in R, N LP. The interpolation construction faces again
a problem related to possibility that (the approximant of) X — X}, have some
singularities in the small shell B, .\ B,. We deal with this situation again by
choosing shells where on the boundaries X — X does not have large energy
for k large, and by applying the singularity removal operations of Proposition
from the e-regularity proof. After these elementary operations, we are
reduced to an easier situation (see Figure[5.6]), where the curves of the Smirnov
decomposition of our vector fields all move from one boundary of the shell to
the other. In this simpler case, the interpolation can be done via an auxiliary
function f satisfying a Neumann boundary value problem in the shell, and
the scaling of the classical energy bounds as the thickness of the shell vanishes
(see Lemma [5.27]), are strong enough for our purposes.

5.3.1 Interpolant construction in the regular case

The result on the existence of the interpolants that we need is the following.

Proposition 5.20. There exists a constant C' depending only on our exponent
p from above, such that the following holds. For any numbers R and € such
that R >14+¢ > 1, for any Y € Roo NLP(Bg) having zero flux through 0B
and through 0By, having no singularities lying on these two boundaries, and

satisfying
1
/ Y|dH? < =,
OB, 2

for v =1 and for r = 1+¢, there exists another vector field Y € RoNLP(Bgr),
such that

e Y=Y on By,

o Y =0 outside Bi,.,

_ _1
o [[Ylzrsiiany <Y lLeBizas) + Ce 7 ||Y]|Lran,) -

Proof of Proposition[5.20. Consider the total decomposition j of the current
Ty associated to Y. In order to prove Proposition (.20 we proceed in two
steps. In the first one (see Section [5.2.3), we apply some elementary operations
Y|B,,.\B, , obtaining a new vector field Y; such that
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o Vi :=xp, \5Y1+ (XBp — XBioom)Y still belongs to LY (Bg),

1Yillze () < 1Y lze(8r) -

divY; = 0 in the interior of By, \ By,

ty, LS = 1Y |5, 5, LS where the Borel (for the weak topology) set S
consists of the 1-currents R having boundary on 0B, U 0B;.

In the second step, we modify the currents R € S (that up to now were
untouched by our construction). We apply an elementary operation in which
we cancel (i.e. multiply by 0) the R’s with both boundaries on 9B, and we
let the others unchanged. Then we consider (identifying the current 75 with
a vector field Y3)

T =Y, ;z/ Rdpy: (R),

where S’ are the currents corresponding to Lipschitz curves with one end on
0B, and the other one on 0By . It follows Y5 <Y; and we see that Y5 is an
LP-vector field, and since py, totally decomposes Y5, there holds divYs = 0 on
Biic\ Bi. The elementary operations decrease the LP-norms of the boundary
values, thus

/ |1/2|de2§/ Y |PdH?. (5.6)
8B1 aBl

We now are in a situation where on one hand
aTQ = (V ' }/2‘331+5)H2|—831+6 - (V : }6|831>H2L831,

where v is the radial vector. On the other hand, by the zero flux condition on
Y,
8T2 L&Bl+ﬁ(1) - O - 8T2 L&Bl(l),

and by homological reasons this implies that the two boundary parts above
are themselves boundaries. So our strategy is to find another LP-vector field
Y3 whose associated current T3 has 073 = —01;L 0B, and which has good
norm estimates. The choice to which we are led is as follows:

Y5 =V,

for f solving
Af =0 on Bl—l—e \ Bl,
Oyf =g on 0By, (5.7)
au.f =0 on aBl—i—ea

for g := —Y, - v. Then we can define Y by extending Y3 + Y; — Y5 as zero
outside By, and as Y inside Bj.
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Figure 5.6: We represent schematically, to the left the decomposition of (the
current associated to) the vector field Y near Biy. \ Bi, in the center the
similar decomposition for Yy, and to the right the vector field Yo, where the
part of the decomposition that will stay unmodified (and does not contribute to
Y5 ) is dotted. The result of subtracting Ys and adding Ys to Yy can be rephrased
i a more picturesque way by saying that we are “canceling Ys and “replacing
it” by Ys. We eventually loose a bit in our estimates, since Yz “forgets about
the support” of Yo, and no easy form of a superposition principle holds for our
range of exponents p.

The boundary of the associated current Ty is equal to (97Ty )L int By, therefore
Y € Roo N LP(Bg).

The only fact left to prove in order to obtain Proposition .20} is the esti-
mate of the LP-energy of Y, for which we need the following scaling lemma:

Lemma 5.21. There exists a constant C' depending only on the exponent p
but not on €, such that the following holds. For any f € WYP(By,. \ B)
that is a weak solution of the Neumann boundary value equation (B.1), where
g € LP(0By), the following estimate holds:

_1
IV fllrrias) < Ce ?llgl|zr@ny)-

Proof. We denote by f. a solution of (57) with parameter e. We observe
that the weak formulation of the above Neumann problem states that for all
¢ € C>(Biye \ B1),

/ Vi -V¢= dgdH?.
Bi+e\B1

0B1

Therefore, for any € > 0 and for any test function ¢ on R? there holds

/ vi-Ve=[ V-V (5.8)
Bi+\B1 Bx\B1
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Now observe that the gradients form a closed subspace of LP(By. \ By, R?),

thus the following equality holds, where g = ﬁ:

(2P pp—— { [ Vh Vo V6l < 1} (59)
Bi+e\B1

Here it is enough to consider functions ¢, belonging to C°*°(By,. \ B;). For
any such test function, there exists another test function ¢ defined via the
relation

b(1+71,0) =d(1+7/e,0), ¥rel0,e,V0 €S>

The map ¢ +— ¢, is bijective between C>(B, \ B;) and C*(B; .\ B;) and
for a geometric constant C, < 2, there holds

1_
IVl LaBroas) < Coet VS| Laa\By)-

This last fact and (B.8) can be applied to the equivalent definition (B.9]), im-
mediately yielding our thesis. Indeed, we can obtain a constant C' as in the
theorem’s formulation, which depends on € and on the constant of the clas-
sical LP-regularity estimate for the Neumann problem on the domain Bs\ By,
neither of which depends on . O

We thus obtained an estimate of ||Ys||rr(5,,.\5,) Via e_%||Y2||Lp(aBl), and
this suffices because of ([B.6]). Moreover, ||Y1 —=Y5||rr5, 081 < Y ||rB1y0\B1) s
because (Y1 —Y3)|5, .8, = Y|B,, 5 - This concludes the proof of Proposition
620 O

5.3.2 Proof of Theorem [5.19

In the proof of Theorem (.19 it is enough to consider the case r = 1, and
suppose B = Bg, R > 1, since the general case follows via the scaling of the
energy.

If the X} and the X would be in R.,NLP(B), then we would apply Propo-
sition to Yy = Xj — X on the shell By, \ B.. In general we cannot rely
on this hypothesis, so we use the fact that R, N LP(B) is dense in LY (B) and
complicate a bit our constructions.

Proof of Theorem[52.19: We proceed in 3 steps.
Step 1: finding a spherical shell of small norm. X € LP(B) and the
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X}, converge weakly to it, so by weak lowersemicontinuity, up to forgetting the
first terms of the sequence X}, there holds

Xk = X[r < [IXlle + [1X ] 2r < 3[|1X]] o

We fix ¢y and we divide the interval [1,1 + ¢] in M smaller intervals I, of
length at least € = €y/2M . Then, with the notation

A[h = {SL’ € Rg : |LL" < Ih},

by pigeonhole principle we can find a subsequence of the X; and an index h

such that o o0

||Xk: - X||ZP(AIh) S M = EE—O.
From now on we forget about h, and call I := [,. Given any 6 > 0, up to
choosing another subsequence and changing I slightly, we can also assume

<.

15 = X[Loom, ) <

Step 2: approximating the interpolant. At this point, with the notation
Vi := Xy — X, we use the strong density of R N LP(B) in LY (B) to find an
approximant Yj € R N LP (B) such that the LP-distance of Y} and of Y, on
Ay, as well as the LP-distance of their boundary values, are not larger than
¢,. Similarly we can define approximants X, X .

Up to changing I slightly, we can insure that none of the Y, have any charges
on 0Aj, so that we can apply Proposition to them. We obtain Y €
R N LP(B) that is

e [P-close to Y, on By,

e zeroom B\ Byi,.

Up to passing to a subsequence there holds:

Xk — Yk — Xk c L%(B),
X, - Y, ‘ — X ,
( i k) Bite\B1 k|Bl+€O\B1

(Xk—yk)‘ —>X|Bl.
By

The X}, defined as above (which depends of the choices of subsequences, on I,
and on the parameters €j, €y, €,d), will be our choice of an interpolant between
X and X,.
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Step 3: final norm estimates. We can now patch together all our
constructions and estimates to obtain the following chain of inequalities. We

simplify the notations and write directly || - ||x instead of || - ||72p( x)-
1Xells, < [ XkllBrse, < [IXkll5,, by minimality of Xj
< || X]||p, + lim irolf VillBiyo\8 by lowersemicontinuity
€1—

< |1X||B, + C’lim_i}glf ([1Yel|a, + €1 + CeM|[Yillop,,, +€1)  using Prop. E20
€1

1)
||X\\Bl+c(i+—),
€0 €

0

IA

and since there is no obstruction to letting €, 0 be arbitrarily small, the desired
inequality

Xkl 2o sy < N1 X]|Les1),
holds and the thesis follows. !

5.4 The regularity result

5.4.1 Dimension of the singular set

Definition 5.22. For a vector field X € LP(Q2) defined on some domain €2,
we define the regular set of X, reg(X) C Q, as the set of those points in a
neighborhood of which X is C'-reqular. The set Q\ reg(X) = sing(X) is
called the singular set of X.

Proposition 5.23. If X € L} () is a minimizer of the L”-energy, then for
Ve, H3?(sing(X)N Q) =0 and sing(X) is nowhere dense in .

Proof. Without loss of generality we suppose that X is minimizing with re-
spect to perturbations supported in a neighborhood N of 2, and we prove the
result with  instead of €. From Proposition 5.3 we know that zy € reg(X)
if for some r > 0 there holds

7’2‘”_3/ | X P < €.
B(zo,r)

We can then cover sing(X) by 26-balls B#,..., B? contained in N such
that the balls BY, having the same centers and radius ¢, are disjoint. Now,
by monotonicity we obtain

60§52p_3/ IXP, k=1,...,1L
B

S
k
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and summing this on &£ we obtain

1 X%
1552 < —/ X < X1 2oy (5.10)
uB?

€0 €o

After choosing such a family of balls for all § we obtain the volume estimate
He (U Bg) — 163 < C%p — 0,

therefore by dominated convergence,

/ | X|P — 0as d — 0.
uB?

Inserting this in (5.I0) gives, by definition of H3~% and by the covering prop-
erty of our chosen balls, H*> ?!(sing(X)) = 0, as desired.

If we choose a ball B C ) and we pack it as above with families Fs of small
disjoint balls of radii 6 — 0, we see by the scaling reasoning as above that if
X has rescaled energy bounded from below by €, on all balls for all §, then X
has to have infinite energy on B, which is not the case. Therefore there is a
small ball on which the e-regularity theorem holds. In particular sing(X)
is nowhere dense. O

5.4.2 Singular set of weak limits of minimizing vector
fields

Proposition 5.24. Suppose that Xy are minimizers and X, — Xo. Then
X — Xo locally uniformly on '\ Sy, for any Q' € Q. Moreover Sy is
contained in the energy concentration set

k—oo r—0

Y= {x € Q: liminf limrzp_?’/ | X5 P > 460} ,
B(z,r)

where €y is the constant of the e-reqularity theorem[5.3, and H3~?(XNQ) = 0.

Remark 5.25. It can be proved that Sy = X, but we don’t need this charac-
terization.

Proof. We can assume up to taking a subsequence that X; — X, strongly
in LP. We prove that H2-?’(X) = 0, and that outside X the X} converge
uniformly; this is equivalent to the thesis.
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It follows, directly from its definition, that > can be covered by finitely
many balls B;, with centers in ¥ and radii r;, and such that for £ large
enough,

(27"2-)27”_3/ | Xk|P > 2¢p, for all k,i.
2B

We fix the choice of this set of balls, such that
DT < HEP(D) +e

Then, by the estimates of the e-regularity, it follows that X are uniformly
Holder on Q' \ |J B;, and therefore they have a subsequence converging uni-
formly on that set. By the reasoning of the proof of Proposition[5.23] as § — 0
the sum rf 2’ must converge to zero, and by the arbitrariness of € above it
follows that H2?P(3) = 0. O

Corollary 5.26. Let Xy be a minimizer of the LP-energy, X, — Xy and
Sy 1= sing(Xy) for 1 >0, and s > 0. Then for any Q) € Q0 there holds

H(SNQ) > Tlimsup H (S N Q).

k—00

Proof. Consider the balls By as in Proposition [5.24l except that this time they
are used to approximate HZ (S). Then for k large enough there holds

Sk C U Bi,
and therefore we can obtain
H(SNQ)+e> klim HE(SeNQ),
—00

as desired. O

5.4.3 Monotonicity and tangent maps
We consider now a sequence of blow-ups of a minimizer X around a point xg.
We call X, (z) = X (rz + o), and we observe that

X € LL(B.(x)) & X, € LY(B)

Proposition 5.27. [Monotonicity formula] If X € LY is a minimizer of the
LP -energy, then for all x € B and for almost all v < dist(x,0B) there holds

d
_< / \X|ﬁd%3)=2pr2p‘3 [ Gan
dr B.(z) OBy (x)

where X is the component of X orthogonal to 0/0r.
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Since the right hand side is positive, the left hand side has a limit L(z) for
r — 07, so we can integrate equation (5.I1) from 0 to A, getting

A3 / | X|PdH® — L =2p / r =3 X P2 X 2aHe,
B/\ B)\
As in [70], the function L(x) is actually upper semi-continuous.

The equation (B.IT]) also implies that

[ pep = B0 = [ pxp
B1 (3

is increasing in r, therefore the X, have a LP-weakly convergent subsequence
Xy, — Xo € LP, \; — 0. By a change of variables in the integrated formula
we obtain

AP / | X|PdH® — L =2p / 20731 X, P2 X ) 2d P,
B)\ By

therefore
m [ 273X, P2 X Pan® = 0, (5.12)
By

A—0t

Since p' = 27 and X, € L”, we obtain that | Xo|P72X, € L”'; the weight r?P—3
actually worsens the convergence above since it’s bounded away from zero, so

we obtain that X(|]| = (0. This proves more in general the following:

Proposition 5.28. For any minimizer X, for any x € int(B) and for any
sequence of rescalings X, », around x, with \; — 0, the weak accumulation
points X, o are radially directed.

5.4.4 Stationarity and dimension reduction for the sin-
gular set

From now on we call s any exponent (smaller than 3 — 2p, as seen above) for
which H*(S N Q') > 0, where S = sing(X) for a minimizer X . Except for x
in a set S’ such that H*(S") = 0, there holds

liminf A™*H*(S N Byj2) > 0, (5.13)

A—0

where the balls B, ), are all centered at xp. As in the previous section, for
a subsequence \; — 0 our blow-ups converge to a radial tangent map X
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weakly in L”, and since they are all minimizers, by Theorem [(B.19] they con-
verge strongly, up to taking another subsequence, and also X, is a minimizer.

The singular set S; of X, is the blowup of S, and
ASHI(S N By, j2) = H(S; N Byyo)
and from (5.I3) we follow that
H*(So N Byja) >0, (5.14)

where Sj is the singular set of Xj.

Using the radial direction of X, and the stationarity (Prop. [5.15]) we obtain
the following fact.

Lemma 5.29. For any minimizer X , any tangent map X satisfies

| Xol () =[] *| Xol(z/]2])-

Proof. We use the equation (B.I5]) with respect to a local frame e, eq, e3 such
that the vector e is the radial one and w associated to X has just the com-
ponent parallel to de' A de? different from zero (as was proved in Proposition
£.28), and we consider a perturbation field that can be expressed in polar
coordinates (p,0) as

Vip,0) = f(p)o(0)p.
We then get from (B.15) that

0= / w(p. 9)%f(p)p2dp 6(6)d6 — / wlP(p, e%ap(pzf(p»fdp 6(6)db,

By the arbitrariness of ¢(6) this translates into the following equation holding
for almost all 6

/ WP(p,6) [2(0 — Dof(p) — P2F (0)] dp = 0.

This can also be written in terms of F(p) = p=% f(p)] as

/ (0, 0) 7 F (p)dp = 0

and since this holds for all F' with support contained in |0, 0o[, it must be
that
|wl|(p, 8)p? is independent of p,

as desired. O
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Along the same lines as the above proof (we just have to redefine the the
orthonormal frames properly), we obtain the following result without difficulty:

Lemma 5.30. If X is parallel to one coordinate direction es and if the sta-
tionarity equation holds, then X1 is almost everywhere independent of the co-
ordinate x3. In particular the thesis is satisfied if X1 minimizes the energy.

Remark 5.31. We note that in Sections[5.4.5 and[5.].4) until this point just
the monotonicity and stationarity formulas were used, without the intervention
of any comparison argument. Thus the results proved so far in this subsection
are valid not only when X 1s a minimizer, but also when X 1s just stationary,
i.e. the 2-form F associated to it satisfies

d *
/|@FP=&
t=0 J B3

dt

for all families of diffeomorphisms ¢, : B3> — B? that are differentiably depen-
dent on t € [—1,1], equal to the identity in a neighborhood of OB*, and such
that ¢g = idps. This requirement is indeed enough to prove stationarity and
monotonicity. On the contrary, the dimension reduction technique that we are
about to prove uses the strong convergence result which in turn depends on a
comparison argument, thus the following proofs hold only for minimizers X .
An intriguing open question is whether or not the uniqueness of tangent maps
holds in our case.

We are now ready to apply the dimension reduction technique of Federer
to our minimizing vector field X. We start with a radial tangent map X,
obtained by blow-up at a point zy at which Sy has positive density with
respect to H* for some s < 3 — 2p as above, as in (5.14).
As we saw in Section .43l X, is a strong limit of a blowup sequence relative
to some \; — 07. We also know that the singular set Sy of X, has zero
H3~% -measure and is nowhere dense. It follows from Lemma [5.29, that | X
must be (—2)-homogeneous, and divXy = 0 locally outside Sy. Therefore X
is itself (—2)-homogencous outside Sy, and Sy is radially invariant, i.e.

)\S(] C S(], YA > 0.

Now we prove that Sy = {0}. Indeed, were this not the case, we could find a
point w1 € So N Bys. In this case we could blow up again X, with center x,,
obtaining a tangent map X;. By strong convergence we obtain that X; would
have to be both directed radially and directed along one fixed direction: this
would imply that X; = 0, contradicting the fact that x; € 5.

The following proposition summarizes the above discussion.
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Proposition 5.32. For a minimizing vector field X , the singular set of any
tangent map sing(Xo) is either empty or contains just the origin.

After Proposition [5.32 we deduce our main result easily.

Theorem 5.33. A minimizer X must have finitely many isolated singularities
in any open ' € Q.

Proof. If X had an accumulating sequence of singular points sing(X) 3 z; —
x € ', then we can select a small r > 0 such that B(xz,r) C €. Then we can

consider the distances
o — o

4 )

and we observe that for the blowups S; of ratio \; and center z, there holds
H(S; N Byj2) > 2. This contradicts Proposition 532 (where H%(Sp) < 1) and
the semicontinuity proved in Corollary [£.206 !

Ai

5.5 Stationarity and monotonicity

5.5.1 Stationarity formula

We consider a smooth diffeomorphism ; :=id +tV', where V is a compactly
supported vector field and ¢ is small enough. We compute the stationarity
= 0.

formula arising from
! / |orwl?
dt t=0

We recall the formula of the norm of the pullback of w via ;, with respect to
an orthonormal frame field eq, eq, e3:

P = D [wew(dpies, dere)|”

ij=1

|[(prw)e

- Z }M‘Pt(x)(ei +tdV -eje;+1dV - ej)‘2.

i,j=1

To deal better with the above t-derivative, we change variable (we let y :=
©; *(x)), so that the point at which we calculate the norm of w does not depend
on t:

n p/2
Yiw|Pdr = wyle; +tdV -e;,e; +tdV -e;)|? det(id + tdV) ™| dy
t ) J J

ij=1



136Chapter 5. Interior regularity for abelian curvatures in 3 dimensions

Now we take the derivative of the integrand in t = 0, obtaining by easy
computations (see for example [103]):

3
p/ |wl|P~2 Z w(e;, e;)w(Ve, V. e;) — / |w|PdivV = 0. (5.15)

ij=1

The above formula is justified for minimization problems in L”, because we
are sure that the manipulations done extend to that setting. What ensures
that doing the pullback preserves the property of being in L as well, is the
following;:

Proposition 5.34. Consider a regular foliation
{Z3: Ae[-ed},

i.e. a parameterized set of 2-surfaces in R® such that if NX = UyY3, then
the following (has sense and) holds:

X v dH? ~ / X v dH? d),

N.Z —eJ¥2

where V2 1S the normal vector of 3.

The following property is equivalent to the fact that X € L, :
For almost all X\ € [—e¢, €] the following holds:

X -vdH? e Z. (5.16)

2
2)\

Proof. This follows since R N L is dense in L} in the LP-norm. Suppose
indeed that there exists a closed C?-surface ¥ such that for a set of A € [—¢, €]
of measure § > 0 there holds

X -vdH? €la+c,a+1—c[, for some a € Z.
=3

In particular, whenever X; X , Xi € R then
/ | X; — X[PdH? > C/ / | X; — X[PdH? d)
e —eJ 2

C/ 1S3 P

> Coc?,

p

dA

v

/ X; - vdH? — X - vdH?
=3 =3

contradicting the convergence in LP-norm stated above. O
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Since for ¢ < || X||w/2, it follows that ¢; is a diffeomorphism and the
integral of w on a sphere S is by definition the same as the integral of ¢;w
on ¢, '(S), we see by the above proposition that w € F7(Q) implies that also
the perturbations ¢;w belong to the same space for ¢ small.

5.5.2 Monotonicity formula

In this section we prove a refinement of the stationarity formula. Since the
proof is independent if the dimension n of our domain, we give a formulation
in any dimension (the definition of F7(€2) now requiring the degree to be an
integer on any 2-dimensional sphere). For our applications we will just use
the case n = 3.

Proposition 5.35 (Monotonicity formula). If w € F} is stationary, then for
all x and almost all r €]0, R] with the constraint Br(x) C ) there holds

d
dr . OB,

where 0, = L

95 1s the radial derivative.

Proof. We use a strategy similar to [70]. If F': Bgr — Bp is a weakly differen-
tiable bijective Lipschitz function, and if w € F}, then also F*w € FJ, so it is a

competitor in our minimization. Therefore the stationarity 4 [ By [Frwl?

0, holds provided that Fy = idp, and that the family F; is differentiable in
t. Such properties will be clear from our choices of the map F'. (5I7) follows
from this.

Definition of F
Fix 0 < r < s < R such that 0 < t < s/r. Then we define a function
F =F,s;: Bgp — Bg by F(x) :=n(|z|)x, such that

p = || = |F ()]

is continuous and affine on each of the intervals [0,r], [r, s, [s, R]. We define

n(p) = { i gz § [Ts,r] (5.18)

and 7|}, ¢ is defined accordingly:

s—tr 1lrs(t—1)

77|[7‘75}(p) = s—7r _'_ p s —1r :
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Expression of |F*w|?
We do our computation in coordinates. We choose a basis {eg,e1,...,€,_1}
with respect to which to write the matrix dF),, where ¢y = J, and the other
vectors form an orthogonal basis together with it. Then

OF

BT = nex, + pn’doxeo. (5.19)
Then
* 2
(Frw)al* = Y [wrw(dFeei, dPue;)]

.J
= <aF OF ) 2

— Z W o
ij=0 €X; Z’j

= > |wmenne)” +2> lw((n+ pn)eo, ne:)
i,j>0 >0

= 7 Z wizj + 207 (n + pn')?10,aw|?.

i,j>0

The derivative in ¢
We now start the computations for the monotonicity formula.

/ \F*wl? = I+ 1T + 111 (5.20)
Br
where, after a change of variables y = F'~1(z),
Ioo= [ |pwp = / wlPdy,
B’,« Br't
. = / |l
B\B:
III: = / |F*w|p:/ lw|” dy
Br\Bs BRr\Bs

We desire now to change variable also in I1 and to take %‘ ., of the terms
above. The easy terms give:

I = %‘t:l (1) = (2p—n)/ |w\pdy+7’/ |w|Pdo
B, OBy

1= 4| _ (III) = 0

Ingredients for the computations
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e We observe that

s—tr

n(p) + i1 (p) = ——

which has t-derivative —. It is useful to keep in mind that n =1 for
t = 1; this will be used without mention in the calculations.

o If y=F(x) and o := |y|, then we can write the expression of 7 in terms
of o:
s —tr
o=pn(p)=(p—r) +tr
s—r
S0
£o) = (s = 1) T
= f(o) =(s—r r
P s —1r
and
1
s—1tr o—tr rs(t—1)
O e [ R -
whence
d r rs
En(f(a)) — Cs—vr * o(s—r)

e From (5.19) it follows that for p:= |z| € [r, 5],

J(dFY) = [n(p)"  (n(p) + o1 (p)] .

SO

- L
I (dF™)

I
—~
—_
I
S
~—

N d (s—r)
e At \s—tr /|,

B (1_n){_ P, ]+Sr

t=1

The computation of the t-derivative

Tk 2 __ 2 :
We call [i*w,|* =}, . w;; and we obtain

p/2

¢ 2
17— / Ii*wyl2n4+2(8 ) oy )2 TPy
BS\BTt S§—T
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and
d
Ir = —II
at |,
(derivative of the domain) = —r / |wy |Pdo
OB,

(der. of the Jacobian) b / [(n —1) (1 - i) |y [P + |Wy|p] dy
S =T JB\B, |y

(der. of the main term) b { ar / |w|P~2 {(i - 1) - |(‘9p4w|2} dy} :
2 | s—r B:\B- Y|

We now take the limit s | » and we are interested in seeing what the
equation I'+ II' + I1I' = 0 becomes. The answer is

limII' = —r/ |w|Pdo
sir OB,

+0+ 7‘/ lw|Pdy
B,
+0 — 2pr/ |w[P~2|8,aw|*dy
OB,

= —2p7’/ |w[P~2|0, 1wl|?dy,
2B,

and

lim " = (2p—n)/ |w\pdy+r/ |w|Pdy
sbr B, 8B,

Summing up and using the fact that w is a minimizer of the energy, we get
=) [ foPdy+r [ fulrdy=2pr [ o0,y
B, dB, OB,

Multiplying both the r.h.s. and the L.h.s of the above equation by r?="~! we
get the desired formula

d
< ( / |w|pdy) =2p 2 [ folr gyl
dr . OB,

In terms of vector fields, we can state the following:

Proposition 5.36 (Monotonicity formula, alternative formulation). If X €
LY minimizes the energy, then for almost all v € [0, R] there holds
d

S :2pr2p—”/ IX|P73X — (X, vp )vp, [PdH? (5.21)
dr B, OB,



Chapter 6

Coulomb gauges and point
removability in 4 dimensions

In this chapter we prove an improved point removability ersult based on [107].
This chapter was obtained in collaboration with my advisor Tristan Riviere

and is part of [PR3].

6.1 Uhlenbeck Coulomb gauge

In [I31] Uhlenbeck proved the following result:

Theorem 6.1 ([I3I], Thm. 4.6). Let V be a Yang-Mills connection in a
bundle P over B*\ {0}. If the L* norm of the curvature F of V is finite,
then there exists a gauge in which the bundle P extends to a smooth bundle P

over B* and the connection ¥ extends to a smooth Yang Mills connection V
in B*.

We recall that for a connection which in local coordinates is written V =
d + A, being Yang-Mills means that the curvature F' = F4 satisfies in the
weak sense

&'\ Fy = 0. (6.1)

The regularity theory of Uhlenbeck allows to prove that W12 Yang-Mills
connections d + A on trivial bundles are smooth up to a gauge change in the
balls B,(x) such that [ B, () |F|> < ¢ for a constant €y independent of A, F'.

This uses the regularity theory for the nonlinear (in A) equation (6.1I), which
when F' does not have much energy and A is in Coulomb gauge can be seen

141
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as an elliptic system.

Therefore the main step in the proof of Theorem is the proof that we
can find a global gauge extending over a neighborhood of the origin, in which
the connection is W'? so that the elliptic regularity can be applied. In Uh-
lenbeck [I3I] the elliptic regularity is used however on B\ {0} in order to
provide the needed estimates on concentric annuli. We will describe here how
to proceed without this regularity.

Using a result from [I07] we obtain that the analogue of Theorem [6.1]holds
without the assumption that (G.I) holds. It appears that this result is not
present in the literature, although it is hinted at in [12]. We will prove the
following

Theorem 6.2 (|I31] with no Yang-Mills assumption). Let V be a W2 con-
nection in a bundle P over B*\ {0}. If the L? norm of the curvature F of V
1s finite, then there exists a gauge in which the bundle P extends to a smooth
bundle P over B* and the connection V extends to a W2 connection V in

B*.

Theorem allows to prove weak compactness for sequences of W12-
connections with curvatures bounded in L%, again removing the assumption
that the limit is Yang-Mills present in [I17], [47]. The strategy in the paper
[T17] was to comsider minimizing sequences A, € A'? for the Yang-Mills
functional and prove that their connections converge locally weakly in W12
while the curvatures converge locally weakly in L?, outside a finite set of “bad
points” where the curvature densities concentrate. This allowed to obtain that
the limit (which corresponds to a Yang-Mills minimizer) is Yang-Mills outside
those points. The point removability theorem which worked under the
Yang-Mills assumptions then provided a way for continuing the limit bundle
and connection over each bad point. By observing that this last point is the
only one where the assumption of having a minimizing sequence was used in
[117] we can use our improved Theorem to immediately obtain:

Theorem 6.3 ([I17] for non-minimizing sequences). Assume that A,, € AY?(M)
on a smooth bundle over a smooth compact 4-manifold M. If ||Fa, |z < C
for all n then up to extracting a subsequence we have that A, converge locally
weakly in W2 to a connection Ay, € AM?(M) over a possibly different bundle.
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6.2 Coulomb gauges and Lorentz-improved reg-

ularity

We recall that the connection form A and the curvature form F' are related in
local coordinates by the distributional equation F' = dA + A A A. Recall that
by Hodge theory the differential DA is controlled via dA and d*A. It is then
heuristically clear that if we desire a control on DA via the curvature we must
therefore have some restrictions on d*A. This was indeed done by Uhlenbeck
in [I32], where the most difficult part of the result is as follows:

Theorem 6.4 ([132], Thm. 1.3). There exists a constant ey as follows. As-
sume that d+ A is the local expression of a connection in an open set §2 such
that A € W/zif and the curvature F := Fa satisfies

/Q|F\2 < e (6.2)

Then there exists a gauge g € VV;f(Q) such that the transformed connection
form

Ay =g 'dg+ g 'Ag

satisfies
dA; =0 on Q

and is controlled by the curvature:

/Q|DAg|2+ (/Q|Ag|4) < C’/Q|F|2. (6.3)

This celebrated result allows us to find controlled gauges in concentric
dyadic annuli around the origin. To patch together the gauges of two overlap-
ping annuli we use the following result following the techniques of [I07] Thm.
IV.1.

Theorem 6.5. , Suppose that A and B = g~ 'dg + g 'Ag are gauge-related
connections on a 4-dimensional domain ) such that

d"A=d"'B=0.

If A,B € WY2 then the gauge change g is W22 N C°. Moreover for some
g € G we have the bound

lg = gllznwaz < N[Al2 + 1By (6.4)
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Proof. From

dg =gB — Ag

because multiplication is continuous from W12 x (W12NL>) to W2 it follows
that dg € W2 — L*? and

ldgllran < [[Allwre + [[Bllw.

from the above equation and using d*A = d*B = 0 and identifying 1-forms
with vector fields we obtain

Ag=d'dg=dg-A—B-dg,

where both terms are products of elements of L(*?) therefore belong to L.

We have
1Ag]l Lo S ldgllpas (Al e + 1Bllras) S NANG s + 11Bll7 ae-

By the continuous embeddings W@ — WHL&ED < [ valid in 4 dimen-
sions, we obtain

g — glleermw22 S HAHiu,z) + ||BH%<4,2) = (%),

where § is the average of g done in the space RY where the group G is
isometrically embedded. Since g € G a.e., we also have

distey (9, G) < (%)
therefore there exists g € G such that
lg = gl < () S N A2 + [ Bl

as desired. Note that W2 curvatures in 4-dimensions can be approximated
by smooth curvatures in W1?-norm (see Lemmal[l.I2). By applying the above
result on balls B,(z) with p — 0 for a.e. x, we obtain that g € C° too. [

Notation: from now on we denote by Sy, the spherical shell By-ar \ By-2r-3

Lemma 6.6. There exists 6 > 0 such that if fSk |F|> < § then there exists a
global gauge g on Sy in which the connection corresponding to F' is represented
by a WY2-form A, which satisfies

d"Apy =0, ||DAl[z2(s) + [[Akllzacs) < NF || z2(s)- (6.5)
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Proof. Without loss of generality let k& = 0, because the norms of F'; A and
DA appearing in (65) have the same scaling. We cover Sy by two charts
U,,U_ which are tubular neighborhoods of opposite half-shells. In UL the
connection has the local expression Ai. Since the bundle is trivial over U
we can apply Theorem and up to a change of gauge A satisfies (6.1).

On U, NU_ there exists g such that A, = g 'dg+ ¢ *A_g. By Theorem
we have that g € C° and for some g € G there holds

lg = gl < 0% (6.6)

in particular it is not possible for g to realize a nontrivial homotopy class
(U NU_,G], provided §* < Cg for some Cg depending on the topology of
G. Therefore it is possible to extend ¢ in a Lipschitz way over U_ and we
find a global trivialization over the whole of Sy. Applying Theorem again
we find Ay as in (E©3). O

6.3 Proof of Theorem

Proof. The bundle is non-smooth just at the origin, therefore we may work
replacing B;(0) by a ball B,(0) with p > 0 on which pr |F|* < §. In other

words we don’t loose any generality if we assume [ 5 1F | < 6. We fix § later,
but it will be smaller than the constant ¢ of Lemma [6.6] and than the constant
€o of theorem [6.4]

We apply Lemma and we start with the connections Ay defined on Sy
and satisfying (6.5). On each Sy + 1N Sy there is a gauge change g such that

A1 = g3 ' dar + g5 " Argr.- (6.7)
By Theorem there exist g, € G such that
lgk = Grllzoonmw2e S 1A + Ak [ 2 (6.8)

Now we propagate the gauge along the increasing Si’s. In order to cancel the
contributions of the approximating constant gauges g, we define for example
Ay = 50150 = 35 (A1) = G5 ' 0 go(Ap). This means that A; differs from Ay
on S1 NSy just by a small gauge. Similarly define

k—1
Ak = }_Lk(Ak), Bk = ng_l
=0
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We use the A;’s as a referenge to define a global gauge. Define g on Si 1 NSk
to be such that A1 = gr(A), i.e.

The g, ’s are better than the g;’s because they don’t contain the gauge jumps
G- From (68) and (G.3), by multiplying by constants, i.e. by isometries of G,
we have

||§k - id’|L°°ﬂW2’2(SkﬂSk+1) = ||gk - gk||LwﬂW2'2(SkﬂSk+1) (61())

< [ 1rp+ / FP.
Sk Sk+1

Next extend g radially on S := By-at—s\ By-2—4 and on Sy := By-2k1\ By-2 .
Call this extension g,. Note that

Z/S |F|? < 6. (6.11)

k>1

Because of (€.11), (6.I1)) and because the radial extension is tame enough there
holds:

’ng - Z'd||Loomww(s,;uS,j) < 0.

Let 0 be small enough so that g = exp,u(¢r), HSOkHL‘X’ﬂWQ’?(S;US,jUSk) ~ g —
?'d I LoenW22(S; US US)) This is possible because exp;;' is well-behaved near the
identity.

We create a family of cutoff functions similar to the one used in Littlewood-
Paley decompositions. Consider a function 7n(r) which is smooth, decreasing,

equal to 0 for » > 2 and to 1 for » < 1. We can assume || < 2. Then define
() = n(2%%|2|) — n(2%*+4|z|) and consider @, := Yrpr. We have

[Pkl < ||90k||L°°(Sk)a
ID*@kllzz S 1D*kllizer) + lldell calldprll zase) + 1Dkl 2 |kl oo s)
S ||90k||L°°ﬂW2’2(Sk)-
By extending g via exp@, we obtain a continuous extension of g, on S U

S, U S/ which still satisfies the same estimates as g. Use the notation gy.
We then define on B*\ {0}
A= ] o
i=0

Since g is nonidentity on at most 5 dyadic rings, this product has locally
finitely many factors different than the identity therefore it is well-defined. We
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also have that since W22 N L™ is an algebra

1A= idl|erwz2s, oy S D ak — idl L2 o))

E>E

S Z gk — idHLoomWw(skus;uS,j)
E>E

S Y Gk — ddl| perwzas,)

E>E

< Z/Skm?.

E>k

In particular we see that A\ — id at zero, therefore the bundle extends, as
desired. We must now prove that in this gauge the connection form A is
W12, Recall that if the gauges would be chosen all equal to §. then the
connection would become A;, on S, and this is just a constant conjugation of
the original Ay as in (6.5). Since the cutoff parts g, on Sy US; are controlled
in W22 L> still by the right hand side of (6.9) we obtain using (G.I1]) and
the fact that g have similar estimates as g, that

1A <
S

S

S

> (1A + 136D a5y + 196 (AR D125
k>0

. <||Ak||3v1»2(sk> + 19kll5y22s) + ”ng%W(Sz?))
k>0

Z ||Ak||l2/V1)2(Sk) + Z ||Ak||{4/V1’2(Sk)

k>0 k>0

5+ 6%

In the last passage we used (G.I1]) and the inequality between ¢? and ¢*. This
concludes the proof of Theorem O






Chapter 7

Approximation of nonabelian
connections in 5 dimensions

In this chapter we prove the fact that L? weak curvature forms I correspond-
ing to connection classes [A] € Ag(B®) can be strongly approximated up to
gauge by curvatures which are locally smooth on bundles with finitely many
defects, i.e. correspond to elements of R N Ag(B°). This Chapter is based
on a joint work with my advisor Tristan Riviere [PR3].

7.1 Introduction

For us GG will be a nonabelian compact Lie group. By representation theory
we may assume that G is a subgroup of SO(n) for n large enough and in
particular G is embedded in RY for N = n x n in such a way that the group
operations stay continuous. Note that by compactness, any measurable map
into G will automatically be L.

Recall the classical definition of Sobolev connections in 4-dimensions:

Definition 7.1. Let (M,h) be a 4-dimensional compact Riemannian mani-
fold. Fixz an atlas (Uy;, ¢;) on M. A WY2 connection 1-form A is a collection
of local expressions A; € WH(U;, T*M ® g) and measurable gauge changes
gi; : UiNU; = G such that for all i,5 on U; NU; there holds

Ai = g dgi; + 9;;' Ajgi;.
We require that g;; satisfy the cocycle condition
9ij9ik = Yik

149
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whenever the three terms in expression are all defined. We say that a 2-form
F e L*(M,N*TM ® g) is the curvature of such A if on U; there exists a
measurable gauge change v; : U; — G such that

We denote by AY2(M) the class of W2 -connection forms A as above.

Note that the choice of an atlas is immaterial. Moreover note that once
we have a definition on Euclidean space, extending it to a manifold does not
present big difficulties. For simplicity we reduce to this case for the case of
5-dimensions.

Definition 7.2. We define the space of weak connection classes on singular
Sobolev bundles on R® as follows:

A€ L2(R5, A'R® ® g) such that loc. dA+ ANAZ F
Ac(R®) := <" for some I € LAR>, AR ®g) :

and Vp € R®, for a.e. v >0, Aloc, ) € AY*(9C,(p)).

Here C,(p) is the cube of side-length 2r and center p with sides parallel to the
coordinate axes.

Remark 7.3. In the above definition we use boundaries of cubes, which seems
a rather unnatural choice, firing a dependence on chosen coordinates. A con-
sequence of our density result will be the fact that we can use balls or general
boundaries instead of cubes, obtaining the same space in the end. The fact that
cubes tile space makes them more suitable for our proofs. See [PR3J] for the
proof of the density result in the case of balls.

We will use the following class to approximate connections in Ag:
[A] : 3xy,..., 2y such that
A € [A] for some A € AR\ {1,...,zn5} ’

where A*(X) is the class of smooth connection forms of G-bundles over X
and F4 is the curvature form of the connection corresponding to A.

Reo(R?) := Ac(R®) N {

Our approximation result is formulated on a bounded domain (the unit
ball) for simplicity:

Theorem 7.4. curvatures of elements of Roo(B®) can be approziumated by
curvatures of elements of Ag(B®) with respect to the following pseudometric:

dist?(F, F') := inf {/ g ' Fg—F'|*: g€ M(R®, G)} : (7.1)

where M indicates the space of measurable functions.



7.2. Choice of grids 151
7.2 Choice of grids

Let F be an L? weak curvature expressed in a gauge such that A is in L? .
Fix 6 > 0 and € > 0. The first crucial step is a choice of a suitable sequence
of grids.

Definition 7.5. Fiz a scale € > 0 and a point a. € [0,€[>. We then define
Cea. ={Cl, 1 1€Z°,C}, NB#},  Cl, =ac+ei+][0ef

and
8057(16 = (@iez580i ) N B.

€,

The set of indices 1 can be re-indexed by a finite set of indices which we will
denote by I., . We often write C.,C,i € I omitting the index a. when this
does not generate confusion.

The main result is the possibility of choosing translations a. as above for
which a good control on the boundary of our grids is available. The proof of
the next result follows the strategy of [83] 4.2].

Proposition 7.6. Let F be an L* weak curvature expressed in a gauge such
that A isin L? . It is possible to find a. € [0, 6[5 such that the grids Ce := Ceq,
satisfy, for a constant C' depending only on the dimension,

‘ / rr<c | |Fp, (F)
0C. B5

o 1ap<c e (4))
0C, BS

With the notation F := Y il Xcg‘eis fCi F we can also achieve at the same time
6/ |F — F* = oe). (Fy)
oC.

Proof. We will give a proof for F' but we use only the fact that F is an L?
function and the choice of a. will result from the use of Chebychev’s inequality.
Since this will give a quantitative estimate, we can pay the price of doubling
the constants in our inequalities in order to obtain them contemporarily for A
and F'.

Call 805(%) the union of those sides of the cubes C!, i € I.o which are

€,

parallel to the hyperplane {z* = 0}. Let , be the unit vector orthogonal to
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that hyperplane. Then the translates of 006%) by the displacements vectors
belonging the segment [0, ;| are covering exactly all the cubes with which we
started, and in particular they cover B. We may then use this information to

obtain .
L//m WP=/|H%
0 Joac) +u, BS

thus the measure of the “bad” s € [0, 1] such that the following inequality is

false
of . rr<c | e
806%)-1—8% B5

must be smaller than C'~!, by Chebychev’s inequality. We then note that if
we require the above inequality to be true for all 5 coordinates k, and also
with A in the place of F', we obtain an exceptional set 10 times larger, at
most. For a. having all coordinates proportional to (a good) s ([F}]) and (A44)
are thus true.

Fix now a smooth approximant G' to F as a function in L*(B, A’R*® g),

and assume that
/NG—FPgé
]BS

for a small constant 6 > 0 to be fixed later. We can apply the above argument
again to G — F' and obtain also

e/j |G—FP§C/|G—FP§5
BCE(%) +SEk B5

up to aset of s € [0, 1] of measure at most C~!. This is true contemporarily for
all k up to a set of measure at most 5C~*. We also note that doing the averages
G, F* with respect to the grids translated of a. (having all coordinates equal
to s in the non-exceptional set above) we obtain by Jensen’s inequality

e/ |§E—FE|2:/ |G° — F°? g/ |G — F|> <.
0Ce a, uci .. UGk

€,a¢

We then estimate

e/ F-FP < Ce/ (F—GP+|G-C]+[C -FP
BCe,aé ace,ae

< 2C’5+C’e/ G -G
0C¢,ac

The last term can be estimated in terms of the C*-norm of G for example. We
see thus that for given § we may find €, a, such that € [, , . |F—F?<C6



7.3. Bad cubes and good cubes 153

where C' depends just on how many times we used Chebychev’s inequality.
This reasoning thus allows to satisfy also (F3)), thereby finishing the proof. [

From now on we will restrict to grids translated by vectors a. as in Propo-
sition [7.6] and we will forget the subscript indicating the choice of a.. We fixed
the above properties in a definition:

Definition 7.7. Consider a e-grid C. with notations as above. Let

e A be an L?-connection form on OC, such that the distributional curva-
ture Fy =dA+ANA is L? on 0C,,

o F be an L?-form on B® with values in g which is constant on each one
of the cubes C.

We call the grid C, good with respect to A, Fa, F' if the relation (FY) holds.

7.3 Bad cubes and good cubes

We now prove that on “good cubes” forming a full measure subset in the limit
e — 0 we have good estimates which will allow the approximation by true
curvatures. The remaining cubes will be called “bad cubes”.

Definition 7.8. Fiz a constant 6 > 0 and a size € grid C.. Let A, F,F be
as in_Definition [Z7. We call a cube C? of the grid §-good with respect to
A, F, F,C. if the following estimates hold:

/a PSS, (91)

1
A <4, (92)

e aCi
1
e aC:
If C! is not good we call it §-bad. We denote G the set of good cubes and B
the set of bad cubes.

|1 = F[* < ofe). (93)

Proposition 7.9. Fiz F, A, F.§ > 0 as in Definition[Z.8 and a grid C. which
is good with respect to them according to Definition [Z71. Then the number of
0-bad cubes with respect to A, F, F,C, can then be estimated as follows

P13, JAR: | 1

< —.
#B < d€ ded €




154Chapter 7. Approximation of nonabelian connections in 5 dimensions

In particular the total volume of the bad cubes tends to zero at least as o.(€?)
as € — 0.

Proof. The second statement follows from the first because the volume of each
bad cube is €°. To prove the estimate on #B we separately estimate the sets
B; of cubes for which (gi) fails in Definition [[.8

Using Proposition [Z.6] we then obtain

1
B < Y [ et [ ee,
ocC B5

ceBy
1
SEHBy < Z/ |A|2§—/ A%,
C'eBy oC € Jps
-2 05(1)
o(#Bs < > | |[F-FP<—=
CeBs Y 9C €

Since B = U}_;B; we obtain

IF I, JAI: | 1

de oed €

#B < #B1 + #B2 + #Bs + #B4 <

as desired. O

7.4 Extension on a good cube

In this section we prove the extension which will help to define our approx-
imating connections on the good cubes. Note that what we will use is just
the result of Proposition and the properties of good cubes enunciated in
Definition We will use later the fact that the whole proof does not depend
on A, F' directly.

Proposition 7.10. Let € > 0 be fived and let C be a grid of mesh-size €.
Assume A, Fa, F' are as in Definition[Z71 and C. is good with respect to them.

There exists a constant C'> 0 depending only on the dimension such that
if & < C then it is possible to find a connection form A over the union of
§-good cubes U;egC? such that

° igcifl = Alpci forieg,
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o for i € G there exists a measurable g : C* — G such that
A=g'dg+ g Ag

1s a smooth connection form and

/ |F; — F? <O+ o(1)).
Uiegcei

Proof. The scalings in Definition [.§ are motivated by the fact that they define
quantities which are scaling-invariant. By deforming F, A on a good cube by a
pullback via the affine map a : C* — [0, 1]° and after a bilipschitz deformation
b:[0,1]° — B®, we may work on B® S* instead of C?,0C", and assume that
the following estimates hold:

/ |F|? <6, / A2 <
S4 S4

Let g be the change of gauge (given by Uhlenbeck’s Theorem [6.4], cfr. [132])
such that

{ §4Ag = d§4(g_1dg _l_ g_lAg) - O . (72>
| Agllwrzgey < C|F||p2s1

The Coulomb gauge of Uhlenbeck is given up to the action of a constant
element of G. Poincaré inequality gives

g — Fllr2sty < Clldgll ety < C [I|Agllresey + [ Allp2sn] < C 62 . (7.3)

where g = [S*|7! [., g. Hence using the mean value formula there exists = € S$*
such that
lg(x) —g| < C 5

Changing g by gy g for a constant rotation gy we obtain
g —id| < C &Y% . (7.4)

We have using (73)) and (7)) and the fact that F' is constant
[ Vo7 Fg 5, dvotes <4 [FP [ g id? < € 6 [Pl
Since Fy, = g ' F g, using the previous identity we obtain

/ |FA9 — i§4f‘2 dvolss < C' 9 ||F||2L2(IB%5) -l—C/ |F —i§4F|2 dvolss . (7.5)
S St
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Using now the last line of (.2)) we obtain
/84 |F — dA,J? dvolgs < /S Ay dvolss < C |[Fllbage, . (76)

Combining (3] and (Z.6) we obtain
Jou |dAy — % F|? dvolsa < C' 6 HFH%Q(WPL
- (7)

For any 1-form 7 in WH2(S*, T*S* ® g) we denote by 7 the unique solution of
the following minimization problem

inf {/ |dC|? + |d*= C* dz® C € WH(B*, T"B* ®¢) isC =n
B5

By a classical argument, it is uniquely given by e
A= =0 in B°
d*= (di) =0 in B°
i =1 on OB®
and one has
17l zs@sy < C NI Villwsrze@sy < C Inllwiessy - (7.9)
Let
B ZF_ZJ x; dx; ;:Ej dz; (7.10)

i<j
Observe that
d'=B =0 in B®
d*=(dB) =0 in B° .
Thus B is the solution to (Z.8) for its restriction to the boundary : %, B
it.B=D.
Observe that < B,dr >=0 and d*#» B = 0 therefore

d*st (iaaB) =0 on S*.
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Since d*s*A, = 0 as well, we have using (7)) that
||Ag - i§4B||%/Vl’2(S4) S C fS4 |d(Ag - Z§4B)|2 dv0l§4
= fau |[dAg — 5 F? dvolgs < C' 8 |[F||72 s+ (7.11)
‘l‘C fS4 |F — ’é§4F|2 d’UOlgéx + C ||F||12(S4)
Combining now (Z.9) and (Z.I1) we obtain
[dAy = Fll32s) < C Jau |d(Ag — it B)|* dvolss
Using ([.9) again, we obtain
1Agllzams) < 1 Agllwragyy < C[1F s (7.13)
Combining (712) and (TI3]) we obtain
[dAy + Ay A Ay = FI3, @) < C 0 P17+
(7.14)

+C [ |F — i5.F)? dvolsa + C ||F||L2 51)

Extend now ¢ radially in B® and denote by § this extension. We have using

[3) and (Z4)
Jos 157 Fg = PP < A[F]? [ 1g — id]* da®

Combining (Z.I4) and (m) gives

[dAy + Ag A Ay — §7 G20 55) < C 6 | F 325+

+C [ |F — 5 F)? dvolss + C 11| 2251y

Denote A := gﬁgg—l +gd g—'. Observe that with this notation one has

Fi=gFa, 97"

(7.15)

This one form A extends A in B®, there is a gauge in which it is smooth and

we have

||dA+A/\A FHL2(B5 < Co ||F’||L2 ]B5
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Going back to the € scale by pull backing all forms to the good cube C!
using the dilation map =+ e 'z , denoting A, = ¢! Z?Zl Aj(etz) duy,

JoildAc+ A NA —FPda® < C6 [, |F? da’+

+Ce facg

F — %0, F)? dvolgci + C €0 [y |F|? dvolyc:

Summing up over the good cubes - index i - using (F}]) and () we finally
obtain the desired estimate

Z/ |dA, + Ac N A, —F|? da® < C 6 + o.(1).
c

1€g

Remark 7.11. If F =", xci f., F then we also obtain
IF — P72y = oc(1),

therefore in that case F'; would be an approximant of F' as well.

7.5 Smoothing on the 4-skeleton

We will use the following classical result:

Lemma 7.12. Let p > n/2 and let A be a W'P-connection over an n-
dimensional smooth cell complex X . Then there exists a sequence A, of smooth
connections over X such that

w3l = Allwroeo = 0 and g |1Fs, = Fallwroco = 0

Proof. If we had just functions f, f, : X — A'R™ ® g in our statement, then
the result would be classical (even without the restriction on p) and it would
suffice to mollify f in order to obtain approximants f, = f * p, where p, is a
scale-n smooth mollifier.

The problem which we face is just the fact that A is not globally defined: we
have instead local expressions A; in the chart U;, and we must mollify A; to
A, for which A, = gigldg,-j + giglAmgij = ¢,;(A;,) are still true. We use a
partition of unity (6;); adapted to the charts U; and define

(AU)Z - HZAZ * P + Z ei’gii’(Ai’ * pn)
i i
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By the cocycle condition g;gy; = ¢;; we obtain the desired (A4,); = g:;((4,);)-
The derivatives of ¢; enter the estimate of ||A, — Al/w1r(x) introducing a
possibly huge L*-factor, however this factor is independent on 7. We therefore
have lim,_o ||4;,, — A;i||lwrr = 0.
The restriction on the exponent p is needed in to prove the convergence of
curvatures. This is based on the following inequality:

[Fa = Fpllr < [[dA—dBl| + [[(A = B) AN Allr +[[(A = B) A Bl

~

< |[|DA—DBl|r + ||A = Bllr2e (|| Al| 120 + || Bl 120 )-

~Y

We are able to conclude using the W'P-convergence of the A, because we
have the Sobolev embedding W1# — L% valid precisely when p > n/2. We
leave the details of the proof to the reader. O

In Definition we have assumed that our globally L?-integrable connec-
tion form A is gauge-equivalent (on almost all boundaries of 5-cubes) to a
W12 connection as in Definition [ZJl By a small perturbation of our grids
we can ensure that each dC! has a boundary for which an equivalent Wh2-
connection exists. We note that since in all charts the local W'2-connection
forms are equivalent, they give a global connection form B on 0C.. We may
thus apply Lemma on this grid and perturb B to a smooth B,. If on
a chart U; there holds B = g; 'dg; + g; 'Ag; then we define A, by requiring
B, = g; Ydg; + g7 1Angi. Then the following conditions hold for A, on each
cube:

as 1 — 0 we have, faci‘FAn — Fal* < o0,(1),
uniformly in i (7.16)
and at fixed € Joc, 1Ay — A]? < o,(1)

Note that we are still comparing our smoothed curvature to the average of the
original one. This is what we need in order to apply Proposition [[.I0] and still
obtain a good approximant to the original curvature F'.

Proof of estimates (LI0). We prove the estimate on A, by noting that by
summing the local estimates in charts on all dC! we have ||B,—B||12ac.) — 0.
Since differences of connections are gauge invariant we obtain

/_|AU—A|2:/ _|g;1<Bn—B>gi|2sc/ 1B, - B,
aCi aCi oCt

where C' depends on the diameter of the group GG. The estimate on A, follows
from Lemma [[.I21 The estimate on F}, is similar. O

Using these estimates we see that
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Lemma 7.13. Whenever a grid Ce is good for A, F, F then for n small enough
Ce is also good for Ay, Fy, F' and d-good cubes with respect to A, F, F' are 2 -
good for A, F,, F.

Proof. Use estimates ((L.16) and the triangle inequality. O

Smoothing once more

To motivate the following, note that the proof of Proposition extends the
candidate connection A, to a Coulomb gauge g;,, on each cube boundary 9C"!.
Then the forms g;,(A,) are extended harmonically and /I; in the gauges g, ,71
coincide with A, . We thus have smoothness inside for the Coulomb gauge
of A,. We also obtain that in the Coulomb gauge A, is smooth, because we
can obtain a W2 such gauge as in [I32], to which we can apply the following
result.

Proposition 7.14 (|83] Prop. 3.4). , Suppose that B is a smooth connection
on a 4-dimensional manifold M and that Ac = g 'dg + g 'Bg is a W'2-
Coulomb gauge then also g (and thus B ) is smooth.

The proof of the above proposition goes as follows: by Lorentz space the-
ory (see [107]) we obtain that if Ac, B € W'? d*Ac = 0 then g € W22 CY
(this is analogue to the 2-dimensional Wente lemma [I37]). This regularity
for g allows to apply classical elliptic theory to the elliptic system issued from
d*(g~tdg) = d*(g7'Acg) and to conclude by bootstrap.

Note that A, is not assured to be smooth yet, we just know that about
B, , while we ignore the smoothness of the gauge used to pass from A, to
B,. However we can apply Proposition [Z.I4to B, and to the Coulomb gauge
of A,, which are indeed gauge-related forms. We obtain that the Coulomb
1-form (A,), obtained during the proof of Proposition [Z.I0lis smooth.

Thus the extensions on good cubes obtained by applying Prop. [L.I0 to
Ay, F,, F' as in Lemma [L.13] stay smooth up to the boundary.

We still don’t control the gauges g, which pass from B, back to A, . It is
sufficient to approximate the g, with smooth gauge changes in W2, We use
the following result:
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Proposition 7.15. Any function g € WY2(X,G) from a smooth 4 -dimensional
cell complex X to a compact Lie group G containing no copies of S' ca be
approzimated strongly in W2 -norm by smooth functions g, € (X, G).

Proof. This follows from the characterization [19, [64] [65] and from the fact
that m;(G) = 0 because G contains no S' and from the general fact true for
compact Lie groups that m(G) = 0. O

We thus have g, ,» — g, as ' = 0. From

An = gnd(ggl) + gang;:la

since W2 N L*> is an algebra (see for instance [79] Sec. 6 for proofs) it follows
that (for 1’ small enough and fixed €, 1)

__ -1 —1
Ay = 9n7n’d(9n,n/) + Gnay Bnp .y

is close to A, in L? on dC.. This gives the estimate (uniform in i for fixed
&)

|V = A =60 (7.17)
aci

For the estimates on the curvature we note that g,,, — ¢, in W? and thus
also in L*, while F B, is smooth so its L*> norm is bounded. On each good
cube we estimate as follows:

/801' |FAn,n’ o FA,,P

‘ 2

—1 —1
/E)Ci |gn7n/FBngn,n’ — 9y FBngn

S |[FB,

%00(606)/ _ |Gn — 9n|2>
oCi

and the last term converges to zero as 1’ — 0, uniformly in ¢ at fixed €, 7:

/80_ |Fa, = Fa, > = 0} (1). (7.18)

7.6 Proof of Theorem [7.4]

Consider A, F = F, which are L? on the unit ball and correspond to a con-
nection class in Ag. We desire to approximate this ' in L? by the curvature
form of a smooth connection class which belongs to R .
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For each ¢ > 0 we find grids C, which are good with respect to A, F, F,

where
Zxczz<| |/01F’]k) dl’j A\ dl’k

i<k
The existence of such grids is proved in Proposition

We will use d-good grids for 9 > 0 to be fixed later depending on ¢. From
Proposition we know that the total volume of bad cubes ®#B, will go to
zero, provided €2 = 0(4).

We will require 6 < C/4 for the constant C' of Proposition Lemma
provides connections and curvatures A,, I, which can substitute A, F' in
Proposition Up to increasing the chosen § a bit, choosing n small will
not change the set of good cubes.

Proceeding as in Section we obtain smooth approximations A4, ,, to A,
on JC. such that also their curvatures F),, approximate F, in L?-norm up to
an error which is 0,/(0). We see as in Lemma that for 7 small enough C.
will still be good with respect to A F and 26-good cubes for A, F, F
will be 45-good for A, s, Fy.v, F.

s 7777’

We can then apply Proposition [[I0 to A, ., F,C.. As described in
Section [(.5] we obtain smooth extensions on each d-good cube. If by abuse of
notation we still denote by A the connection equal to the A obtained this way
on each good cube, we have the control

/ |F; — F)* <04 o0.(1). (7.19)
ug

Let C! be a bad cube. We extend A,,, in C! radially: let
7 1 C"\ {center of C'} — AC!  be the radial projection.
Then define A on this C? as
A=1"Ay .

It then follows
FA = W*anﬂ'

and in particular for C" € B

B <e [ B e[ PP o).
ci ac aC
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For n,n' small enough (depending on €) we can obtain that the above o(1) is
uniformly small over all bad cubes, and can be absorbed in the first term:

[ mse [ Frs [ s e (7.20
uB oB uB uB

where

Up to now we have a connection A which is smooth outside
dC, U {centers of C? i € B}.

The finite set of centers of bad cubes will be the points where our final cur-
vature will be singular. Near dC, instead, we have that A is guaranteed to
be C° so far, while its derivative orthogonal to the boundary could jump. We
now mollify A near 9C..

Fix n” > 0 and consider a smooth mollifier p,~. Note that locally on
neighboring cubes C? the gauges in which A was proved to be smooth on each
of the C! are a continuous extension of the ones in which A,, is smooth.
By compactness arguments we can locally (with respect to the charts on 0C)
extend these gauges in a 20-neighborhood of the whole 9C, for some o >
0. We then mollify A by convolution on scales which decrease away from
0C.using partitions of unity on such neighborhood, as the proof of Lemma
[ 121 We use the following mollifiers:

Pyt = oy for  m(z) =n"(0 —dist(z,0C))"
and we use the convention

(f * po)(2) := f(2).
The difference with that lemma is that we don’t have A € W2 but only
A € C°N L?. This allows just to show that the smoothing which locally looks
like ) ) )
(Apr)i =05 Aix pyr o + Z O giir (Air % pyyr)
i i
is close in C°-norm to A. However since the curvature F i is L? it follows that

locally (and by compactness reasons also globally) dA € L2, thus the estimate
of d((A,);) is still valid, showing together with the C°-estimate that locally in
a chart U; there holds (F; ); = (F); in L? for " — 0. By gauge invariance
and using partitions of unilty,

|Ay — Allwsy =0, ||F4, — Fillz@s) — 0 asy’ —0.  (7.21)
n

We can now state the estimates which complete our proof of Theorem [7.4}
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Proposition 7.16. With the above notations, F» = FAn” € Ro approzi-
mates F with respect to the distance (L) as e =5 — 0 and n,n',n" — 0.

Proof. Because of equation (Z.2I]) it is enough to prove that dist(F4, F) — 0
as € = 0 — 0. We just have to compare F'; to F' on good cubes in the gauge
given via Proposition and in the original gauge in which A (and A4,,,/) is
given, on the bad cubes.

We have
S LEere s X [meree X [ees [ e
7 (O 1€g i€eB
Z/ 7 —F|2+Z/ PP [ FP
icG i€g uB
1)
< 401 +Z/ F—F)+ /|F|2, (7.22)
uB

i€g

where the last estimate is true provided we choose 7, 7' small enough, depend-
ing on €.

For an L2-function f and for any sequence of e-grids C, there holds

>/ ] 2

= oc(1)
as a consequence of the well-known fact that
/|f f(z+h)]Pdz = o(|h]) for f € L%
This suffices to estimate

/ F— TP <Z/ IF— TP = o.(1). (7.23)
€G

For the last term we observe that

xsEF = Z Xc: P satisfies
ieB

f

|C’| ci

Ve, |xgF|(z) < |F|(z) a.e. z,
xsF(z) = 0 a.e. x, as e — 0,

the last statement following from the fact that the total volume of bad cubes is
O(e?/4) as €, — 0 and we took d = e. By dominated convergence it follows
that

/ |[F|*? =0 ase—0. (7.24)
uB

The estimates ((.22)), ((19) and (T20) complete the proof. O



Chapter 8

Weak closure for nonabelian
curvatures in 5 dimensions

8.1 The weak closure result

We now prove the following theorem, part of the joint work with my advisor

Tristan Riviere [PR3]:

Theorem 8.1 (Weak closure of the class Aq ). Assume that we have a sequence
of L? curvature forms F, corresponding to connection classes

[An] € Ac(B)

such that
sup || £y || z2@s) < o0
and
F, = F in I*(B°, N°R® ® g).
Then F also corresponds to some [A] € Aq(B®) as well.
We can find L?-controlled connection forms A, corresponding to F), and

obtain a weak limit A which will be an L? connection form corresponding to
F. The main difficulty is to find gauges ¢ in which i*A belongs to A2,

For the proof we use the overall strategy which worked in the abelian case
as well and was employed in Chapter 2

We start by identifying the traces on lower dimensional sets 0B,(x() with
elements of a metric space (), dist) such that we have a local control of the

165
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Hélder norm of the slice functions in terms of the L?-norms of the F,,. We
will use for this the abstract Theorem

Mixing a compactness result for slice functions with respect to the distance
on )Y with the weak convergence of the A, we will manage to obtain the con-
vergence of a.e. slice to an element of ).

Elements of ) are by definition also in A"?, completing the proof.

8.2 The metric space )

To prove the weak closure result for Ag we will use a slicing technique. In the
definition of Ag we required that any weak connection on each slice for which
there exist local gauges in which it is represented by a W2 form. Therefore
we consider the following space of possible slices:

V= {[A] € A°(S")/ ~: 3B € [A] s.t. B A*(SY)}, (8.1)
where the equivalence relation ~ on global L? connections is
A~ Bifdge WS G)st. g ldg+g 'Ag=B
We define the following gauge-invariant function:
1
2

“dist”(A, A") = (inf{ |A—gtdg—gtAg*: g WHA(SY G)})
S4

The gauge invariance implies that “dist” is not a distance on connection forms,
but rather restricts to a distance on their gauge equivalence classes. For two
connection forms A, A" if g4, g4 are Wh2-gauges such that

B = gzldgA + g,ZlAgAa B'=B= gz/ldgA/ + gz,lA/gA/

then, since A — g~'dg + g~ *Ag is a continuous group action of G N WH? on
A2 we have
“dist”(A, A") = “dist”(B, B').

“dist” then descends to a well-defined distance dist([A],[A’]) on equivalence
classes of connection forms. Let

[A] = image of A under the projection A*(S*) — A*(S*)/ ~ .
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The natural metric to impose on Y is the L?-distance between (global) gauge

orbits (cfr [47]):
dist([A], [B]) = inf {||A" — B||r2ss) : A" € [A], B' € [B]}. (8.2)

On the metric space (), dist) we will study the functional
N:Y =R N(A) = | |Fal. (8.3)
g4

Note that because the curvature satisfies Fy-145,,-14, = ¢~ 'Fag and since the
norm on 2-forms is G-invariant, we have that N ([A]) does not depend on the
representative A employed to compute Flj.

8.3 The slice a.e. convergence

We employ the following abstract theorem. See Thm. 9.1 for the original
inspiration; for the proof we refer to Theorem 213} see Appendix [El for another
version. We use the notation overlapping with the previous section. The goal
will be to justify this overlap in notation subsequently, by proving that the
spaces and functions of Section satisfy the hypotheses of the theorem.

Theorem 8.2. Consider a metric space (Y, dist) on which a function N :
Y — R* is defined. Suppose that the following hypothesis is met:

VC > 0 the sublevels {N < C} are seq. compact. (H)
Suppose f, : [0,1] — Y are measurable maps such that
dist(fu(t), fut) < Clt = '['/? (8.4)
and that .
sgp/o N (fu(t))dt < C.

Then f,, have a subsequence which converges pointwise almost everywhere. The
limiting function f also satisfies

dist(f (), £(1') < Clt — ¢]"2, / N(f(t)dt < C.

8.4 Verifying the hypothesis of Theorem

we verify that we can apply the abstract theorem to our situation, where
the goal is to prove weak closure for the class Ag.
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The compactness result (H])

We start by verifying the first statement of the hypothesis (H]) for Y, N as in
Section

Proposition 8.3. Let YV be the space of slices as in 8I) and N : Y — RT
be the norm of the curvature as in 83). Then N has sublevels which are
compact with respect to the distance dist defined in (82]).

Proof. We assume that we are given a sequence of curvatures F), corresponding
to connection form classes [A,], such that

| Foll2sy < C.

The claim of the proposition is that the [A,] have a convergent subsequence
with respect to the distance d.

Up to a global gauge change we may assume that the A,, are controlled globally
in L? (see Lemma [8.4):

[Anllz2@e) S 1 Fallr2s).-
Up to extracting a subsequence we have that
A, =~ Ay F,—F, in L*S").

Step 1. Concentration points of the curvature energy and a good atlas. By
usual covering arguments we have that up to extracting a subsequence there
exist a finite number of concentration points of the curvature’s L?-energy
ai,...,ay in S*. In other words there holds

Ve > 0,p. := liminfinf {,0 > 0,20 € S*\ UB.(a;) / |F|* > 5} > 0.
B5 (20)

n—o0

The number N of such points is N < C'/§ where C' is the above L?-bound
on the curvatures.

Up to diminishing e and p := p. we may suppose € + p. < pin;(M) and
that the balls B.(a;) are disjoint. We can find a cover by the balls B.(a;) and
by finitely many balls B,(z;) such that the maximum number of overlaps of
those balls is a universal constant. The B,(z;)’s will be called good balls and
they will be simply denoted B; below.
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Step 2. Uhlenbeck Coulomb gauges converge weakly on the good balls.
Using Uhlenbeck’s gauge extraction of Theorem on each B; one finds a
gauge ¢ such that A := (¢)7'dg! + (g)) ' A,g’, € W'? and such that

FAS =0, (Ao S [ Fallz2 on B
Therefore up to a diagonal subsequence we also may assume that
Al — A" weakly in W'? and strongly in L. (8.5)
By interpolation since the g’ are bounded in L we see that
g, — ¢ weakly in W'?* and strongly in L%, Vq < oo.

This strong convergence in L? together with the weak convergence of A, and
of the dg! in L? implies that

Ay =gid(g) ™t + gl Al (g) T = gld(g) T 4¢P A (g) T = Ain D/

and by uniqueness of weak limits the A® obtained above are the local expres-
sions of the limit A in the limit gauges g°.

Step 3. Point removability and strong global gauge convergence on good
part. By Theorem [6.5 the gauge changes ¢ := g/ (g’ )~ needed to pass from
Al to AJ are controlled in W?%2? N Cy. Therefore up to taking a diagonal
subsequence we have for all 4, j

g7 — ¢g" weakly in W22, strongly in Wh? and locally uniformly in C°.

In particular we can apply the gauge extension procedure of the proof of The-
orem [6.2] both to g% and to g on balls covering any open contractible subset
U9°d in the complement of the bad balls Bc(ay), ..., B.(ay), obtaining gauge
transformations g9°°¢, g9°°¢. We recall that in this process we multiply gauges

by the constants E then truncate the error terms ( gl )"'g4 away from B;NB;.
We note that up to extracting subsequences we may assume (by compactness
of G and finiteness of the balls intersecting U/9°°?) that the constants involved
also converge: o
g — gii.
This implies together with (83]) that on /9
ggood(An) — ggood(A> in L2(U900d).

Step 4. The bad part’s contribution. The last part of the proof consists of
noticing that by diminishing € and by letting U9°°? increase to a set of full
measure, we may find gauges g¥ = (g9°°?)~1g9°°¢ such that

1
g tdgh + (¢") A, gF — Ain L? outside a set of measure T
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By extracting a diagonal subsequence we obtain g, such that
9r ' dgn + 9, Angn — A in L*(SY),

Therefore

dist([A,], [4]) — 0
as desired. O

The second hypothesis of Theorem

We now assume given a sequence of connection forms A, with [A,] € Ag
on B’ such that their distributional curvatures F,, are bounded in L? and
converge weakly in L? to a 2-form F. For a fixed center z, € B® and for
a radii t € [r,2r] with » > 0, the slices of the connections A, via spheres
0By (xg) are defined and taking values in ) for a.e. ¢ by the assumption that
[A,] € Ag. We then define (classes of) functions

foilr2r] =Y, fult) = 898, (wg) An-

Notation: We denote A(s) the slice along 0Bs(zg) i.e. the pullback of
5B, () A O S* via the homothety S* — dB,(xy) when it exists.

We verify that the f, satisfy the hypothesis (8.4]):

Lemma 8.4. Assume that [A] € Fyz and choose a gauge-representative A
which is in L? on Ba.(x0) \ Br(xo). Then there exists a gauge change g such
that A" == g~'dg + g~'Ag has no radial component and such that for a.e.
t>ter2r

1
[A'(t) = A < 1t =1 |F[?
St r Bt(x0)\By/ (xo)

for a universal tmplicit constant.
Proof. We will assume xy = 0 for simplicity. Note that
t t
[ 10t = [ [ 1oizn, At dp
v %

Solve the following ODE in polar coordinates:

apg(wv p) = _Ap<w7p)g(w7p)7 for pe [tlu t]u
g(w, ) =id, for all w € S*.
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It then follows that for A’ = g~'dg + g~'Ag there holds

ThAy = AL =0
=/

therefore at (w, p) we write
> wng Frg = w0 Al = > w0l + Y ailAL, Aj = 9,(pA)).
k k k k

In other words
pap I—(g_ng)|8Bs(xo) = aﬂ(p ingA,)'

Integrating in s we have for a.e. t > ¢ and then in w we obtain

-k ! /% N2 __
/ |t Z(’)BtA —t Z63,5/‘/4 | - /
S4 S4

S Jt—t PO, L F.
Stx [t/ ,t]

2

t
/ pd, (g~ Fg) dp
t/

We used Jensen’s inequality and the fact that the norm is G-invariant. Note
that for w € S* there holds

Al(s)(w) = sigp A'(sw),
therefore from above it follows

[ aw-awps

|t =1
()? Jpas,

Since t' > r the thesis follows. O

.

In the end the functions f,(¢) which will satisfy (84) in our situation will
be the slice functions of the connections A, (t) in the gauges given by Lemma
R4l Note that as a direct consequence of Lemma B4 we have also

F, , F,
dist (A, (1), An(t)) < HHL?MH — Y2 < @‘t — M2 (8.7)
r r

~Y

8.5 Proof of the Closure Theorem 8.1

We consider a sequence in Ag(B®) as in Theorem and we construct repre-
sentatives of the connection classes A, such that

AP <C [ |FP?
B5

]BS
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like in Lemma B4l We thus have that up to extracting a subsequence there
holds

A, ~ A in L*(B°). (8.8)
As noted above it suffices that for all centers xy and a.e. radius t > 0 the
homothety pullback to S* of the slice if5 A of the limit connection A is in
AL2(S1) or equivalently to V. Fix zyp € B® and a range of radii [r,2r]. It is
sufficient to prove that

a.e. s€[r,2r], A(s) e AV (SY). (8.9)

We will assume for simplicity that o = 0 and we apply Lemma obtaining
new gauges for the A, in which (87) is valid. From now on we are going
to work in these gauges only. For simplicity of notation we still denote the
expressions the A, in these gauges by A, . Note that we still have the control

[Anll 2B\ S [1F0l 22

if in the proof of Lemma R4l for A = A,, we replace the ODE (88 by

0pg(w, p) = —(An)p(w; p)g(w, p),  for p € [s, 1],
g(w, s) = id, for all w € S*.

for s such that the slice A,(s) satisfies

1
{15 ] 2
r

[An(s)]lz2 <

~

Thus we may still suppose that (88)) holds on By, \ B,. We next prove that
in this case we have a stronger convergence:

Lemma 8.5. Assume that for a sequence of connection forms A, € L*(Ba, \
B,, N'R° ® g) there holds

1A () = An() |2ty < CJt = ]2

and that
A, — A weakly in L* on B, \ B,.

Then there exists a subsequence n' such that

for a.e. s € [r,2r] there holds A,(s) — A(s)  weakly in L*(S*).  (8.10)
Proof. The weak convergence hypothesis means that

/An/\ﬁ—>/A/\ﬁfor all B € L*(By, \ B,, N’R° ® g).
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Consider an arbitrary 3-forms w which is L? on S* and a test 1-form ¢(t) on
[r,2r]. By taking

B:=hifwAp(t) whereh:S* — 9B, is a homothety

[%Ag%@AwAw®-*[%AﬁﬂﬂAM@Aww'

If we use the notation

we obtain

f20) = [ Ay A

then from the first hypothesis it follows that

12 @) = f2E] < [JAn(E) = An(t) |22 llw]] 2

< Cft— 12wl
By Arzela-Ascoli theorem the f“ have a subsequence which converges uni-
formly to a 1/2-Holder function with the same Holder constant:

sup £,/ (t) = f()] = 0.

te(r,2r]

By applying this reasoning to a countable L?-dense subset D of w’sin L?(S*, A’T'S'®
g) and by a diagonal procedure we obtain that

Ywe D, sup |f2(t)— f(t)] = 0.

te(r,2r]

Since the functionals w — [ A, (f) Aw are strongly continuous on L?-forms for
a.e. t, we obtain that the above convergence holds on all w € L?, completing
the proof. O

We are now ready to conclude the proof of our weak closure result.

End of proof of Theorem[81: Consider the global weak limit connection form
A € L*(B®). As said above we prove that a.e. slice of it is in A"? by con-
sidering separately the groups of slices with center zy and radii in [r, 2r]. We
assumed o = 0 for simplicity and we obtained that the A, have a weakly
convergent subsequence on By, \ B,, therefore we may apply Lemma B3I We
obtain up to extracting a subsequence the slicewise a.e. weak convergence

BI10):
for a.e. s € [r,2r] there holds A, (s) — A(s) weakly in L*(S*).
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Note that in this case the slicewise weak limit A(s) is indeed the slice of the
limit connection.

On the other hand we saw in Section84lthat the hypotheses of the Theorem
are verified for our A, therefore we also have up to another subsequence
extraction

for a.e. s € [r,2r] there holds[A,](s) — [A%](s) in (), dist).

We have now to compare the slice A(s) of the weak limit with the dist-limit
of slices A%(s). Since

dist([A,](s), [A](s)) = inf : lg™"dg + 97" Au(s)g — A(s)] 2

geWL2(S4.G
we obtain a sequence g¢,(s) € Wh(S*, @) such that
9n(8) 7 dgn(s) + gn(s) T Au(8)gn(s) — A%s) — 0  strongly in L. (8.11)

It follows that
Idgn ()2 < I1AY(s) |22 + [|An(s)]] 2

From
[An(t) = Ap()|| 2 < Clt — "

and from the fact that for all n there exists s € [r,2r| such that
[An ()22 S [[Enllr2 < C

it follows that A,(s) is bounded in L?. Thus dg,(s) is also bounded in L?.
Thus up to extracting a subsequence (dependent on t)

dgn(t) = dgeo(t)  weakly in L?.

Since g,(s) is also bounded in L* we obtain by Rellich’s theorem and by
interpolation that up to extracting a subsequence n(t)

Gn(t) = goo(t) in LIVgq < 0.

2
The last two facts together with the convergence A, (t) L A(t) suffice to prove
that

() An()gn(t) = goo(t) T A(t)go(t) in D'(S"),
() 'dgn(t) = goo(t) ' dgao(t) in D'(S").
This is valid for a.e. t € [r, 2r]. Therefore
ANt) = goo (1) M dgoo (1) + goo(t) TA(H)goo(t),  for ace. t € [r,2r].

Since A4(t) € AY?(S?), this shows that for a.e. t the slice A(t) of the limit
connection A belongs to A2, as desired. O



Chapter 9

Global gauges and nonlinear
Sobolev spaces

In this chapter we study globally controlled gauges in which a control on
connection in the Lorentz space L** in terms of the Yang-Mills energy is
obtained in 4 dimensions, even in the “bubbling” cases where the stronger
control provided by Uhlenbeck’s theorem fails. We then prove several
related controlled extension results for nonlinear Sobolev spaces. This chapter
is based on joint work with my advisor Tristan Riviére [PR2].

9.1 Introduction

The use of Hodge decomposition is by now one of the classical tools in the
study of elliptic systems and is related to important breakthroughs such as the
famous “div-curl”-type theorems [36]. More recently such decomposition has
allowed to solve [TI08] S. Hildebrandt’s conjecture [76], and at the same time
establishing an important link to an apparently unrelated fields of geometry,
such as the study of conformally invariant geometric problems in 2-dimensions
[75] and the study of Yang-Mills bundles and gauge theory [132], with the in-
troduction of controlled Coulomb gauges.

The study of 2-dimensional problems using controlled gauges has already
given its fruits, and in connection to the discovery of H. Wente’s inequality
(which gave the basis for introducing the Lorentz spaces L**°) in geometric
problems) allowed the successful use of controlled moving frames in the study
of harmonic maps and prescribed mean curvature surfaces [75], [94]. We come
back to this in Section @.2.8 Techniques and function spaces related to the

175
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moving frame method also apply to the study of the Willmore functional
for immersed surfaces.

The use of controlled gauges especially in relation to Lorentz spaces in
dimensions higher than 2 is far less developed. We attempted here a first attack
of this completely new area of research, and we obtained some extensions of
previous results for the case of Yang-Mills fields on 4 dimensional manifolds.

9.1.1 Yang-Mills theory and controlled gauges

For a W'2-connection of an L?-curvature over a closed 4-manifold it is easy
to construct a Coulomb gauge in which we have just an L?-control in terms of
the curvature. This is done by first obtaining any gauge in which

[A]l 2 < ClIF] 2

and then finding the smallest norm coefficients with respect to that gauge on
our manifold M:

min {/ lg7tdg + g ' Ag|*dx : g € WH2(M, SU(2))} .
M

A unique minimizer will exist by convexity and it will satisfy the Coulomb
equation d*A = 0.

The control of A in the higher norm W'? is done under a L?-smallness
hypothesis on F', as we already discussed

Theorem 9.1 (controlled Coulomb gauge under assumption of small energy,
[132]). There exists a constant ¢y > 0 such that if the curvature satisfies
[y |FI? < e then there exists a Coulomb gauge ¢ € W>?(M,SU(2)) such
that in that gauge the connection satisfies ||Agllwrzan < C||F|lr2n) with
C > 0 depending only on the dimension.

The reason why the smallness of the curvature is necessary is that || || 2.
being above a certain threshold allows the second Chern number of the bundle
to be nontrivial:

82
If for such F the controlled gauge would be global, i.e. if we would have a
global trivialization in which the connection of the above F' is expressed as

d -+ A with

e(E) L/ te(F A F) 0.

| Allwr2ny < C,



9.1. Introduction 177

then by Sobolev and Hélder inequalities we would have enough control on the
quantities involved to prove the following formal identity for our A:

tr[(dA+[A, A A (dA+[AA])] =d tr (A/\dA+§A/\A/\A).

Now the right side is an exact form, thus it has integral equal to zero over the
boundaryless manifold M, contradicting co(F) # 0.

M. Atiyah-N. Hitchin-I. Singer [10] and C. Taubes [124] constructed instan-
tons with nontrivial Chern numbers as in the above heuristic. To exemplify
the phenomena at work consider the simplest instanton, having cy(E) = 1
over M = S* (cfr. [58], Ch. 6 for notations and details). Recall that we
may use quaternion notation due to the isomorphisms SU(2) ~ Sp(1) and
su(2) ~ I'mH, under which Pauli matrices correspond to quaternion imaginary
units. We then have the following local expression of A over R* (identified by
stereographic projection with S*\ {p}) in a trivialization:

x dr
A=Im|——|.
(1 + ISUP)
If U is the inverse stereographic projection then U*A is smooth away from

the pole p, but near p we have |U*A|(q) ~ distg:(p, ¢)~*, which is not L* in
any neighborhood of p.

Such behavior like |71| implies that we are in any space LP for p < 4 but

not in L*. The natural space is the weak- L* space, which is strictly contained
between all LP,p < 4 and L*:

Definition 9.2 (see [63]). Let X, p be a measure space. The space LP*(X, )
(also called weak-LP or Marcinkiewicz space) is the space of all measurable
functions f such that

[V zpee = sup NWp{a : [f(x)] > A}
A>0
is finite.

We note immediately that the function f(z) = ﬁ belongs to L** on

R* and the above global gauge gives an L»* 1-form ¥*A on S*. Spaces
LP> arise naturally in dealing to the critical exponent estimates for elliptic
equations. The Green kernel K, (z) of the Laplacian on R" satisfies indeed
VK € L#7* but not VK € L#1. Thus Au = f with f € L' implies
Vu=VEKxf e L+ by an extended Young inequality (see [63]), unlike the
higher exponent case f € LP,p > 1, which gives the stronger result Vu € LP.
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9.1.2 Controlled global gauges

As shown heuristically by the explicit case of the instanton A above, it is
known how to construct L** global gauges. Our main effort in this work is
to obtain a norm-controlled gauges, mirroring Theorem by K. Uhlenbeck.
The main result is the following:

Theorem 9.3. Let M* be a Riemannian 4-manifold. There exists a function
f:RT — R with the following properties.

Let V be a Wh?2 connection over an SU(2)-bundle over M. Then there exists
a global W' 4>°) section of the bundle (possibly allowing singularities) over the
whole M* such that in the corresponding trivialization ¥V is given by d + A
with the following bound.

1Al e < f (11 2an))

where F' s the curvature form of V.

This theorem is related to a second main result of this work, namely the
introduction of Lorentz-Sobolev extension theorems for nonlinear maps. This
result takes most of our efforts and can be stated as follows:

Theorem 9.4. There exists a function f; : RT — R with the following
property. Suppose ¢ € WH3(S?,S3). then there exists an extension u €
W) (B4 S%) of ¢ such that the following estimate holds:

IVullpaesy < f (VO] s) -

The originality of Theorem with respect to the previous results [22] or
[93] is that whereas the previous works were concerned with the existence of
an extension, in our case a control is provided in term of the boundary value.
We will see below that even under the hypothesis deg(¢) = 0 such that a
W4 extension surely exists, no energy control will be available.

9.1.3 Strategy of gauge construction

The link between Theorems and is given by the well-known identifica-
tion SU(2) ~ S3. Therefore Theorem can be rephrased as follows:

Theorem 9.5. Fiz a trivial SU(2)-bundle E over the ball B*. There exists
a function fi : RY — R with the following property. If g € W13(S3, SU(2))
gives a trivialization of the restricted bundle E|gpa, then there exists an exten-
sion of g to a trivialization § € WH*®) (B4 SU(2)) such that the following
estimate holds:

||V§||L4v°°(B4) < .fl (vaHL‘i(SJ)) .
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The proof of the Theorem is by a sequence of gauge extensions along
the simplices of a suitable triangulation. We use simplices where Uhlenbeck’s
result holds, i.e. F has energy < ¢,. To ensure a lower bound on the
size of simplices we cut areas of energy concentration and use induction on the
energy, see the summary (0.50)).

We discuss the relevance of our theorem, several possible extensions and
related phenomena in Section

9.1.4 Ingredients used in the construction of W 4>)(B4 §?)
extensions

The starting new idea was to the use of implicit function theorems and of a
limit on the integrability exponent as done in [I3I] for extension result. The
procedure of Appendix [E.1]is generalizable to other contexts with no new in-
gredients, at least as long as a Lie group structure is present.

For the implicit function theorems above we needed here a new product
estimate valid in Sobolev spaces, which is presented in Section [F.2] partially

extending the results of [31]], cfr. [I11] and [12§].

The second idea was to use L*>) functions such that the L*-estimate
would fail just near a controlled number of points. Such singular points (where
“singular” is meant with respect to the L? estimates) are introduced via Lemma
and Theorem [Q.31]

The uniform L*°)-control is obtainable just in the case where the bound-
ary value has no large energy “hot spots”. To deal with the case where energy
concentrates we use two tools which are available in the particular case of
S* ~ SU(2): (1) the group operation of SU(2), which gives a continuous
product on WH3(X,S?); (2) the Mobius group of S*, coupled with the confor-
mal invariance of the L3-norm of the gradient on S?.

Under a balancing condition on the boundary value ¢ we can write ¢ =
¢1¢02 where the product is taken in SU(2), and the energies of ¢;,i = 1,2
are strictly less than that of ¢, allowing an induction on the energy. If the
balancing is not valid, we apply a Mébius transformation F, to S* and either
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reduce to a balanced situation for F,0¢ and for some v or provide a substitute
vE Bt f; ¢oF, to the harmonic extension of ¢, to which we can now apply
the projection trick. The natural parameterization of the Mébius group of S?
via vectors in B* fits very well in this setting, and we were inspired to use it
by the similar use of it in [90].

9.1.5 Other extension results proved in this chapter

We list here, for further reference, the other extension theorems proved in this
chapter, and announced in in the introduction of this thesis.

Theorem 9.6 (see Section [@.3). Suppose ¢ € WH(S%S?) is given. Then
there exists u € WHG>)(B3 S?) such that in the sense of traces ulsps = ¢
and such that the following estimate holds, for a constant independent of ¢.

[ullwre.epsy < Cllollwrzee) (1 + [|¢flwies))-
Theorem 9.7. Assume ¢ € WH3(S3,S?). Then there exists a controlled ex-
tension u € W) (B4 S2) with the control
[wllw@oorpa g2y < Cll@llwragss2y (1 + [|]lwrass s2))-
If instead we have ¢ € WIP(S3 S?) for 9/4 < p < 3 then there exists an
extension u € Wh3P(B4 S2) with
ullyyr 4p s g2y S CllPllwragss g2 (1 + [[@llwinss 2))-

Proposition 9.8. Assume n = 2,m > 3 and n?;—ﬁ <p< nf—’fl and con-
sider a ¢ € WUP(S™,S?). Then there exists a controlled extension u €

m—+1

Wl’ m p(Bm+l,S2) wlth

[l 52 gy < CUSlron 52y (1 1 s )
Appendix [E.1] deals with our new “extension” version of Uhlenbeck’s gauge
construction and in Section [F.2] we prove the needed new product inequality.

Appendix contains computations and notation for the Mobius groups of
B* and S3.

9.1.6 Plan of this chapter

Section contains a list of positive and negative results concerning phenom-
ena parallel to ours, proving that our results are optimal. Section contains
the proof of Theorem In Section we prove Theorem and in Section
we prove the Theorem
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9.2 Controlled and uncontrolled nonlinear Sobolev
extensions

Classical Sobolev Space theory features optimal extension theorems in natural
trace norms. For example if 2 C R" is a bounded smooth domain and w :
00 — R is a Whm~ ! function then there exists an extension % : Q — R such
that u € W™ and the estimate

H’a”wl,n < CHUHWl,n—l

holds (with C' independent of ). This extension theorem is optimal in the
sense that for dimensions n > 2 the natural trace operator u € W (Q) —
iipg sends W™ to the optimal space W'=w" (see [123] chapter 40 for the
natural appearance of this space), and we have the optimal Sobolev continuous
embedding W= — W1 (see [123]) which brings us back to the original
space. A similar result still holds if we replace the codomain R by R™.

However for n = 2 the space WH1(S!,S!) does not continuously embed in
H'/2(S',S'), making the above reasoning less poignant, see Sec. 0.2.3]

A possible construction of % can be done by imitating the following model

valid for Q@ = R%} = {(z1,...,2,) |z, > 0}:
ﬂ(.ﬁ(fl, e ,l’n_l,E) = (pe x u)(l’l, e ,xn_l),

where p. is a usual family of radial smooth compactly supported mollifiers.

An equivalent construction of @ in terms of function spaces is by harmonic
extension. The optimal result is the following

Proposition 9.9 (harmonic extension, cfr. Ch. 10). Assume q > 1

and u € Wl_%’q(ﬁBm“,R”“). Then there exists a harmonic extension u €
Wha(Bm™+ R such that

||'a/||W1,q(Bm+1’Rn+1) < Cm’n’qHuHWl*%’q(aBmH,R"H)'

By Sobolev embedding we have the controlled inclusion Wh? — W' a4 on
an m-dimensional bounded open domain (or a compact manifold like 9B™*!)
for ¢ < mTHp, therefore this ¢ is the largest exponent where we can hope to

have a control for the extension.
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If u is a constrained function with values in a subset of R"*! (e.g. a
curved n-dimensional submanifold like S") then averaging even on a very
small scale could push the values of u quite far from the constraint obeyed by
w. This happens in particular for Sobolev exponents making the dimension
“supercritical”, i.e. exponents such that W1¢(B™!) is not constituted of
continuous functions. We pass to describe some cases where directly projecting
back to S" does not destroy the norm control of Prop. @.9(harmonic extension).

9.2.1 Projection from a well-chosen center

We present in this section a trick which probably appeared for the first time in
relation to nonlinear Sobolev extensions in [69] and [70]. For a Lorentz space
version cfr. Prop. [0.23|projection trick 2).

Proposition 9.10 (projection trick). If f € WhH4(Q, B"™) with ¢ < n + 1
and € is a bounded open simply connected domain of R™ then there ewists
a € B{‘/ng and a constant C depending only on q,m,n such that if f,(x) =

7. (f(x)) where m, : B\ {a} — S" is the projection which is constant along
the segments [a,w],w € S™, then

| fallwra@sny < Cllfllwrag,prr.

Proof. We have just to estimate the gradient of f, in terms of that of f since
the functions themselves are anyways bounded and () is assumed of finite
measure. We first note that since a € B?/J;l is away from the boundary of

B! we have the pointwise estimate

VAl (@) < @)

~f(@) —al’

where the implicit constant depends only on n. We next consider the following
“average” on a:

[ ([iwarwic)dos [ 1vre) ( /. |f<§i7—|> ir

1/2 1/2

We note that the inner integral is of the form

da
](y> = /B”l+1 |y_a|q7
1/2

and

1/2
max [(y) = 1(0) = Cn/ r"*dr = C,, < oo since ¢ < n + 1.
0

Y
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therefore we obtain
[ IV Llda < Coal 91
1/2

and the proof is easily concluded. O

The above proposition together with Prop. [@.9(harmonic extension) and
the remark on Sobolev exponents following it gives the following:

Theorem 9.11 (corollary of the projection trick, cfr [70] Thm. 6.2). Let
mneN*. If1<p< "Hm then for any ¢ € VVLY”(@Berl S™) there exists

a nonlinear extension u € Wh mﬂp(Bm“ S™) satisfying the control

||u||W1’mv;tlp(Bm+17Sn) < Crnpll@llwre@pmsr sm.-

Remark 9.12. Note that from the same ingredients we obtain also the stronger
estimate where for q = m“p < m the weaker space W' 9(dB™ S") re
places WIP(OB™ S"). This was done in [22] and [70]. We stated Theorem
[O11 as above to emphasize the connection with our Theorems and [0,
Indeed taking m = n we see that those Theorems cover the critical exponent

p = n, for which the projection trick stops working.

9.2.2 Large integrability exponents

We now consider functions in W?(S™, S") with p > m. The space C* l_m/ P(S™ S™)
continuously embeds in this space. The candidate extension space W™ ?(Bm+L Sn)
is made of C%'~™/P_functions as well. Extension problem is guaranteed to have

a solution as long as m,,(S™) = 0. This is true for m < n but false for many
choices of m > n and for m =n.

When an extension exists i.e. for ¢ representing the identity of 7, (S") # 0,
a controlled extension can be constructed, based on the fact that a bound on
the C%*-norm for a > 0 implies a control on the modulus of continuity.

9.2.3 Extension for maps in W11(aS! St)

For maps with values in S* we are helped by the existence of a well-behaved
product structure on S?, i.e. the one which gives the identification S* ~ SU(2).
This is enough to get the analogous result for n = 1 as we will see now. It
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is however well-known (see [74] 2.3) that this is a very unusual case: a group
operation exists on S¥ only for & =1, 3.

We can state a similar extension problem in the 1-dimensional case. This
kind of controlled extension result is related to the recent work on Ginzburg-
Landau functionals in [I19].

Here the main structural ingredients present for S® are again present:
namely, we have a group operation on S' (in this case it is even an abelian
group) and a Mobius structure on D?| restricting to one on S*. We follow the
strategy of proof used also for S®. The result is:

Theorem 9.13 (1-dimensional version of the extension). There exists a func-
tion g : RT™ — R with the following property. If ¢ € WH(SYSY) then there
exists u € WHZ2)(D? SY) with ulpp> = ¢ in the sense of traces and we have
the norm control

[ullweoop2sty < gl|Qllwrist gry)-

We will explain the changes which occur with respect to the proof of The-

orem [3.4] (see Sec. [@.4).

Sketch of proof: The procedure is as in Section and Appendix [l we
have just to replace exponents and dimensions 3,4 with 1,2. For the ana-
logue of Proposition @.34|balancing = extension) the biharmonic equation
(@.45) is replaced by a harmonic equation, while the resulting estimates per-
sist. Perhaps the only main change is Lemma [[L5] of Section [F.2] changes more
drastically. It should be replaced by the following product estimate valid for
fewhi(D?),ge L*nNWh2(D?):

[fgllwrr < N fllwrr (lgllze + llgllwr2)
O

We must however note that the naturality of the space WHH(S!,S') in
Theorem is less evident, since the trace space H'/2(S!,S') does not con-
tinuously embed in it, unlike what happens in higher dimensions. This is seen
by considering

ue(0) = exp (i min {1, e 'distg (0, [-7/2,7/2])}).

It is then clear that ||Vu|[z1s1) = 2 while we estimate the double integral in
0,0 giving the H'/?-norm by the contribution of the regions 8 € [0,7/2],6' €
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[7/2+¢€,m+¢€]. Under these choices u.(f) = €%, u.(#) = e' and their distance
in S is 1. Thus

distgi (ue(0), uc(0"))?
2 o S € € /
el gry = /S 1 /S 1 dlstgl 9 Gy~ 0dl

/o / \x+2e/w—y|2d“" ay

< |loge| + 1.

9.2.4 Using controlled liftings to obtain controlled exten-
sions

The control obtained for extensions of maps in W3(S? §*) and W (S, S')
is exponential in the norms of these maps. In Section we describe an
approach working for ¢ € W12(S%'S?) which is completely different than in
dimensions 1,3 and yields a faster proof and a better control. Such approach
was first considered in [72]. This is based on the existence of controlled Hopf
lifts. The result is (see Corollary [0.22) that there exists a L**°-controlled
lifting ¢ : S — S? i.e. a function such that H o ¢ = ¢ where H : S* — S? is
the Hopf fibration and we have the control

1VOllr2ee < ClIVO||r2(1+ ||V 12).

The analogous controlled lift exists also for ¢ € W1'3(S3,S?), whereas for
2 < p < 3 we have a control on the LP-norm of the lift instead of the LP>

one, cfr. Proposition 0.8l This lift allows to prove, along the same lines, The-
orem and Theorem Q.71

The gist of the proof is the following. Once we have the controlled lift
indeed, the lifted map takes values into a sphere of a higher dimension. This al-
lows a wider range of application to the projection trick of Prop. @ I0(projection
trick) or of its Lorentz space analogue of Prop. [0.23|projection trick 2).

After having extended the lift, re-projecting the extension to S? via the
Hopf map maintains the gradient estimates. This is due to the fact that the
Hopf fibration is a submersion (cfr. (@.4)) and our lift can be taken such that
also the “vertical” component 7 is controlled.

The existence of nonlinear liftings has been so far very active regarding
S'-valued maps (see e.g. [28], [23] and the references therein). Looking also
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at higher dimensional analogues seems very promising in relation to extension
results.

9.2.5 Small energy extension with estimate

As for the case of curvatures over bundles with a compact Lie group, the small
energy regime allows a kind of linearization of the problem and gives estimates
which are better than what expected in general. We obtain in particular an
estimate in W'* instead of W42 for the extension, provided that the norm
of the boundary trace is small:

Proposition 9.14 (see Thm. @.29). There is a constant ¢y > 0 and a finite
constant C' such that if
[ 196P < 0,658 58
S3

then there exists u € WH*(B*,S?) such that

u=¢ on OB in the sense of traces and ||Vul|p1p1y < C|| V| 13-

This is part of our proof of Theorem 0.4 and is proved in Section [@.4.2] using
a method in the spirit of [132], developed in Appendix [F.1]

9.2.6 Existence of W!l*-extension without norm bounds

As for the case of global gauges, we can in general obtain Wh4(B?% S3)-
extensions once we give up the requirement to have a norm control of the
extension like in Theorem [0.4l This phenomenon represents one example of
situations in which function spaces have a behavior which is more complex
than what can be detected by only looking at their norms.

Proposition 9.15. If ¢ € W'3(S3S?) then its topological degree is well-
defined, cfr. [117)] and [T]0]. Suppose then that degp = 0.

Then there exists w € WH*(B*,S?) such that

uw=¢ on OB in the sense of traces.

Proof. We use the extension as in the Section .41 The construction us-
ing Lemma [0.28(Courant-Lebesgue analogue) is done on a series of domains
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B(z;, p;) N B* where z; € 0B, p; € [po, 2po] for the choice

Po = inf {p > 0 s.t. E'.flf(] < 834,/ ‘V(r/)|3 > 60} .
B(

z0,2p)NOB*

Note that we have no a priori control on how small py could get, but it cannot
be zero for a fixed ¢. Then a Lipschitz extension u : R — S® to a Lipschitz
region R included between B*\ Bj_y, and B*\ Bj_, would exist as in
Section and such u will also be Lipschitz (with constant blowing up at
the rate ~ py') and would have degree zero (the preservation of degree follows
because the extension used in the construction preserves the homotopy type,
cfr [T40]). In particular we can do a further Lipschitz (thus W) extension
to the interior of B*\ R. This provides the desired u. O

The proof of the above proposition is constructive, and no hint that the
construction is optimal is available. In the next section we prove that actually
no general bound in W* can be achieved, because of the intervention of the
topological degree, much as in the case of SU(2)-instantons.

9.2.7 Impossibility of W*-bounds for an extension

Proposition 9.16. There exists no finite function [ : RT — R* such that for
each ¢ € W13(S3S?) there exists a function u € WHY(B*,S?) satisfying

u=¢ on OB in the sense of traces and ||Vul|rapsy < f ([|[Vl r3ss)) -

Proof. We recall the robustness if degree under strong convergence in W13(S3 §?)
(see [114], [140] and also |32} 133]). Consider ¢ = idss, which has degree 1. Sup-
pose an extension u : B* — S3 to ¢ would exist with ||ul[y1,e < C’. Tt will be
possible to approximate in W*-norm w by functions u; € C*(B* S?), since
smooth functions are dense in W'4(B* S?). In particular the degrees deg(e;)

1,3
of ¢; = w;|pps will have to be zero. Thus it is not possible that ¢; vy 0]
because the degree is preserved under strong Wh3-convergence).

This proves the absence of a continuous extension operator. To prove that
also boundedness is impossible, we use a slightly different argument.

Consider ¢y € W3 N C(S?,S?) which is a perturbation of the identity
equal to the south pole S in a neighborhood Ng of S. Then consider a M&bius
transformation F': S* — S* such that F~!(Ng) includes the lower hemisphere,
and consider ¢ = ¢go F,¢" = ¢y o (—F). Then identifying S* ~ SU(2) such
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that S ~ idgy(e) use the group operation to define ¢ = ¢’'¢”. Note that
|l ollwrs < 2||¢ollwrs since the conformal maps F,—F preserve the energy;
moreover ¢ has zero degree.

Let F,, be a family of Mobius transformations symmetric about S and such
that they concentrate more and more near S (with the notation of Appendix
.3 we may take F, := F, for v, = (1 —1/n)S). Define ¢/, := ¢' o F,, and
6 = ¢,¢". Tt is clear by conformal invariance of the W'3-energy that ¢,
have constant energy. They converge weakly to ¢” and have degree zero.

Call w,, the extension of ¢,, and suppose that ||u, ||y« < C independent of

n. We may suppose that u, Wi Uso € WH(BS?) and we obtain us|pp: =
¢” in the sense of traces. We then apply the result of [140] (see also [114])
which in this case says that the 3-dimensional homotopy class passes to the
limit under bounded sequential weak W14(B* §?)-limits. We obtain again a
contradiction to boundedness since deg(¢”) = —1 whereas the same degree is
zero for the maps ¢,,. O

9.2.8 Moving frames and their gauges

We describe here a lifting problem arising in the theory of moving frames on
2-dimensional surfaces, where the Lorentz spaces appear again in the optimal
estimates. The model question is as follows:

Open Problem 13. Suppose given a map (representing the normal vector of
an immersed surface) 1 € Wh2(D? S?). Does there exist a W2 controlled
trivialization € = (€1,) of the pullback bundle i~ 'TS?*? A trivialization
is defined by two vector fields €i,é € W12(D? 'S?) such that the pointwise
constraints |€1| = |éy] = 1,€1 - & = 0 are satisfied almost everywhere and
n= 51 X 52 .

This problem behaves like the one of global controlled gauges, namely for
small energy a lift exists and is controlled, and for large energy lifts can be
found but with no general control. Ulenbeck’s e-regularity estimate is mirrored
in the following Theorem. This result, was proved initially by F. Hélein under
the hypothesis ||V7i||,2 < C and improved by Y. Bernard and T.Riviére who
proved that it is enough to assume a smallness condition in weak-L?:

Theorem 9.17 (|16] Lemma IV.3, cfr. also [75] Lemma 5.1.4). There exists €
such that if |Vii| 2.0 < €y then there exists a trivialization, with the control

IVéL| 2 + Ve 2 < C||Viil| 2.



9.2. Controlled and uncontrolled nonlinear Sobolev extensions 189

and
[Véilrze + [[Vér| 20 < C||Vii| L2

Note that for the improvement above, the L?-energy might blow up, yet
still control the energy of the trivialization, as long as we stay small in Lorentz
norm. It would be interesting to explore this kind of phenomenon also for
curvatures in higher dimensions like in our setting.

The bad behavior in case of large energy regime starts at the energy level
87 (and this is optimal, see [86]). This number has an evident topological
significance, because if 7 is homotopically nontrivial, i.e. parameterizes a
non-contractible 2-cell of §? then 47w = [S?| < [, u*(dVols2) < 1 [, [Vi]?,
so 87 is the smallest energy of a topologically nontrivial 7.
We also have the following lemma, similar to Section @.2.7k

Lemma 9.18. For [ |Vii|? > 8 there can be no controlled W' trivialization
€.

Sketch of proof: We choose 71 mapping a neighborhood D? \ B, := N; for
small r to the south pole of S?, has degree 1 and equals a conformal map
outside a small neighborhood Ny  N;. Such 7 exists with energy as close as
desired to 87, independently of r by conformal invariance of the energy.
Supposing a trivialization € = (€}, €3) exists, on NV; it will span the “horizontal”
2-plane of R* which is perpendicular to S = (0,0, —1). On circles 9B,,p > r
by Fubini theorem for almost all € we will have that ¢;,7 = 1,2 will be W2
thus C° and they have values in the equator of S?. By well-posedness of the
topological degree and since 77 is nontrivial in homotopy, we obtain that each
e; will make a full turn on each dB,. This gives that | o8, Vel > 1 on 0B,
and by Jensen’s inequality we obtain

1
1

/ lvaPzC/ —pdp > C

D2\B, r P

since there is no positive lower bound of r > 0, we see that we cannot have a
controlled trivialization. 0J

1
log—‘
”

There is an analogue also of our WhH(*>) extension result here, and it
corresponds to taking the so-called “Coulomb frames”. The result is a general
estimate with no restriction on 7, but with the Lorentz norm L®*°) instead
of the L? norm (this estimate follows from Wente’s [I37] inequality using [1]):
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Proposition 9.19 ([109], VIL.6.3). Let 7 € WY2(D? S?). Then there exist
a trivialization € belonging to W) egists, which satisfies the Coulomb
condition

diU<€1, V52> =0

and the control

Vel pee + IVl e S Vil + [[Vi]lZe.

9.3 The Hopf lift extension

We prove here the Theorem .6l We consider a fixed ¢ € W?(S?S?) and we
need to construct an extension u € WhH32) (B3 S?) such that

[ullwrceo ey S 1@llwrzs) (1 + [[@llwras),

where the implicit constant is independent of ¢.

The strategy of proof uses a construction based on the Hopf fibration which
has been introduced in [72]. The same strategy has been later on performed
in [21] for proving similar lifting results as in [72]. In the smooth case we will
first lift ¢ : S2 — S? to ¢ : S? — S? such that H o ¢ = ¢ where H : S —» S?
is the Hopf fibration. Then we will extend gz~5 by using a Lorentz analogue
of @I0(projection trick), working with similar conditions on dimensions and
exponents. projecting back to S? via H will keep the estimates.

Before the proof, we recall some properties of the map H.

9.3.1 Facts about the Hopf fibration

Identifying S* with the unit sphere of C?, with complex coordinates (Z, W),
the Hopf projection is H(Z,W) = Z/W and its fibers are maximal circles.
This gives a function with values in C U {oo} >~ S*. If we look at S* C R*
with the inherited coordinates (z1, s, x3,24) then we can identify

1
H*w§2 = dOé, for o = 5(I1d$2 - I'le'l -+ l’3d$4 - l’4d.§(]3). (91)

Here wge is a constant multiple of the volume form of S?. Since S' ~ U(1) we
can regard S* s? asa principal U(1)-bundle P — S%.
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Let ¢ : C — S? be a smooth function. Then d(¢*ws:) = 0 because
O3 (R*~ C) = {0}. Since H?,(C) =0 there exists a 1-form 1 such that

d?’] = ¢*WS2- (92)

We also note that for a smooth ¢ : C — S? the pullback of the U(1)-bundle
P is trivial, since R? is contractible. A trivialization of the bundle ¢*P — C
can be identified with a lift ¢ of ¢. From the equation (@) we can deduce
that dn = ¢* H*ws2 = ¢*da = d(¢*a) and again there exists a 1-form 7 as in
[@2), defined by .

= ¢ . (9.3)

7] coincides with 7 up to adding an exact form df: we have gz;*a—n =do¢. If we
come back to the bundle point of view then df represents the effect of change
of coordinates of the trivialization giving ¢, i.e. of a change of gauge. We have
then 7 = ¢*a — df = (e7"¢)*a, where the action of e~ is intended as an
U(1)-gauge change and 6 : C — R is determined up to a constant. Moreover,
since DH is an isometry between the orthogonal complement of the tangent
space of the fiber T,H '(H(p)) and T,S?, we also obtain the following norm
identity: )

|Dgl* = ||* + | Do . (9-4)

9.3.2 Hopf lift with estimates

We start the proof of Theorem with the following first step:

Proposition 9.20. Suppose ¢ € W'?*(C,S?). Then there exists a lifting b
C — S? such that Ho¢ = ¢ and there exists a universal constant C' such that

V6|20 < ClIV|2(1 + V|| 2).

Proof of Proposition[9.20: The proof is divided in two steps.

Step 1. Constructions in the smooth case. We have seen that, at least in
the smooth case, constructing a 1-form 7 as in (@2) is equivalent to the
construction of a lift ¢ : C — S3. We now observe that such a 1-form can
be in turn easily constructed, by inverting the Laplacian on C, via its Green
kernel, which is of the form K(x) = —vylog|z|. In particular K € Wh(Z>)
which is the reason why this norm appears). First note that dd*(K x 3) = 0
for a smooth L'-integrable 2-form 3 on C. We can then use this formula
for B = ¢*ws:, and taking into account the fact that VK is in L>*, by the
Lorentz space Young inequality (see [63]) we obtain that the 1-form 7 defined
as

n:=d" [K % (¢*wsz)], n — 0 at infinity (9.5)
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satisfies (@.2)) and the estimates

1llz20e S 6" wsellzr S [1DGI[7:]|6]]20e = || D[ (9.6)

We have mentioned where to find the proof that 7 corresponds up to a unitary
transformation to a lift ¢, and from (@4) and from (@.6) we also obtain the
estimate for ¢ which reads as follows:

1D8l|1200 S [0llz2e + 11D9||2 S |1D]12(1 + || Dl 12). (9.7)

Step 2. Extending the constructions to W12, The results obtained so far
apply for ¢ € C*(C,S?). We use the by now well-known fact that while not
dense in the strong topology, the functions in C*°(C,S?) are instead dense
with respect to the weak sequential convergence (see [19, 65]). The constraint
of u, having values in S?, as well as the constraint q;n o H = ¢, for the gzzn,
are pointwise constraints (note indeed that the function H is smooth), so they
are preserved under weak convergence ¢, — ¢ € W?. Now we state the only
less classical point in the following lemma.

Lemma 9.21. L?>*-estimates are preserved under weak convergence in L?.
In other words, if f, € L* are weakly convergent to f € L* then ||f||p2~ <

liminf,, o || full L2 -

Proof of the lemma: We observe that a positive answer to this question cannot
directly and trivially be obtained by interpolation, since L*-norm is not lower
semicontinuous with respect to weak convergence in L?. We thus proceed by
duality, namely we note that

L@ = (L2D)" and L&Y c L2,

Therefore (f,,¢) — (f,¢) for all ¢ € L(>Y and by usual Banach space theory
we obtain the thesis. O

Applying the Lemma, we obtain the desired estimate via Bethuel’s weak
density result. O

We observe that given a map ¢ € WH*(S? 'S?), we can obtain a map
u : C — S? having the same norm by composing with the inverse stereographic
projection W~!: C — S?: we use here the facts that the exponent 2 is equal to
the dimension, and that ¥ is conformal. In a similar way, having constructed a
lift @: C — S?, we obtain automatically a lift ¢ of ¢ by composing back with
S. The same reasoning using conformality also implies that the L?°°-norm of
the gradient of ¢ is preserved. This proves the following:
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Corollary 9.22. Suppose ¢ € W'*(S*,S?). Then there exists a lifting b :
S? — S? such that H o ¢ = ¢ and there exists a universal constant C such
that

1VOllr2e < ClIVO||r2(1+ ||V 12).

9.3.3 Projection and wise choice of the point

To proceed in our strategy for the proof of Theorem [0.6] we use a version of
the projection trick of Section [0.2.1]

Proposition 9.23 (projection trick 2). Suppose that ¢ € WhH2=)(S2 S?).

Then there exists a function @ : B> — S, such that U|pps\s2 = ¢ and satisfying
the following bounds for some universal constant C

1l [y 53) < Clldllwr oo s2)-

Proof. We proceed in two steps, of which the first one introduces the WW*(3:20)_
norm estimate, and the second one ensures that the constraint of having values
in S? can be preserved.

Step 1.Harmonic extension. Consider a solution « of the following equa-
tion:

- 3
{Au—OonB, 9.8)

@ = ¢ on OB3.
By using the Poisson kernel estimates we obtain that @ € WH(G>)(B3 B*)
and

IVl Lo S VOl o0- (9.9)

Step 2. Projection in the target. We now correct the fact that @ has values
not in S? but in its convex hull B*. For a € Bfﬂ we note 7w, the radial
projection m, : B* — S? of center a, i.e.

7o(z) == a +t,.(x — a), for t,, > 0 such that |7,(x)| = 1.

In order to estimate the norm of u, := 7, o 4 we note that

ot < Vi@
V(o0 01(2) S iy

with an implicit constant bounded by 4 as long as a € B} /2 We just estimate
the LP-norm of Vu, for p € [1,4][. We note that fBl/Q |t(z)—al~Pda is bounded
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for all such p by a number C, independent of z, therefore by changing the
order of integration and applying Fubini, we obtain

/ |Vug(x)Pdeda < C, |Vﬂ(a:)|p/ [U(x) — a| Pda < Cy|[Vallh.
Bys J By By /o

B1

In other words, the assignment a — u, gives a map whose L} (B2, Wi?(B?* S?))-
norm is bounded by the LP-norm of Va for p € [1,4[. First observe that by
Lions-Peetre reiteration L) is an interpolation between LP° and L' with

3 €]po, p1[C]1,4[. We now use the nonlinear interpolation theorem of Tartar.
Call U(a,z) = | av(;l)@u . We know that the map u — U is bounded between
Wtri and LPi for i = 0,1. In order to prove that it also satisfies

Vu(zx) _
N B1 X Byys: Vula)l Al = U1 g0 S S 1800
sup | { (@, € B x B L] 0 S il
(9.10)
we will check the local estimate
Vu(x Vou(z
( ) — ( ) :5 ||1L — 1)’|1;p1.
lu(xz) —al |v(z) —al||m
This follows since
/ / Vu(z) B Vo(z) "
By By, | [u(@) —al  [u(z) —af

< |Vu—Vv|p1/ (|u(z) — a| ™ + |v(z) — a| ") da dz
By o

By

and to the second factor the same estimates as before apply, uniformly in x.
Thus (@.I0) holds. From (Q.10) it easily follows that there exists a € By, for
which

Vol e gy S Nli]lwreeo- (9.11)

Combining (@.9) and (@.I1]), we obtain the claim of the proposition, for @ :=
Ug . ]

9.3.4 End of proof

Proof of Theorem[9.4: Apply consecutively Corollary 0.22] and Prop. [0.23
(projection trick 2). For this @ as in Prop. [.23] we can then consider
u:= Hou, : B> — S?. Since H is Lipschitz we obtain the pointwise es-

timate
|Vu| < |Vug. (9.12)

Combining this with the estimates of Corollary[0.22 and Prop. @.23|projection
trick 2) we obtain the thesis of Theorem 0.6 O
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9.3.5 Modification of proof in the case of W1?(S™ §?)

In this section we prove Theorem and Proposition

Proof of Theorem [ and of proposition[d.8. We consider here n = 2 < m
and 72—?1 <p< é—TI as in Proposition We will use the fact that such
p is always > 2. The construction of the 1-form n satisfying (0.3) and (©.4))
can be done in a completely analogous way if the domain is R™, m > 3. The
only difference is that in such case the Laplacian on 2-forms like ¢*ws> has
the form A = d*d + dd* where the first part does not vanish anymore. In this

case however we may still solve

d77 = ¢*w827
d'n =0,
n(x) = 0, |z| — oc.
If ¢ € WHP(R™ S?) and since p > 2 we then have
ldn]| Lor2@my < Cll¢*wse| porzemy < Clld||T@m)-

As before we have (@), from which we also obtain |Do|P < |5 + |Do|P.
Passing to S™ and noting that in dimension m > p there holds

WLP2(S™ §?) e Lon-s (S™,S?) < LP(S™,S?)

we obtain .
1Dl Lo sm 52) S N1DN7o(sm g2y + DD Lo(sm 52)-

Harmonic extension and Prop. @.I0(projection trick) allow then to obtain an
extension @ : B™™! — S§? of ¢ such that

m

HvaHLm+1p(Bm+1,§3) 5 ||D¢HL”(S’”,SS)7

provided mTHp < 4 (which is the condition appearing in Prop. [0.10|projection
trick). Composing with the Hopf map H at most decreases the norm, thus we
obtain that u := H o« is the desired controlled extension as in Proposition [9.§]
and in Theorem (note that for m = 3 the condition %“p < 4 is equivalent

to p < 3). O

9.4 The extension theorem for W!3(S3 S?) maps

This section is devoted to the proof of the following theorem:
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Theorem 9.24. There exists a constant C' > 0 with the following property.
Suppose ¢ € WE3(S3 S?). then there exists an extension u € WhHH2) (B4 §%)
of ¢ such that the following estimate holds:

[Vulsoesny < C (170 4 eIVl v 15 ) (9.13)

9.4.1 Modulus of integrability estimates

In general during our estimates we indicate by C a positive constant, which
may change from line to line, and also within the same line. We start by
fixing the notation for the main quantity which will be used control the energy
concentration of our maps.

Definition 9.25. If D C R* and f: D — R is measurable then let E(f, p, D)
denote the (possibly infinite) modulus of integrability of f, which is defined as

zeD

E(f.p, D) = sup/ I
B, (x)ND

The modulus of integrability fits into a sort of elliptic estimate as follows.

Proposition 9.26 (integrability modulus estimates). Let ¢ € W'3(0B*S?)
and assume that u is the solution to the following equation:

Au=0 on B
u=aq on OB*.

Then there exists a constant Cy independent of ¢, p such that when p €]0,1/4]
the following inequality holds true:

E(Vul', p, BY) < CLE(IV6[*, 2, 834)1/3/ VoP.  (9.14)
0B4

Proof. We have to prove that for all zq € B*,
[ vt am(ver o [ veP. (@5)
By (zo)NB* oB4
Step 1. We prove ([@.I5) for zo € OB*.

/ V' < CoE(Vol, 20, aB4>/ Vol
By (zo)NB* OB4
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The function u can be obtained by superposition, using a cutoff function
n:S* — [0,1] which equals 1 on B,(z) N'S* and 0 outside Bs,(z¢) and
satisfies |Vn| < p~t. We will use the functions

Au; =0 on B*, Auy =0 on B*,
uy =n¢:=¢; on B uy = (1 —1n)p := ¢y on dB*

We can estimate these two functions separately because there holds

/ |Vl 5/ |Vu1|4+/ |Vug|*.
Bp(wo)ﬂB4 Bp(xo)ﬂB4 Bp(xo)ﬂB4

It is convenient to estimate separately the contributions of u; on S" = By, (z0)N
S* and of uy on S” = S*\ B,(z0); on S” we use the Poisson formula and on
S’ we use elliptic estimates.

By elliptic theory and the definition of 7,

1/3
/ |Vu1|45(/ |V¢|3) -
B, (z0)NB* S’

Poisson’s formula gives
Pa2(y)
us(z) = C(1 — |x|? / dy,
(@) =Cl1- o) [ R

therefore (using also the bound on 7) we obtain a pointwise bound, in case
z € By(xo) N B*, p < 1/4:

v v
|VuQ|(x)S/)/ | ¢|4dy+/ 9] 4dy5p/ | ¢|4dy-
s [T =yl ] ]

Patching together the estimates obtained so far, we write

v vol !
/ |Vul* < ( |v¢|3) + p° (/ 4) =1+1I, (9.16)
B, (z0)NB* s s |z =yl

where the factor p® comes from the pointwise estimate for Vu, keeping in
mind that |B,(z¢) N BY| < p?.
The first summand is estimated as needed:

1/3
1< < / \WP) / Vo < E(VoP.2p,0B%) / VP
ng(xo)ﬁaB4 S3 S3

To estimate 11 we consider a cover of S” by (finitely many) balls B, = Bj,(z;)
such that x; form a maximal 2p-separating net and they are at distance at
least p from zy,. We use the estimate

1/3
7 3
/B Vel < |B, <7[ | |v¢|> |

i i
2p 2p
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and the fact that for y € Bj, and 2 € B,(zo) N B* there holds |z —y| 2
dist(z;, o). The second summand of (0.I6) can then be estimated as follows:

4
I1 < p8 (ZdlSt (i, w0)p /3>

V¢[*. We can use the expression 1/3 = 1/4 + 1/12 for the
exponent of a; together with a Holder inequality to obtain:

4
IT < p8supa (Zdlst a4, 20)p° /4>

3
o) (£0) (S )]

Now the first parenthesis is estimated by p~'E(|V |3, 2p, 9B*), the second one
by p~3 fSS |V¢|?, and for the last factor we have the elementary estimate

1 dx
dist™ % (2, L <
Z ist™ 9 (25, 20) S 5 Jes o — x| 1073 + p16/3 ~ P

where a; = fBi
2p

“l5

These new estimates give

11 P BV 2,089 [ Vol
S

S B(VeF.20.08") [ V6P
S-

This provides the desired estimate for I7, finishing the proof of ([@.I5]) in the
case w9 € 0B*. Note that the constants introduced in our inequalities can be
chosen independent of p and are independent of ¢. Thus Cj is also indepen-
dent of these data.

Step 2. We now observe that we can reduce the case of |zy| < 1 to the
treatment of Step 1, up to changing the constant Cj in our estimate from Step
1.

If |xg| < 1—2p then we can directly apply the estimates for the term 7
of ([@.I6]), since now the denominator |z —y| in the Poisson formula will be at
least p for all z € B,(x).
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The estimate of Step 1 also holds for p > 1/4 with the same constant.
We can cover the case |zg] €]1 — 2p,1[ with p < 1/4 by noticing that if
zy = xo/|zo| then Bs,(x() D B,(xo) and that the measures |Vo¢|*do, |Vu|*dz
are doubling with constants bounded by the packing constants of S* and of
B* respectively, while the function E(f,p, D) is increasing in p. Therefore
the inequality (@.I%]) also holds for this last choice of z up to changing Cy by
a factor depending only of the above packing constants. O

9.4.2 [Extension in the case of small energy concentration

The following two lemmas will be used for the harmonic extension of a bound-
ary value ¢ € W13(S3,S?) under the small concentration hypothesis of Propo-
sition [9.26f

Lemma 9.27. If u € W' (B* R*) and p €]0,1/2[,xo € OB* then there exists
p € [p,2p] such that

ﬁ/ V' < C V.
int(B*)NOBs(zo) B*NB,(z0)

Proof. We just use the mean value theorem together with the following com-
putation:

2p
/ / (Vul*dp :/ |Vl S/ |Vl
P int(B*)NOB, (z0) B2, \By(x0) B4NB,(z0)

0

Lemma 9.28 (Courant-Lebesgue analogue). Fiz p €]0,1[. There ezists a con-
stant C' > 0 such that if u € W' (B*|R") is the extension of ¢ € W'3(S?,S?)

and if
ﬁ/ Vu|* < C
mt(B4)ﬁé)B,3(:c0)

with xo € OB*, then for almost every x € 9 (B* N B;(xg)) there holds

dist(u(z),S?) < =. (9.17)

| =

Proof. Note that the hypotheses 2o € 9B* p < 1 have the following two
geometric consequences: (1) dB* N dB;(xy) has positive measure; (2) B* N

Bj;(zg) is 2-bilipschitz equivalent to Bj;. Therefore we may just prove that
([@I7) holds true on 0B, for a function such that

{ ﬁfaB,; |Vult < C,
[{z: [ul(z) =1} > 0.
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To do this note that by definition u(z) € S* for a.e. € dB*, then use the
Sobolev inequality

lellonssom, S 7 /a Vul?,

p

valid in dimension 3. For C' small enough we obtain (@.1I7). O

The next theorem is inspired by Uhlenbeck’s technique for the removal of
singularities of Yang-Mills fields. We postpone its proof to Appendix [E11l See
Theorem [F.2(small energy extension) for an equivalent statement.

Theorem 9.29 (Uhlenbeck analogue). There ezist two constants 6 > 0,C > 0
with the following property. Suppose ¥ € WH3(S* S*) such that || V|| sy <
5. Then there exists an extension v € WH4(B1 S3) satisfying the following
estimate:

||U||W174(B4) < C||V¢||L3(S3)

The following lemma will be later applied to the restriction of u to a smaller
ball Bi_,, where u, being harmonic, is smooth.

Lemma 9.30 (interior estimate). Given u € Wht N CY(B*, BY), there exists
a constant C' independent of u such that for half of the points a € B* there
holds

1 4

<C | |Vul"
|U — CL| L4VO°(B4) B4
Proof. By the co-area formula we have
{a:lu(@) —a™" > A} = |u(Ba-1(a))l

< Cf |Vul*

We then observe that the measurable positive function F,(z) := Card(u~'(z))
belongs to L'(B*). The maximal function MF, has L“*-norm bounded by
the L'-norm of F, and in particular there exists a constant C' independent of
u such that for at least half of the points a € B* there holds

1
SUp ~ F, < C/ F,<C [ |Vul*.
x A By ) B B
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For such a we have, after the change of notation A\ = A~!, the desired estimate

Hz:ju(z) —al™ > A}A* < O » (Vul?,

We now have the right ingredients to prove our first extension result.
Theorem 9.31 (small concentration extension). There exists a constant 0 €
10, 1/4[ with the following property. For each ¢ € W'3(S3'S?), such that the
following local estimate holds with ||V¢||L3 sy = E:

E(|Vol,2p,§%) < (9.18)

C\E

there exists a function @ € WH1)(B* S%) which equals ¢ on S* in the sense
of traces and satisfies

HV¢IIL3

IVi]|pse S +[IVollzs. (9.19)

Proof. Step 1. We first observe that the harmonic extension u of ¢ satisfies

| &l wrs(ss)

|Vul|(z) S for z € By_,.

A direct way to see this is by estimating via the Poisson formula together with
Poincaré’s inequality and a good covering by p-balls B; C S$*:

|Vu|<x>,sp( Vé gy [ 19 dy)

s |7 —yl* s [ =yl

|V¢\ +19]
Z fB Je T T where d; ~ dist(B;, z)

4
< Z <d%) ]ij Vol + 1, by Poincaré

1/3

2/3 3
S <Z(p/dj)6> 3 <]i |v¢|) +1| by Holder

J J

< H¢HW1’3(83).
~ p
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To justify the last passage we observe that Card{j : d; ~ 27p} ~ 2% and

N 2/3
thus the first factor in the forelast line is bounded by (Z >0 2% ) , while
for the second factor of that line we use Jensen’s inequality.

Step 2. We now use Lemma[0.30 and we observe that if «, : B*\ {a} — S?
is the retraction of center a then
|Vl

u—al’

|V(m,ou)| <C

In particular using Step 1 and Lemma [0.30] we obtain

1 < oIVolls
lu— al - p

Step 3. Consider a maximal cover {B;} of S* = dB* by 4-dimensional balls
of radius p and centers on dB*. It is possible to find a constant C' depending
only on the dimension such that the collection of balls of doubled radius {2B;}
can be written as a union of C' families of disjoint balls Fi, ..., Fc.

IV (7a 0 u)|[ee < [Vl Vulls. (9.20)

LA,

Then apply Lemma to each ball B; € F;. This will give a new family
of balls { B} : B; € F,} with radii between p and 2p to which it will be possible
to apply Lemma 028 (Courant-Lebesgue analogue). Thus dist(u(z), 0B*) < 1
on O(B*N BY) for all B;. Because of the choice of JF; it also follows that the
balls B] are disjoint.

If we choose the projection 7, of Step 2 such that dist(a, 0B*) > i then
uy = g 0 (ulo(pinpy)) satisfies [Vui| < C|Vul on dB; N B*

by the estimates of Step 2. Note that a will be fixed during the whole con-
struction.

We extend u! (denoting the extension again by u}) inside B, N B? via
Theorem [0.29 (Uhlenbeck analogue) obtaining a new function
m,ou on B'\UB,
Uy = )
7

uy on B

Theorem [0.29 implies that u; satisfies

1/3
||Vu1||L4(B{-) S C </ |Vu1|3> .
OB]
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We can rewrite this as follows:

4/3
[ vl < o( [ wers | |wl|3)
B;,NB* B;,NnoB int(B)NIB;
4/3 ' 4/3
< (/ |V¢|3> +</ |Vu§|3) . (9.21)
B:NOB int(B)NOB;

We note that (using Lemma [0.28))

4/3
([ wap) < wesys [ e
OB;Nint(B) 9B;Nint(B)

Sof vl
dB;Nint(B)
< / |Vul* (9.22)
B;NB4

therefore uy still satisfies (@.14) with a constant C; which is now changed by
a universal factor.

Step 4. It is possible to repeat the same operation starting from the func-
tion u; and using the balls of the family J» to obtain a function uy, and then
do the same iteratively for all the families Fs, ..., Fo.

Denote by R the union of all the perturbed balls B! corresponding to
the families Fi,...,Fc. Recall that the number of families is equal to the
maximal number of overlaps of balls of different families, and depends only on
the dimension. Then iterating the estimates (O.21)) using (3.22) for all families
F; we obtain for the last function ug

/ Vult < B(V 20,898y / Vo + / V!
R — JB,noB R

< IVOl3ss) (E(IVEI?, 20, 8%) + Vol o)) . (9:23)

where for the last inequality we also used the elliptic estimates for v in terms

of ¢.

Step 5. We now collect the estimate ([@20) for the part B\ R C Bi_,
and ([@.23). Observe that in general || ]|z~ < ||f]lz+ and that the L**°-norm
satisfies the triangle inequality. We obtain

HV¢IIL3

IVallpae S +Volls + [VSII55 E( VS, 20, 8% (9.24)

~Y
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Using the trivial estimate E(|V¢|?,2p,S?) < [, [Vo|?, the desired estimate
follows. O

9.4.3 The case of large energy concentration

In this section E will denote an upper bound for the L?-energy of boundary
value functions ¢. Following Theorem we are led to divide the set of
boundary value functions W3(S3 S?) into two classes, based on whether or
not the energy concentrates. We will do the division based on the following pa-
rameters: the energy bound FE, a concentration radius pg and an upper bound
on the concentration Ag. pg, Ag will be fixed in Section [0.4.4] depending only
on E. We introduce the following two classes of “good” and “bad” boundary
value functions:

GF = {pc W'3(S*,S%) : |Vo|3, < E, By < A}, (9.25)
9.25
BF = {¢ € WH(S*,§) : |Volis < E, By > Ag}.

where

E, := E(IVo[*, p, §%) for ¢ € W (S, ).

The precise steps of our extension construction are as follows (see also the

scheme (0.26)):

1. Theorem @3] gives a good estimate for the boundary values in G¥ .

2. If ¢ € BE has average close to zero, i.e.

/Sy’si,

then it is possible to write ¢ = ¢1¢o with

Vo> < E— Ap/2
S3
(the product of S*-valued functions is pointwise the product on S* ~
SU(2)).
3. If we are not in the two cases above, we use the functions
Fy(z) == —v+ (1 — [v]*)(z* — v)*

where a* = %, v € B*, which form a subset of the M&bius group of B*.

Ia‘Q bl
We have two cases:
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(a) Vv € B* there holds | [y, ¢ o F,| > %, in which case

(v) = ms ( ; ¢on)

gives an extension of ¢ with values in S* and satisfying
[ullwrs S lollwes,

(b) 3v € B*such that |[,¢oF,| < i in which case we can apply

e "
the reasoning of cases (1), (2) above to ¢ := ¢ o F,. Since F} is
conformal and |¢| = |¢| = 1 we have

IVolles = [IVSlles, Ndlwrs = [[Gllws.

Again we reason differently in the two cases ¢ € GF and ¢ € BE.

4. If in case (3b) ¢ € BE then we apply case (2) to ¢ and we can express
GB = &1052
and
¢ = (¢10F (g0 F1).

Then ¢; := ¢; o F;! are as in case (2).

5. If in case (3Db) Q~S € G¥ then we apply case (1) to Q~S With a careful study
of the relation between the position of v € B* relative to dB* and the
parameter pg, we construct

ue WhHt>)(B §%) extending ¢ = ¢ o F;

starting from the extension @ of ¢ given in case (1).
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(B

3o lfooRI<i] [V lfnoo Rl >4

s @] < 4

jep' Gcor) [Buend]
Extend

Tierae]

(9.26)

Proposition 9.32 (balancing = splitting). There exists a geometric constant
C' with the following property. Suppose that ¢ € BY with the notations of
@28), and assume Ag < 1/C and pg < e~ CmaEAB(BALY - Burther assume
that as a function in WH3(S3,RY), ¢ satisfies

fol<s

Then identifying S* ~ SU(2) there exists a decomposition

¢ = 0102 (9.27)

such that for both i = 1,2 we have that

/ IVoi|® < E— Ag/2. (9.28)
S3

Proof. We will proceed through several steps.
Step 1. Fix a concentration ball B = B’ (pg, x0) such that

/ Vol > Ap. (9.29)
B
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Step 2. Consider dyadic rings in S* defined as R; := 2°7'B \ 2'B where we
denote 2'B = BS*(2pg, xy). We observe that for Ny < —C'log, pg the rings
with i < Ng stay all disjoint (we will fix Ng later). Therefore there holds

Ng
Z/ Vo[> < E.
i=1 7

By pigeonhole principle, there exists iy € {1,..., Ng} such that

E
Vo|? < —.
/R VoP <+

10

Again by pigeonhole principle (using the fact that the cubes are dyadic) there
exists then t € [2°0T!pp 20 pp] such that

1)
t / Vo]? < C—, 9.30
8853 (t,z0) Vel Ng (9:30)

where (' is a constant depending only on the geometry of S?. .
Step 3. Denote B, = BY’ (t,x0) as in Step 2. We define the function ¢; via
a suitable harmonic extension outside of B; as follows:

b1=10 on 0B,
A(p1oU)=0 on BF,

where ¥ : R® — S3\ {zy} is a stereographic projection composed with a
dilation of R?, such that ¥(B¥*(1,0)) = S*\ B,. On B, we define ¢; = ¢. By
Holder’s inequality, using elliptic estimates and the conformality of dilations
and inverse stereographic projections, we have

N 3/2 N 3/2
¢ (faBt ‘V¢1‘2) -¢ (faB]FS Voo ‘W) (9.31)
C fpes V10 VP = C [g 5, [Vn[.

tfaBt ‘ngl‘g >
>

However, note that in general ¢, will have values in R* but we can insure that
they belong to S? only on the ball B;.

Step 4. We define then .

¢1 = T3 0 1.

We claim that if Ng is large enough then ¢ satisfies some estimates like (0.31))
where the constants C' are worsened just by a factor close to 1. Indeed, ([Q.30)
together with the Sobolev embedding W13 — C%1/3 (valid for 2-dimensional
domains like dB;) implies that ¢|sp, stays close to a fixed point of S* as in the
proof of lemma [0.2§(Courant-Lebesgue analogue). Therefore also ¢; o ¥|, B

does. By mean value theorem, ¢; 0 V| s and thus (51 |, will not have a larger
1
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distance to the same point of S?. Quantitatively, there exists a geometric
constant C' such that if

— < (9.32)

then
dist (¢, S?) < 1/2.

This implies via the pointwise bound

Vimss o ) < V7]

/]

that pointwise a.e. there holds the following estimate
V| < C|Vnl,

which proves our claim. This claim together with the estimates (@31)) and
([@30) implies the following bound, valid under condition (@0.32):

)
/ TRt (9.33)

Step 5. We now estimate from below the energy of ¢[gs\p,. Denote by bq
the average of ¢ on a domain 2 C S*. First we use the Poincaré inequality
on $*\ B; and the fact that |¢| = 1 almost everywhere.

3
Vol|? > — b |2 > — b
/SS\Bt IVer= /SS\Bt 0= denal 2 (/gS\Bt 9= 9s \Bto (9.34)
> (IS*\ Bi|(1 — |dsa]))’

Using the fact that |¢gs| < i and the triangle inequality we have

_ 1 _
IS*\ Bl ¢\ 5,| < Z|83| + | Byl 9B, |- (9.35)

[@34) and ([@.37) together with the estimate |¢p,| < 1 give

1 /3 3
/Sa\B Vol® > c (Z|S3| - 2\Bt|) : (9.36)

From this inequality and since we assumed Ag to be small, we obtain

/ Vo> > Ap if t<C, (9.37)
S3\ Bt
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for some geometric constant C'.
Step 6. We now define ¢, := ¢;'¢ where the pointwise product uses the
group operation on S* ~ SU(2). Observe that since |¢p| = |¢1] =1 a.e.,

V(67 0)| = |67 Vi1 ¢ + 67 V| < [V + [Vl

We then apply this last inequality together with Hélder’s inequality to obtain
that if the number of rings Ng in ([@33)) is so large that ||V ||rses\p,) <
IVl Ls(ss\5,) then

[ wers [ |v¢|3+7(/ |v¢1|3) (/ |v¢|3) |
S3\ B, S3\ B, S3\ B, S3\ B,

By using (@.37) and ([@33]) we then obtain (under the hypotheses ([0.32) and
Ap < 1/C needed for these inequalities to hold)

E E
/ \V@PS/ Vo> +C—F < E—Ap+C—. (9.38)
S3\ B¢ S3\ By N];b; NE

Step 7. It is now possible to conclude. The estimate ([Q.28)) for ¢ follows

from (@38) and ([@29), if the last summand in (@38 is smaller than Ag/2.
This requirement translates into

Ng > CE?A3. (9.39)

The estimate ([@28]) for ¢; follows by observing that by construction ¢; = ¢

on B;. It follows from ([@.37)) and (@.33) that
E
[wap = [ 1vop+ [ veP<E-aptos
Sh By S8\ B Ng

Therefore the request that the last term is < E' — Ag/2 translates into
N > CFEAg. (9.40)

Recall that in Step 2 we connected Ng to pg by the condition Ng < —C'log, pp,
so (@39), [@40) translate into the requirement pp < e~ Cmax{FAR(EAR)’} 4q
sumed in the thesis. The requirement on Ap was needed for the reasoning of
Step 5. O

Remark 9.33. The proof of (Q30) in Step 5 gives the following general es-
timate valid for bounded Sobolev functions on a compact manifold M and for
any Poincaré domain Q C M :

IVollr@ = Ca [IMII6lLny = [oml) = 2l @l ean M\ QY] (9.41)

where Cq is the Poincaré constant of €.
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Consider now the following conformal transformations of the unit ball B*:

Fy(r) = —v+ (1 —|v*)(z* —v)*, where v € B* and a* = %.
a

We will prove here the following proposition:

Proposition 9.34 (balancing = extension). Let ¢ € W3(S3S?). Suppose
that for all v € B* there holds

f ook

s3

Then the following function u : B* — S® extends ¢

1
> —. 42
>4 (9.42)

a

u(v) = meo (]égmp;) where 7e(a) = - fora € RO\ {0}, (9.43)

lal

Moreover, there exists a constant C' independent of ¢ such that the following
estimate holds:

Vul|lpagey < Cl| V|| L3(s3). (9.44)
Proof. Step 1. We note that after a change of variable there holds
f, 00 Rads = f oIF )y

where |(F;1)'| is the conformal factor of DF,'. We know from Lemma .G

that
e

Cly+ol

o 1—|v|2)3
]égas Fv—]£3¢<y><|y+v|2 dy

As follows from [97], in dimension 4 the function

[(F7 1) = [F2, ()

therefore

I
(o) = 84 | ]

is the Poisson kernel for the equation

2, _ 4
{Au—O on B*, (9.45)

%}8B4 =0, u|8B = ¢

Therefore the function

u(v) =14 ¢ok,
§3
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is equal to the biharmonic extension of ¢ given by equation (@.43]).
Step 2. We recall the following classical estimate which holds for equation

©.45):
IVullzasy < ClIVollLss.
For the proof of this estimate see [59], where the stronger and more natural

estimate [[ullw1aQ) < ||@|ly1-1/44(9q) is obtained in Chapter 2.
Step 3. We note that

Ywe B, 1/4<|u(z)| <C

because of our hypothesis ([@42), |¢| = 1 and by the elementary estimate

3
fSS (\1ij|\2> dy < C'. As in Step 2 of the proof of Theorem [0.31] (in the present

case we have mgs = 7, for a = 0) we then obtain the pointwise estimate

|V (7ss o a)| ~ [Val.

From this and Step 2 the estimate ([@.44]) follows. O

We next consider the case in which the hypothesis of Proposition [9.34
(balancing = extension) is false, i.e. that

Jv € B* poF,

1
g < (9.46)

We then denote

¢ := ¢oF, for a fixed v satisfying (0.40]). (9.47)

Note that F,|ss is conformal and bijective (see Section [F.3) and thus for A C

SS
/ VP = / VP,
A Fyl(A)

in particular ¢ has the same energy bound E as ¢ (we use here the notation
of [@.28)). We start with an easy result:

Lemma 9.35. Under the assumption (Q.46) and with the notation (Q.417),
suppose that ¢ € BY. Then there exist ¢1,¢o € WI3(S?,S? ~ SU(2)) such
that

¢ = @102, /g3 Vil < E— Agp/2 fori=1,2,

with the constant Ag coming from Proposition[9.33(balancing = splitting).
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Proof. We observe that Proposition applies to d; directly, due to our
hypotheses. Therefore we can find ¢y, ¢ € W3(S3, SU(2)) such that

¢ = b1, / Vo> < E— Ag/ fori=1,2.
SS

We then precompose with £ ! which preserves the pointwise product and the
L3-energy of the gradients,2 obtaining the same decomposition for ¢. O

The case ¢ € GF is a bit more difficult:

Proposition 9.36. Under the assumption (L.48) and with the notation (L4,
suppose that ¢ € G¥. Then there exists an extension u € WH*>®)(B* §%) of
¢ such that

C
IVull Lo sy < p—EIIWﬂI%a(ga) + IVl s(s9), (9.48)

under the assumption that

PE <~ (9.49)

N

Proof. To simplify notations p = pg during this proof. We divide the domain
B* into
A:=FY(B(0,1—p), A:=B*"\A

Using Lemma [F.7 it follows that there exists a geometric constant C' and a
function h(v) such that for x € A and under the condition (9.49),

") < |Ri@) < Ohe). (9.50)

We can use ([@.50) to control the L»*-norm of Vu restricted to A via the
similar norm of Vu:

{z e A:[Vul(x) > A} = Hoe A |[Val(F, () F)|(z) > A}

< [z e A |Vau|(F,(2) > A/(Ch(v))}]

_ / F'|~4dy, 8 for B = {|Vi| > A/(Ch(v))}
F,(A)NB

IN

C*hH(w) {y € Bio, : [Va| > A/(Ch(v))}]
< CAN YVl pace(s, )
By bringing A to the other side it follows that

Az € At |Vul(z) > A} < O3 Vil e (501 (9.51)
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On the other hand we can use the conformal invariance, the invertibility of F;,
and the usual estimate between L** and L* to complete a first step of the
proof:

A{a e A [Vul(z) > AY| < C|Vulbay = CIVilpms, ) (9.52)

We now sum ([@.51) to (@.52) and we take the supremum on A > 0. It follows
that up to increasing C,

[VU]L4’°°(B4) S C(HV[LH[A,@(BI?/)) ‘l— ||Va||L4(B\Bl,p))' (953)

The estimate (@.53)) together with Theorem applied to @ gives the desired
estimate for the first summand, while for the second summand we proceed as
in Step 3 of the proof of Theorem Q.31 We use the small concentration regions
B; for gz;, on which we apply the Courant lemma which allows to project
the values of u :=wo F; ! as well on S?, with little change of the gradient of
u. We observe that F ! is conformal, so the L3-energy of @ on OB; is the
same as the L*-energy of u on OF,(B;) and use the Uhlenbeck extension
result of Theorem [@.29(Uhlenbeck analogue) for @ as in Step 3 of the proof of
Theorem [@.311 We obtain:

||VU||L4(F;1(B\Bl,p) = ||Vﬂ||L4(B\B17p) < C||V¢||L3(S3) = C||V¢||L3(S3)-

This and (@.53) conclude the proof. O

9.4.4 End of the proof of Theorem

We will refer to the scheme ([@.26]) for the idea of the proof.

Choice of Ag. In (O.20) take Ap < (J% with the notations of Theorem [0.31]
so that it applies to give extensions for the small concentration case (“good”
boundary conditions). Here ¢ is the constant coming from the Uhlenbeck pro-
cedure on regions of radius pg near dB*. If necessary diminish Ay such that
the requirement Ap < C'~! of Proposition @.32(balancing = splitting) is also
satisfied.

Choice of pg. Recall that the constant C' appearing there was depending
just on the volume of S*. For the radius of concentration pr we need just to
impose the bound present in Proposition [0.32] which with the choices of Ag

just done becomes pp < ¢—Cmax(1,E%)
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Estimates for extensions. Consider again the scheme (3.20]). Each time
we extend some boundary datum ¢ obtained during our constructions via a
function v : B* — S?, we do so with one of the following estimates:

e In the case of the extensions of Theorem [0.31] or of Proposition [0.36
(which in turn actually depends on Theorem [0.37]) we have

Vo

||VU||L4,0<>
PE

e In the case of the biharmonic extension of Proposition [0.34 balancing =
extension) we have the much better

IVullzs S IVl s
The number of iterations to be made when we apply the procedure described
in scheme ([@.26]) is bounded by

A
E /ZE B2
9

Since each iteration creates two new boundary value functions out of one, in
the end we may have a decomposition into no more than

2 .
e“"” boundary value functions.

By the triangle inequality we see that in this case there exists an extension of
the initial ¢ satisfying

V]| e S eIV 10120 + C1V9N50 | W) 5. (9.54)

this gives the estimate (@.13) of Theorem [0.24] finishing the proof. [J

9.5 Controlled global gauges

We now fix a closed Riemannian 4-manifold (M, h) with a connection repre-
sented by A € Wh2(M, T*M ® su(2)) whose curvature will be denoted by F.
We desire to find a global gauge for A in which [|A||y1u < f(E) where
E = [y |FP.

We will use the following two results. The first one is the restatement of
Theorem which we repeat for easier reference.
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Theorem 9.37. Fiz a trivial SU(2)-bundle E over the ball B*. There exists
a function fi : RT — RT with the following property. If g € WH3(S3,SU(2))
gives a trivialization of the restricted bundle F|ppa, then there exists an exten-
sion of g to a trivialization § € WHH®)(B* SU(2)) such that the following
estimate holds:

IVgllzsce sy < fi (IVallLae) -

The second theorem is the main result of [132].

Theorem 9.38 (Uhlenbeck gauge). There exists ¢g > 0 such that if the cur-
vature satisfies fBl |F|* < €y then there exists a gauge ¢ € W*%(By, SU(2))
such that in that gauge the connection satisfies ||Agllwrzm) < C||F| 28y
with C' > 0 depending only on the dimension.

Theorem 9.39. For each closed boundaryless 4-manifold M* there exists a
function f:RT — R™ with the following properties.

Let V be a WY% connection for an SU(2)-bundle over M. Then there exists
a global W 4>°) section of the bundle over the whole M* such that in the
corresponding trivialization V is given by d + A with the following bound.

1A] Laser < F (1 Fle2an) » (9.55)

where F is the curvature form of V.

9.5.1 Scheme of the proof

We indicate here the sketch of the proof, before going through the details.

Proof. We will denote the L?-norm of F by E. We may assume that a first
guess for A (i.e. a fixed trivialization) is already given and belongs to W2
(if the bound by €, on the energy of F' is available, we may also assume more,
by Uhlenbeck’s result stated above, namely that one controls the W?-norm
of A by the energy).

It can be seen from the formula of change of gauge that it is equivalent to
estimate the gradient of the trivialization g or the gradient of the connection
A in that gauge.

We define f by iteration on E. The main steps are as follows (see the

scheme (@.50)):
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Uhlenbeck’s theorem already gives a gauge, with an L*-estimate of the
gradient of the trivialization, in case the energy of F' is smaller than
€o. Instead of the desired L**°-estimate, we get the stronger estimate in
terms of the L*-norm. The difficulty in our proof is to find an estimate
without a priori assumptions on the L?*-smallness of F'.

Let po be the largest scale at which no more than €,/2 of F’s L?*-norm
concentrates.

In case py > po = Cpinj(M )2_E/ ‘1 we iteratively extend our gauge on

the simplexes of a triangulation where each simplex is well inside a ball
of radius p;,;(M). To do this we iteratively extend with W3 estimates
the change of gauge along the 3-skeleton of the triangulation, then on
each simplex we use Theorem to extend inside that simplex. See
Section The estimates depend only on M*.

The other alternative is py < pg, or more explicitly

Po

€1 log, < F.

Then consider a point x, at which |F| concentrates and look at the
geodesic dyadic rings

Ry, = B(wo,2" " po) \ B(wo,2%p0), k€ {0,...,|logy(Cpinj/po)]}-

By pigeonhole principle, in one of these rings Dy, the curvature F' has
energy less or equal than €¢;. The parameter €; can be chosen, depending
only on €, in such a way that this estimate of the energy ensures the
existence of a small energy slice along a geodesic sphere of radius t ~
2% . We then have extensions of the connections with curvatures of
energy smaller than F — 9. We use Lemma [.42(finding good slices).
To avoid subtleties about traces we will ensure that these two connections

coincide on an open set. The choice of slice is described in Section [0.5.4]

Then we separately trivialize these two connections using the iterative
assumption that the f as described in the claim of our theorem is already
defined on [0, E[. By iterative assumption we then define f(E) based
on f(E —€/2) and on the function f; which appears in Theorem
The detailed bounds are given in Sections [0.5.5 and [0.5.6
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[dyadic balls until ~ pmj] Extend gauge ‘

[small energy slice at ~ pl]

T

[Al, A, of energy < F — %0] {Al, As of energy < 60]

Iterate ‘ Extend gauge

(9.56)

9.5.2 Iterations based on a suitable triangulation

Define, for €y as in Theorem [0.38(Uhlenbeck gauge), the following radius:

£o ::inf{p>0: dxg € M, |F\2:€—0}. (9.57)
By (x0) 2

Denote .

po = Cpiy(M)2 =1,
where piyj(M) is the injectivity radius of M and the constant €; will be fixed
later and depends only on the geometry of M and on ¢,. Fix then a trian-
gulation on M having in-radius 2 po and size < po, with implicit constants
bounded by 4. C < 1 in the definition of py can be fixed now, so that each
simplex of the triangulation is contained in a ball of radius pi,;(M)/2. In par-
ticular all k-simplexes of the triangulation are bi-Lipschitz equivalent to S¥
with bi-Lipschitz constants which depend just on k.

Theorem [0.38( Uhlenbeck gauge) gives a trivialization ¢; associated to each
4-simplex C}, such that the expression of A in those coordinates

A; = ¢ oy + ¢, Ags on C; (9.58)

satisfies

[Aillwr2(cy) < ClIF 2 (9.59)
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If we call
gij = 07 ' i (9.60)
then g¢;;9;x = gir, in particular we have gigl = @ji; moreover
Aj = gz]dgﬂ + gZJAzg]z on 0C’Z N 80] (961)

In particular, it follows from the above expression that g; € W3(dC; N
0C;, SU(2)). We now state a lemma which will enable us to extend the gauge
from one 4-simplex to the next one.

Lemma 9.40 (extension on a sphere). Let S% be the upper hemisphere S* N
{z3 > 0}. Then for any g € W'3(S3,SU(2)) there exists g € W(S?,SU(2))
such that g =g on S? and

IVllass) < ClIVallass):

Proof. Up to enlarging S? to a spherical cap of height < 3/2, we may assume
that for a universal constant C' > 0

l9lass [lwrzgaszy < Cllgllwaess).- (9.62)

We observe that glysinge € WH(S? SU(2)) and we desire to extend this

trace inside B3 ~ S? with a good norm estimate. We start with a harmonic
extension (identifying SU(2) ~ dB*), namely

Ag =0 on B3,
g =gondB3.

Then we have by the usual elliptic estimates
[9llwrsszy < Cllglass (w282 )- (9.63)

We then observe that for a € Bf/z if g, is the radial projection of the values
of g on the boundary with center a, then the following pointwise inequality
holds (as in the projection trick of Section [0.2.1])

Vo
IVgal < C—L; _9L|. (9.64)
We also have
[ [vap<e | v
acB? B3 B3

1/2

Therefore there exists a € B}, such that
||V9a||L3(B3:Si) < C||V§||L3(B3:Si)~ (9.65)
Combining the inequalities (9.62)), (9.63]), ([0.64]) and (©.65]) we obtain the thesis

for g = g, with a as above. !
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Corollary 9.41 (iteration step). Suppose that on our 4-manifold M a con-
nection A is fized and an Uhlenbeck gauge ¢; is defined on a 4-simplex Cj,
i.e. the estimate (Q59) holds with the notation (Q.58). Also suppose that a
global gauge ¢; s defined on a finite union of simplexes C; := UyerC;, and
that 0C; ﬂC’}g) (where C’}g) is the simplicial 3-skeleton of C) contains some,
but not all, 3-faces of C;. It is then possible to extend the gauge change g;
defined in (Q60) to g;; defined on the whole of 0C; with a norm bound

IVGisll 300 < CIVGill psac,ne®):

where C' depends only on M .

Proof. H := (0C; \ C}g))g is bi-Lipschitz to a ball for § equal to 2/3 the
smallest in-radius of a face of C;. Here A; is a d-neighborhood of A inside
0C;. Also let H' := (0C; \ C}g))g(g. Note that the triple (0C;, H, H') is C'-bi-
Lipschitz equivalent to (S*,S?, K') where K is the spherical cap of height 3/4
extending S* . We may then apply the construction of Lemma [.40|extension
on a sphere) and a bi-Lipschitz deformation, in order to “fill the hole” H
extending the gauge g;; with estimates. The bi-Lipschitz constant is bounded
by the geometric constraints on our triangulation and is independent of A and
of gi;. O

Given Lemma [0.40(extension on a sphere) and Corollary @.41iteration
step) we proceed iteratively on the triangulation as follows (the indices labeling
the simplexes are re-defined during the whole procedure in a straightforward

way):

e Suppose that we already defined the gauge gzzj_l on a set of j—1 simplexes
Cy,...,C;j_1, whose union forms a connected set.

e Consider a new simplex C; extending such connected set. This choice of
notation brings us directly under the hypothesis of Corollary[@Q.41](iteration
step) and thus we are able to extend g;; to g;; as in the corollary.

e We next apply Theorem [0.24] and extend g;; to a gauge change h;; de-
fined inside C; and satisfying

IVhijll e,y < FIVGiillizscy)) < Co, (9.66)

with Cy depending only on universal constants and on ¢;. The function
f is explicitly expressed in the statement of Theorem [0.24

e On U;;C; we keep qBj = <;3j_1, while on C; we define <;~Sj = ¢;hi;.
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We see that this construction gives for the local expression flj corresponding
to the gauge ¢; the bound

1Al Loy S AjllLaey) + IVhil Laco ;) < €0+ Co.

Iterating this gauge extension strategy for all simplexes of a triangulation we
would obtain a global gauge A on the whole of M such that

Vol(M)

—A 9
Po

||f~lHL(4,oo>(M) < C'(number of simplexes)(Cy + ¢) < C (9.67)

since the volume of each simplex is 2 g3. The above bound depends on the
geometry of M and on the energy FE of the curvature only. Note that the
above reasoning works only as long as py < pp. As noted before, so far we
have little control on pg, in particular we have no bound from below. For this
reason we next consider the case py > py.

9.5.3 Extending the connection with small curvature changes

We now concentrate on proving the following lemma:

Lemma 9.42 (finding good slices). There exists a constant e with the fol-
lowing properties. If M is a fized 4-manifold with a W12 -connection A and
if Bai(xg) C M is a geodesic ball with the estimate

t/ |F|? < e
9By

then there exists A € WY2(M, T*M & su(2)) such that A=A on B, and

/ |F4? < Cey
M\B;

with a constant C depending only on M . In particular it is possible to ensure

Cer < ¢, with €y as in Theorem [I.38(Uhlenbeck gauge).

Proof. Up to a change of gauge which does not increase the norm, we may
assume the Neumann condition

(A,v) =0 on 0B;. (9.68)

This is obtained for example by minimizing |g~'dg + ¢~ 'Agl|12(5,) among
gauge functions g € W2%(B;, SU(2)).
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We next extend A to By \ B; by

A= iy A, where m(z) = tﬁ
x

Using the hypothesis and the facts that ijp, acts on Fy by just forgetting
about some of its components and that 7 is bi-Lipschitz, we obtain

/B2t\Bt

We can apply a change of gauge g(o) depending only on the angular variable
o € OB* such that

and 79p, is the inclusion.

2
S 061.

dA + %[A,A]

dyp, Aglos, = 0.

This preserves the condition ([0.68) and also gives the following behavior as
s —0:

Ce > / |dA, + %[Ag,Ag]|2 > / |dA|* — o(s)/ VA%
BsNOB: BsNOBy BsNOB:

Therefore A, € WY(T*0B, @ su(2)), A, € WY2(A'By \ By, su(2)) and both

A,, A, satisfy (@B8). Therefore A, extends by A, in a neighborhood of 0B,
giving still a Wh2-gauge. We observe that by Sobolev embedding

[ s (/ \VAP)Q,

and by Hodge decomposition and using djpz A =0

2
[ owars [ qaap+iaan < [ |FA|2+(/ \VAP)-
0B 0B 0B 0B

The above inequality implies an inequality of the form X < € + X? by our
hypothesis and the gauge invariance of the curvature, with X = HVAH%%aBt)'

We may thus assume that

t/ VAP < Ct/ |F)?,
8Bt 8Bt

which allows us to use a cutoff procedure, defining A= xtA for a smooth
0, 1]-valued cutoff function y; such that x;, = 1 on B, and y; = 0 outside
Bsy,. With this choice and the above estimate for VA we obtain

[ AEP < [ 1R+ ca
Bat By

and we can extend A = 0 outside By, obtaining the desired estimate. OJ



222 Chapter 9. Global gauges and nonlinear Sobolev spaces

Remark 9.43. We will use the above lemma only in order to obtain a new
connection with a controlled small energy, but the modification from A to A
will not be used otherwise: we will only be interested to change the gauge on
the region where A= A.

The above lemma is used to select a radius giving a slice with small energy
concentration, and to make an induction on the energy.

9.5.4 Cutting M by a small energy slice

Suppose for this subsection that we are in the case py < py. We start by
defining the following positive number p;, which uses the same constant C' as
in the definition of py:

inf {p > po ¢ [, [FP < z} if this is < Cpmy (M),
P1 =
Cpin; else.

Note that because of the hypothesis py < py and because of the choice of ¢,
the p; is rather small, in such a way that B, is bi-Lipschitz to B;. Thus
Lemma [0.42(finding good slices) applies. More precisely, we will apply the
Lemma for two different radii t; € [p1,5/4p1],t2 € [7/4p1,2p1]. Chebychev’s
theorem implies the existence of ¢;,7 = 1,2 such that

tl/ |F|2 S €1.
OBy,

We divide the proof into two cases, according to how large [ M\Bs |F|? is with
P1
respect to € from Theorem [0.38(Uhlenbeck gauge).

9.5.5 The case fM\32 ‘F|2 2 6?0
1

In this case we split to the regions By, and M \ B;, and do induction on the
energy in order to find gauges satisfying our estimates on these two overlapping
regions.

Lemma [0.42](finding good slices) gives extensions

Ay =Aon B, sit. s 1F4, 1P < [, [Eal® + Cey, 9.9
A 9.69
Ay =Aon M\ By s.t. fM|FA2|2§th1 |Fal? + Cey.
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In particular Al, A, are equivalent on B o \B% p, and

€0
[1Ear< [1Rp -2,

If we can find global gauges ¢°,7 = 1,2 in which A; have expressions fl;’o
with L(*>)_bounds as in Theorem @4}, then it is enough to apply

g% = (67) " 657
on R:= Bz, \B%p1 in order to obtain
AF = gAY (95%5) 7+ gisd (975) -
This implies also

%) €0
Vg5 o < £ (E- )

Then there exists t3 € [%pl, %pl] such that

/83tg Vs> < f (E_ %0)

and thus by Theorem [ 4l we can find a W®*>) _extension hSS of g5 to a map
from By, to SU(2). The estimate for h3j is exactly as in Theorem 0.4 Thus
if we call f; the function of ||V¢| ;s appearing Theorem then

00 €o
198 e < £ (£ (B =)
We then choose the following global gauge:
g5° on M*\ By,
g™ = (9.70)
hisgte on By,.
Vg* is then estimated by an universal constant times

[ilf(E—e/4) + f(E —e/4),

which allows to define inductively f(E).

9.5.6 The case fM\32p ‘F|2 < 670

In this case outside B,, we apply directly Uhlenbeck’s procedure, i.e. Theorem
9.38(Uhlenbeck gauge), while on B,, we extend the so-obtained gauge via
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Theorem 0:24] If we call A;, Ay the so-obtained connections on By, , M \ B,
respectively, then

Bte 2] st [ (AP +AP) < Cl) + )
OBy

thus as above the same bound is true also for the gradient of the change
of gauge Vgi5. Then Theorem gives the extension h;, to a gauge in
W) (B, SU(2)). The estimate which we reach is

[Vhia| paees,,) < fi(C(fi(€o) + €0))-

We then choose
g2 on M*\ B,

g = { (9.71)
hlggl on Btg-

This ¢ satisfies an estimate independent on E and dependent only on ¢y,

again allowing to define f(F) inductively. O



Appendix A

Smirnov decomposition of currents

A.1 Smirnov’s original result

In Chapter Bl we use S. K. Smirnov’s decomposition theorem for the proof
of the main step of the interior regularity for abelian curvatures on B? (see
Theorem [5.3). We restate below the result which we used. We will need some
definitions before.

Definition A.1. Let A be a k-current of finite mass. We then define the
variation measure of A as follows:

For X Borel, ||A||(X) = sup {ZM(TI_XU) : (X,) Borel partition ofX} .

Alternatively, || Al is the infimum of all Borel measures p controlling A,
in the sense that for all smooth k-forms w

(4, w) <, wl]).

Definition A.2. Let A, B,C be k-currents satisfying A = B+ C'. We say
that B + C' is a decomposition of A if the variation measures satisfy ||A|l =
|B|| + [|C]|. We say that B + C is a total decomposition of A if it is a
decomposition and also 0A = OB + 0C' is a decomposition.

Definition A.3. A current T is a cycle if 0T = 0. If for all total decompo-
sitions T'= X +Y mneither X norY is a cycle, then T is called acyclic.

Definition A.4. A Lipschitz curve 7 : |a,b] — R™ is called an arc if it is
injective. To an arc v we may associate the 1-current of integration along = :
For all smooth 1-forms a we define
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For arcs there holds ||[y]|] = |¥], £'-a.e. on [a,b] and in particular the
mass of [y] is the length of . There also holds, with the above notations,

Y] = 0y6) — 0y(a) and [|O[Y][| = dy) + y(a) -

Definition A.5. Suppose that v : R — B™ 1is a 1-Lipschitz curve, assume

that the limit .
(S,w) = lim — / w
T—o0 2T YNi=r,1

exists for all w € C°°(B™, A'R") and that the so-defined current S has mass
1 and support included in v(R). Then S is called an elementary solenoid (or
a Schwartzman cycle). We denote the space of elementary solenoids by Sol.

We are now ready to state Smirnov’s decomposition result:

Theorem A.6 ([120]). Assume T is a finite mass 1-current on B™ with finite
mass boundary OT . Then there exists a total decomposition T = A+ C' such
that 0C =0 and A is acyclic.

A can be further decomposed into a superposition of arcs as follows. There
exists a finite positive Borel measure p on the space of arcs such that

(A = [(olw)duta) (A1)
(Alé) = [l o)duta) (A2)
@.1) = [ (@), Hiuta) (A3)
(oal.0) = [(Iokll o)du(y) (A4)

for all w € C®(B",A'R"), f € C*(B"),¢ € C°(B"). C can be decomposed
into a superposition of elementary solenoids, i.e. there exists a finite Borel
positive measure v on Sol such that

(Cw) = / (S, (), (A5)
dclé = / (1151, )d(S). (A.6)

Ideas of the proof

The proof by S. K. Smirnov is roughly as follows (see [120]). The fact that there
exists a maximal cycle, i.e. that we have a total decomposition T'= A+ C', is
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consequence of Zorn’s lemma.

Smirnov reduces the decomposition problem for A to the one for C as
follows: given an acyclic A, consider on the enlarged space [0, L] x B"™ the
cycle C:= 6, x A—dyx A+]0, L] x OA. Next, each elementary solenoid in the
decomposition of C' can be decomposed into arcs of length L; such arcs can be
decomposed into parts which travel along the segments [0, L] x {p} and parts
which live on {0, L} x B™. Restricting the curves with both ends in ]0, 1[x B"
to {0} x B™ gives the desired decomposition of “part of” A i.e. we have a total
decomposition A = A; + A} such that A; is decomposed as in the claim of
the theorem. Smirnov controls from below the ratio M(9A;)/M(0A) thus by
repeating the procedure on A’ and iterating we reach the result.

The case of general C' is in turn reduced to the case when C' = C(z) is a
smooth vector field. In this case the decomposing solenoids will be constructed
from flow trajectories of C'. In order to better follow the slow trajectories
(corresponding to regions where C' is small) at the same time as the fast ones,
one studies rather the vector field C'(x,t) = (C(z),1) on R x B". Using the
flow of C' a shift-invariant measure v = v can be defined on the space S of
possible trajectories of such C”, where we use the shift o : y(t) — v(t +1). v

is defined as to satisfy
(Cyw) = / / wdv (7).
S Jay

where 7 : R x B" — B" is the projection. From a 1-form w € C*°(B", A'R")
we obtain a bounded (hence L'(v)) function

fuly) = / o,
7\[0,1]

where 7[o,1) is the restriction of v to the interval [0, 1] (note that it would be
equivalent to restrict the graph of v to [0,1] x B™ since v has vertical speed
1). By the ergodic theorem the following limit exists v-a.e. 7:

and it satisfies

/ﬁwz/hw

By repeating this for a dense subset of w’s it follows that v-a.e. trajectory
v gives rise to an elementary solenoid corresponding to the curve 7y and the
measure v decomposes C'.
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A.2 Decomposition of currents in metric spaces

Recently the above decomposition of 1-currents was generalized to 1-currents
on metric spaces, in the sense of Ambrosio and Kirchheim. This result is due
to E. Paolini and E. Stepanov. We recall how such currents are defined.

Definition A.7. Let E be a metric space. We denote by D*(E) the space of
(k+1)-ples (f,m,...,m) of Lipschitz functions from E to R such that f is
also bounded. We also use the notation

(fym1, ..., ) = fdm.

A function T : D¥(E) — R s called a metric functional if it is subadditive
and positively homogeneous with respect to each variable.

Definition A.8. For w = (f,m,...,m) € DY(E) we define the exterior
differential by
dw = (1, f,m1,. .., 7).

We define the boundary 0T of a metric functional T by 0T (w) = T (dw).

Definition A.9. A metric functional T has finite mass if for some finite
measure ;i on E there holds, for all w = f,m,...,m) € D¥(E),

7.l < L tintms) [ 1f1d

We denote by ||T'|| the minimal measure satisfying the above inequality.

Definition A.10 (metric currents). A k-dimensional metric functional T' of
finite mass on E s called a k-dimensional metric current if

o T is multilinear in (f,m,...,m),

o T(f,mi,....m) — T(f m,...,m) if the m, converge pointwise and
lip(my) < C,

o T(f,m,...,m;) =0 whenever m; is constant on a neighborhood of {f #

0}.
The class of k-dimensional metric currents is denoted My (E).

One can associate a 1-current to a Lipschitz curve v : [a, b] — E by defining

F(dm = [ fai)dnt ).
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We can repeat the same definitions as in the previous section also replacing
B™ by a metric space E and for arcs we have the same identifications as in
the previous section, once we replace |§| by the metric differential of 7. The
following decomposition theorem is still true if we use the above definitions:

Theorem A.11 (|99, [100]). The statements of Theorem [A.8 are still valid
for 1-currents T on a metric space E, using the above definitions and no-
tations to replace the ones wvalid for B™ and if instead of testing with w &€
C>(B",A'R"), f € C=(B"),¢ € C°(B") we now use w = fdr € DY(E), f €
Lip(E),¢ € C°(E).

Ideas of proof

The strategy in this case is in a sense the opposite to the one of the original
proof by S.K. Smirnov summarized above: the decomposition result for cyclic
currents C' becomes a consequence of the one for acyclic currents A.

The procedure for proving that existence of a decomposition in the acyclic
case implies the one in the cyclic case is as follows. One adds one dimension
to the space, i.e. one considers on [0, 1] x E the current C' = ||[0,1]|| x C +
[0,1] x ||C|| (where we identify the interval [0, 1] with the integration current
on it). Then C” is acyclic. Using the decomposition for acyclic currents we
find a Borel measure fi on the space of Lipschitz arcs on [0,1] x E decom-
posing C’ and its boundary. Since C'L{0} x F and C' {1} x E are just a
translation of each other, we can use them to paste the arcs together and ob-
tain a shift-invariant measure v on Lip(R, E) whose image on Lip([0, 1], E)
under restriction gives C' as a superposition. It is then possible to apply the
ergodic theorem in a way that parallels the one in Smirnov’s proof, showing
the existence of a limit as in the definition of a solenoid, for each ~ in the
support of v by using the functions f,, as before.

The proof of the decomposition of acyclic 1-currents A for metric spaces
follows from the case £ = R"™ by approximation. More precisely, any metric
space F is isometrically embedded in ¢°°(E), which has the metric approzima-
tion property i.e. the property that that the identity is strongly approximated
on compact sets by projections P, to a sequence of finite-dimensional sub-
spaces. The projected currents (P,)#1" converge weakly to 7' and can be
decomposed. The crucial result is then the following one:

Proposition A.12. Let T}, be a sequence of 1-currents on E such that T, —
T, M(T,) — M(T) and T,, are decomposable as in the statement of Theorems
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[A 11 and [A.4. Then up to subsequence the decomposing measures fi, given
by Theorem [A 11 converge weakly to a measure j which decomposes T in the
sense of Theorem [A 11l

The above compactness result follows by an exhaustion argument done both
on the space F and on the lengths of the decomposing curves. The source of
this result is the following quantitative Ascoli-Arzela result:

Proposition A.13. Let 7, : [0,1] — E be Lipschitz curves with uniformly
bounded in Lipschitz constants and such that for all € there exists a compact
K such that L*(v;Y(E\ K)) < € for all n. Then there exists a subsequence
of Yn uniformly converging to a Lipschitz curve v : [0,1] — E.

A.3 No decomposition without the finite bound-
ary condition

In Section [B.22] we prove via an example (Example [B.41]) that there is no
direct improvement of the Theorem [A.6] in the case where we withdraw the
condition of finite boundary mass. We reproduce that example below

A.4 Minimal measures and Schwartzman cycles

There are other related decompositions of weak objects by 1-curves which are
related to Smirnov’s decomposition. A source of interesting questions is the
study of minimization of the norm of cycles in their homology class. One of
the most relevant questions related to this topic is the question of representing
homology classes in Hy(M,R) by weak objects, behaving well enough under
weak convergence.

A first approach to this question is Mather theory (we follow the treat-
ment of [I16] and [I3]). The objects considered in this case are probability
measures [ on the tangent bundle T'M of a closed compact Riemannian man-
ifold (M, h). We require such g to be invariant under the geodesic flow and
to satisfy the finite moment condition

Ay =1 / joPdu(v) < oo.

If w is a smooth 1-form on M then the corresponding function w: TM — R
is automatically p-integrable. From the fact that p is invariant it follows that
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for w = dathere holds [, @dp = Oand therefore s action on 1-forms passes
to the quotient H'(M,R), i.e. u represents a homology class [u] € H;(M,R).
The problem

min {A(u) : [u] = h, p is invariant}

is well-posed and the minimum is achieved.

A second approach is presented by V. Bangert in [I3] and consists in in-
troducing measures on the set of Lipschitz curves £ = Lip(R, M). On
L we consider the R-action by time-shift. The probability measures g on £
which are invariant under this action and satisfy the finiteness condition

A =5 [ BOFdu() <

are denoted by ML. By shift-invariance the choice of the point where to
compute 7 above is immaterial and the action is well-defined. To see that
measures in ML correspond to 1-dimensional homology classes we again ex-
ploit the duality with 1-forms w. This time for a smooth 1-form w we consider
the following action on ~ € L:

7 = w(¥(0).

This defines a function f, which is p-integrable for all © € ML. For w = da
there holds || - Judp = 0 therefore p again determines a well-defined homology
class on which a minimization can be done.

A third possibility is to minimize mass among finite mass 1-cycles (i.e. a
finite mass 1-currents with vanishing boundary). The connection with
the previous setting is as follows. A measure y € ML gives such a current
via the map

v / S0y dv(y) = To,
c

where o = (evg)gp is the pushforward measure of p via the evaluation in
zero v — ~(0) and the vector field T' is determined p-a.e. by requiring

T(7(0)) = 5(0) for p-a.c. 7.

A.5 Higher dimensional decompositions

The decomposition question for k-currents (or of closely related objects as in
the previous section) with k& > 1 is in general much more difficult than in the
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case k = 1, with the exception of the case of currents of codimension 1. We
describe here some known results and some obstacles and conjectures in these
cases.

The first question which we could ask is the following one:

Open Problem 14. Assume T is a k-current in R™ such that T' and 0T have
finite mass. Can T be represented as a superposition via a finite measure on
the space of integral rectifiable k-currents such that the statement of Theorem
holds once we replace 1-forms and functions by k-forms and (k—1)-forms
respectively?

A.5.1 The case of codimension 1

In [71] (see also the explanation in [141]) the following theorem was proven,
giving a positive answer to Open Problem [I4]in the case k = n — 1 if we know
that the boundary of the current to be decomposed is rectifiable:

Theorem A.14 (Hardt-Pitts). Assume that N is a finite mass (n—1) -current
in R™ and ON has finite mass and is also integer rectifiable. Then there

exists a family of integral (n — 1)-currents parameterized by [0,1] such that
the decomposition of Theorem [A4 holds with u = L£'L[0,1].

The proof of this result uses the fact that there exists a rectifiable (n —1)-
current R having the same boundary as N and N — R can be represented as
O(E™L f) for a real-valued measurable function f. The decomposition result
follows by foliating the difference N — R by boundaries of sublevelsets of f.
Note that this case is precisely analogous to the 1-dimensional version which
was useful for us in Chapter Bl indeed also there we needed to decompose just
1-currents with integral boundary.

A.5.2 The higher codimension case

We need the following definition:

Definition A.15. A k-vector & is called simple if it can be expressed as
E=v N... v for some 1-vectors vy,...,v;. Similarly a k-vector field is
called simple if its values are simple vectors.

A simple k-vector field is called integrable if the associated k-plane distribution
is integrable in the sense of Frobenius’ theorem.
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We can now formulate a case in which the answer to Open Problem [I4] is
negative. In [I41] the following result was obtained:

Proposition A.16. Let N be a k-current of finite mass and finite boundary
mass represented by a simple vector field & € LY(R™, AFR™). If £ is not inte-
grable then N cannot be decomposed as in Theorem[A.8, even if we withdraw
the requirement that the boundary should be also decomposed.

For example the 2-current of integration along the standard contact dis-
tribution in R? is not decomposable.

Remark A.17. Note that for N = £L" as above the condition ON = 0
automatically implies the fact that & s integrable, thus the above result does
not give information on cycles.

Still in [141] it was proved that in the case of smooth simple k-vector fields
integrability ensures decomposability:

Theorem A.18. Let N be a k-current of finite mass and finite boundary mass
represented by a simple integrable k-vector field & € C°(R™, A¥R™). Then each
point has a neighborhood U such that NLU is decomposable as in Theorem
(A0

As (1) many k-vector fields are non-integrable and (2) no general result is
available in the non-smooth case (see the two counterexamples in [I41], Prop.
2 and 3), an interesting question is the following one:

Open Problem 15. For k € [2,n — 2] describe a large enough class of k-
currents such that a decomposition result like Theorem [A.8 is available and at
the same time the class has good weak closure properties.

The above question is vague and leaves many choices open. We describe
here some candidates.
Choice 1. One might argue that while in the 1-dimensional case any current
can be decomposed into a superposition of members from two classes, i.e. the
one of Schwartzman 1-cycles and the one of Lipschitz arcs, perhaps for currents
of higher dimension one should extend the number of available classes beyond
usual integral cycles and integral submanifolds. Perhaps including some well-
behaved classes of non-integrable distributions it could be possible to achieve
some elegant decomposition of any k-current.
It is very challenging to find a criterion for classifying such non-integrable dis-
tribution classes. In particular it seems that together with such new classes
there is a need of introducing more restrictive notions of a “superposition”
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suited to non-integrable k-currents. This new notion should be such that a
partition refining the one into “cyclic part” and “acyclic part” as in the begin-
ning of Theorem [A.G] becomes available in higher dimension.

Choice 2. Since in geometric problems the role of submanifolds is a pri-
mary one, one might argue that desiring to decompose general k-currents for
k > 2 is an overly abstract goal. Therefore it is tempting to restrict to the
decomposition of more specialized classes of currents, motivated by particular
geometric problems.

In the next section we describe some candidates for the second of the above
choices, as available in the literature.

A.5.3 Higher dimensional geometric decompositions

A.5.4 Ruelle-Sullivan currents

The most popular smooth model for a decomposition result which has been
used in geometric problems is given by the so-called generalized Ruelle-Sullivan
currents (see [110]) and the main motivations come from ergodic theory. We
start with a definition of a notion of foliated manifolds, the so-called k-
solenoids. The reader should be warned that the “solenoids” of Definition [AT]
are not directly related to the 1-solenoids of the next definition, but rather in-
directly, i.e. they correspond to the 1-dimensional Schwartzman cycles which
we treat below.

Definition A.19 ([96]). A smooth k-solenoid is a compact Hausdorff space
endowed with an atlas of flow-boxes (U;, ¢;) such that

¢; : Uy — D* x K(U;), K(U;) Cc R,

such that the K(U;) are compact and the smooth changes of charts ¢;; =
®; o gbj_l are of the form

di; = (X(z,9),Y ()

A transversal to a k-solenoid S is a set 7" C S which is a finite union of
sets ¢; ' (K (U;)) as above. A leaf of a k-solenoid is a connected k-dimensional
manifold such whose intersection with all low-boxes is a finite union of local
leaves ¢; ' (D* x {p}). Given two transversals 7,7, and a path contained in
a leaf and connecting a point of T} to a point of T, one can define a holonomy
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map h : Ty — T,. Such maps form a pseudo-group. A transversal measure
to a k-solenoid is the assignment of a local measure pr on each transversal T
in such a way that for any element of the holonomy pseudogroup h : 17 — 15
there holds hypr, = pr,.

Definition A.20. Let S, be a measured k-solenoid. Let f:S — M be an
immersion of S, i.e. a smooth map whose differential has mazximal rank k on
all leaves of S. Consider a partition S = US; such that each S; is contained
mn a flow-box U;. For w a smooth k-form on M we may define the following
k-current on M :

S = wld y).
((.5,). ) 2;4M<Ammmm$wglwmw>

Such current is called a generalized Ruelle-Sullivan k-current.

Note that the above currents are automatically closed, therefore they define
homology classes.

A.5.5 Schwartzman cycles

We now come to define the class generalizing the objects of Definition [A.T]
namely Schwartzman k-cycles:

Definition A.21. Let S be a k-solenoid. We say that S has controlled growth
if it has a leaf | and an exhaustion (C,,) of it such that for any flow-box (U, ¢)
in a finite covering of S we have

i Vol(By)

— 2 =0
n—oo Volp(Ay)

where C, NU = A, U B,, s the partition where A, is the part made of full
disks ¢~ (Dy x {y}) and By, is the part made of incomplete disks.

To a k-solenoid of complete growth as above we can define the following
weak limat in duality with the space of k-forms on S

e
1= B raqe.y

where [C,] is the current of integration along C,, .
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In general Schwartzman cycles will not be closed unless we are able to
control the boundary growth of the currents [C},]. The way to ensure the good
definition of related homology classes is to request the existence of a sequence
of small caps E, i.e. of k-dimensional submanifolds such that [C,]+ [E,] is a
cycle and that M([E,]) = o(M([C,]) so that the choice of the E,, is immaterial
for the limit.



Appendix B

An optimal transport problem

B.1 Introduction

In this appendix we explain how Smirnov’s decomposition theorem (see Theo-
rem[A.0]) can be used for studying transport models with congestion effects. We
will further describe how the minimization problem for weak U(1)-curvatures
can be interpreted as an extended transportation problem. This section is
based on work in collaboration with Lorenzo Brasco .

B.1.1 Transport problems with congestion effects and
Smirnov decomposition

To start with, we formally define three variational problems which can be
settled (for simplicity) on the closure of an open convex subset 2 C RY having
smooth boundary. For the moment we are a little bit imprecise about the
datum f but we will properly settle our hypotheses later. The first problem
is the minimization of the total variation of a Radon vector measure under a
divergence constraint:

m&n{/ﬂd\V\ : —divV = f, V'VQZO}. (B)

The above problem can be connected by duality with the following one, called
the Kantorovich problem:

mgX{(f, ) IVl <1}, (K)

where now the variable ¢ is a Lipschitz function and (-, -) represents a suitable
duality pairing. Finally the third problem is the minimization of the total

237
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length
i { [ 601d0) + (e~ chp - f} | (M)

where P is the space of Lipschitz continuous paths v : [0,1] — Q, the length
functional ¢ is defined by

() = / /()] dt.

eo, €1 are the evaluation functions giving the starting and ending points of a
path and the variable () is a measure concentrated on P.

The classical setting for the above problems is when f is of the form f =
fT—f~ where f* and f~ are positive measures on ) having the same mass
(for example conventionally one can consider them to be probability measures).
We point out that in this case a more familiar formulation of (M) is the so-
called Monge-Kantorovich problem

n

win{ [ o= yldnte) s mpn= 17 and ()=} (M)

where 7, m, : @ x  — Q stand for the projections on the first and second
variable, respectively. It is useful to recall that the link between (M) and
(ML) is given by the fact that if 7, is optimal for Monge-Kantorovich problem
then the measure which concentrates on transport rays i.e.

Qo = / Sz dno(z,y), where T stands for the segment connecting x and y,
is optimal in [(M]) and

/P () dQo() = / [ — yl dno(a, y).

QOxQ

When f has the above mentioned form f* — f~ the equivalence of the three
problems above is well understood. The equivalence of (M)=(M)) and (K
is the classical Kantorovich duality (see [82]), while that between (Bl) and (K
seems to have been first identified in [121].

Recently the equivalence of the above three problems has been proved in
[26] for f belonging to a wider class, i.e. when f is in the completion of the
space of zero-average measures with respect to the norm dual to the C' (or
flat) norm. This wider space was studied in [68] and characterized recently in
[26, 27]. A different point of view is also available in [88], where the space of
such f is called W11,
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Our starting observation is that problem (B]) pertains to a wide class of
optimal transport problems introduced by Martin J. Beckmann in [14], which
are of the form

mvin {/ H(V)dx : —=divV = f, V -vg = 0} . where ¢ |2 < H(z) < ea2]?,
Q
(Bx)

for a suitable density-cost convex function H : RY — R* and p > 1. For
a problem of this type the question of finding equivalent formulations of the
form (KJ) and (M]) has already been addressed in [29] under some restrictive
assumptions on f, like for example

= ft—f with T e LP(Q) d T = - =0.
f=fr— tf,fe()an/ﬂf/ﬂfo

We will study the problem (Byg]) in its natural functional analytic setting,
i.e. when f belongs to a dual Sobolev space W17 (whose elements are not
measures, in general). We will also see that alternative formulations of the
type (Kl) and (M) are still possible for ([By) in this extended setting. These
formulations are still well-posed on the dual space W~1? and equivalence can
be proved in this larger space. The problem corresponding to (Kl) will now
have the form (see Section 3 for more details)

max | (f,¢) = [ H(V¢)dx|, (K)
g 101,

and the equivalence with (By]) will just follow by standard convex duality
arguments (which are later recalled, for the convenience of the reader). On
the contrary, in the proof of the equivalence between (By)) and its Lagrangian
formulation

win { [ Hliohde s (e~ )@ = 1 (M)

some care is needed and we will require to f be a finite measure belonging to
WP, Here the measure ig will be some sort of transport densz’tyEl generated
by @, which takes into account the amount of work generated in each region
by our distribution of curves @ (see Section [B.4] for the precise definition). In
particular the proof of this equivalence will point out another not emphasized
connection to Geometric Measure Theory.

The main result of this paper can be formulated as follows (see Theorems
[B.10] and [B.19) for more precise statements):

"When H(t) = |t| problem ([Mz) is again the Monge-Kantorovich one and ig for an
optimal @ is nothing but the usual concept of transport density, see [25] [40, [55].
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Theorem B.1. Let 1 < p < oo. Suppose Q C RYN is the closure of a smooth
bounded open set, let f € W=LP(Q) and let H be a strictly convex function
having p— growth. Then the minimum in (By ) and the mazimum in (Ky ) are
achieved and coincide. Moreover the unique minimizer V. of (By ) and any
mazximizer v of (Ky ) are linked by the relation Vv € OH(V'), as specified in
Theorem [B.10.

If in addition f is a Radon measure then we have the following relationship
among the optimizers of (By ) and (Msy):

(i) the unique minimizer of (By ) corresponds to a minimizer of (My) in
the sense of Proposition [B.17;

(i1) each minimizer of (My;) corresponds to the unique minimizer of (By )
in the sense of Proposition [B.17.

The connection of the above theorem to Geometric Measure Theory lies in
the basic theory of normal 1— currents, whose basic steps are recalled in the
(long) appendix at the end of the paper. Indeed, in order to obtain equivalence
of (By) and (M) our cornerstone is Smirnov decomposition theorem for
1—currents.

For the sake of completeness and in order to neatly motivate the studies
performed in this paper it is worth recalling that the proof of this equivalence
in [29] was based on the Dacorogna-Moser construction to produce transport
maps (see [37]), which has revealed to be a powerful tool for optimal transport
problemdd. In a nutshell, this method consists in associating to the “static”
vector field V' which is optimal for (By)) the following dynamical system

y
At frref 1

8,U¢+d1V( ):()7 M0:f+>

i.e. a continuity equation with driving velocity field v, given by V rescaled by
the linear interpolation between f* and f~. Assuming that one can give a
sense (either deterministic or probabilistic) to the flow of V;, the construction
of the measure )y concentrated on the flow lines of A paves the way to the
equivalence between the Lagrangian model (My)) and (By).

’It is worth remarking that the first proof of the existence of an optimal transport map
for problem (ML), more than 200 years after Monge stated it, was based on a clever use of
this construction (see [50]).
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B.2 Well-posedness of Beckmann’s problem

Let Q € RY be the closure of an open bounded connected set having smooth
boundary. In what follows 2 will always be compact. Given 1 < q¢ < o0
we indicate with W14(Q2) the usual Sobolev space of L?(Q) functions whose
distributional gradient is in L9(€;RY) as well. We then define the quotient
space

Wl,q(Q) — Wl’q(Q)’

Y

where ~ is the equivalence relation defined by
u~wv <= there exists ¢ € R such that wu(x)—v(z) =c¢ for a.e. x € €.

When needed the elements of W9(Q) will be identified with functions in
Wh4(Q) having zero mean. We endow the space W14(Q) with the norm

1

el = ([ [Furas) ' e wia,
Q

then we denote by W—1» () its dual space, equipped with the dual norm. The
latter is defined as usual by

1Ty = sup {70} 9 € WHQ), ollyrs =1},
where p = q/(q — 1). We start recalling the following basic fact.
Lemma B.2. Let T € W='2(Q). Then

1 1
HTHW*LP(Q) =Dpr [ max |<T790>\——/|V<P\qd$}
Q) q Jo

peWbLa(

Proof. For every ¢ € W4(Q) we have

(r, |——/|V¢|qdw<suzj [M |——/|W|qda:]

On the other hand the supremum on the right is readily computed: this cor-
responds to the choice

1

A= (T, )7 (/wwdx) o

A\ 1 T P
sup {A|<T,so>|——/|w|qu} ! (‘< =*0>') |
A>0 q Jo p \lelig

Passing to the supremum over ¢ € W'4(Q) and using the definition of the
dual norm we get the thesis. O

which gives
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We also denote by &(€2) the space of distributions of order 1 with (com-
pact) support in 2. In what follows we tacitly identify this space with the
dual of the space C*(€), endowed with the norm

[ellcre) = sup [p(@)] + sup [V(z)|.
z€Q e

We denote by vq the outer normal unit vector to 9€2. We have the following
characterization for the dual space W~1r(Q).

Lemma B.3. Let p = q/(q — 1). We say that a vector field V € LP(Q;RY)
and T € E[(Q) satisfies

—divV =T inQ, Vovg=0 ond, (B.1)

/ Vo -Vdr= (T, ), for every ¢ € CH(Q).
If we set ’
E,(Q) ={T € &(Q) : there exists V € LP(;RY) satisfying (BI)},
we then have the identification
WhP(Q) = & ().

Proof. Let T € W~1P(Q). We observe that then 7' € £/(Q) as well. Now
consider the following maximization problem

1
sup (T,v) — — / |Vo|?dx.
veWLa(Q) 7 Jo

By means of the Direct Methods, it is not difficult to see that there exists a
(unique) maximizer u € WH4(Q) for this problem. Moreover such a maximizer
satisfies the relevant Euler-Lagrange equation given by

/ |Vul|"2Vu - Vodr = (T, p), for every ¢ € Wh(Q).
Q

By taking V = |Vu|72Vu € LP(Q;RY), the previous identity implies 7' €
E1,(Q).

Conversely let us take T € £ (). Then for every ¢ € C'(2) equation (B)

implies
(T, o) = / Ve Vde| < lellie IV] .
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Using the density of C*(€) in W4(Q) we obtain that 7' can be extended in a
unique way as an element (that we still denote T for simplicity) of W~14(Q).
This extension satisfies

1Ty < IV 2o,
as can be seen by taking the supremum in the previous inequality. O

Remark B.4. We remark that the elements of £ () have “zero average” i.e.
(T1) =0,

as follows by testing the weak formulation of ([B.Il) with ¢ = 1. This is coher-
ent with the previous identification W='7(Q) = &] () since by construction

the space W'4(Q) does not contain any non trivial constant function.

Example B.5. Consider the measure T = §, — &, for two points a # b € RV .
We claim that

T =06, — 06, € WP(Q) if and only if 1<p<N/(N-1),

where 0 is a sufficiently large ball containing a,b in its interior. We prove
this by using the characterization of Lemma[B.3.

Suppose indeed that there exists some V € LP(Q)) such that —divV =T. We
pick a ball B,(a) centered at a and having radius r such that 2r < |a — b|.
Then for each ¢ < r we consider a C}(B,(a)) function n. such that

n-=1 in B,_.(a) and V|| < Ce™t
Thanks to our assumption we have

1:<T777€>:/ V'Vﬁedfb’,
By (a)

so that

/ V|de > <.
Br(a)\By_<(a) c

By Hélder inequality this easily implies a lower bound on the LP norm of V.,
namely

r

NP
/ VPP de > &|B,(a) \ B,_.(a)]'? = Cy, " 0-7) [1 -(1-7) } |
By (a)
We now make the choice ¢ = 1r/2, so that from the previous we can infer

/ V[P de > 5N’p PN (1-p) _ 6N7p PpN-pP(N-1)
By (a)
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The previous estimate clearly contradicts the assumption V € LP(Q) if the
exponent N — p (N — 1) is not strictly positive. Therefore we see by Lemma
that p < N/(N — 1) is a necessary condition for T € W=1P(Q).

This condition on p s also sufficient for T to belong to W‘l’p(Q), as we
now proceed to prove. Set 27 = |a — b| and for simplicity assume that a =
(—7,0,...,0) and b = (7,0,...,0). We use the notation v = (x1,2") for a
generic point in RN, where ' € RN=1. We define the following vector field

( (x1+T‘T,> /

~— f|l | <7 and 2| -7 <2 <0,
L ST md | <
Vop(z) =4 (21 —7,2")

(o =)V if |2'| <71 and 7 —|2'| > 21 >0,

L (0,...,0), otherwise.

It 1s easily seen that div V,p, = 0, — 0p and that Vg, is supported on the set

—b
Dap = {(xl,x/) e RY . % > |2’ + |x1|},

which is just the the union of two cones centered at a and b having opening 1
and height T = |a — b|/2. By construction we have

p
/ |VaplPd 2/0/ <\/(x1+7)2+‘x'|2> Iy
ab|” AL = ' dxq
Qab —7 J{z |2 |=z 147} (Il + T)Np
pi2 0

—92% NwN/ (z1 + 1)~ NPHPENL gy

so that finally
IVaslln < Cnvp la — o[NP0,

thanks to our assumption p < N/(N —1).

As a consequence of Lemma [B.3|we have the following well-posedness result
for Beckmann’s problem.

Proposition B.6. Let 1 < p < co. Let H : Q x RN be a Carathéodory
function such that z — H(x, z) is convex on RY for every x € Q. We further
suppose that H satisfies the growth conditions

A|z]P = 1) < H(z,2) < —(]z]P + 1), (r,2) € Q x RY (B.2)

> =
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for some 0 < A < 1. Then the following problem

VeLr(Q;RN)

min {/’Hm V)dr : —=divV =T, V'VQ:O} (B.3)
admits a minimizer with finite energy if and only if T € W=?(Q).

Proof. Let T € W~'(Q). Thanks to Lemma B3 there exists at least one
admissible vector field V, with finite energy, thus the infimum (B.3)) is finite.
If {V,}nen C LP(Q;RY) is a minimizing sequence then the hypothesis (B:2)) on
‘H guarantees that this sequence is weakly convergent to some Ve LP(Q;RY).
Thanks to the convexity of H the functional is weakly lower semicontinuous,
ie.

7—[ (z,V)dz < hmmf/?—l(:c, V) dx

n—o0

. —divV =T,
_VEL%%RN){/QH(:C,V)CZ;E . }

Moreover the vector field V is still admissible since

/Vg0-17d:):: lim | V- V,de= (T, ), for every ¢ € C'(Q),
Q

n— oo Q

by weak convergence. Therefore V' realizes the minimum.

On the other hand suppose that T' & W‘l’p(Q). Again thanks to Lemma [B.3]
we have that the set of admissible vector fields is empty so the problem is not
well-posed. O

We need the following definition.

Definition B.7. We say that a vector field V € L'(Q;RY) is acyclic if when-
ever we can write V. = Vi + Vo with |V| = |Vi| + |Va| and divV) = 0 with
homogeneous Neumann boundary condition, namely

/Vl-VQDd:B:O, for every ¢ € C1(9Q),
Q
there must result Vi = 0.

The following is a mild regularity result for optimizers of (B.3]) in the
1sotropic case i.e. when H depends on the variable z only through its modulus.
This becomes crucial in order to equivalently reformulate (B.3)) as a Lagrangian
problem, where the transport is described by measures on paths.
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Proposition B.8. Assume that H satisfies the hypotheses of Proposition[B.4.
In addition assume that

2z H(x,z) is a strictly convex increasing function of |z| for every x.

Then there exists a unique minimizer V- for (B.3) and V' is acyclic.

Proof. The uniqueness of V' follows by strict convexity. We now prove that

V' is acyclic. Suppose that we can write V = Vi + V, for some vector fields
Vi, Vo € LY(Q;RY) such that

VI=Wl+[Va]  and  divVy =0.

It follows that divV = divV, and |V| > |V,|. Thus V3 is a competitor for
problem (B.3]) with energy not larger than that of V' thanks to the monotonic-
ity of H. Since V is the unique minimizer, it must have energy equal to that
of Vo. Thus |V| = |V4| and |V1] = 0 almost everywhere. This shows that V'
is acyclic, concluding the proof. O

B.3 Duality for Beckmann’s problem

We need the following general convex duality result (for the proof the reader
is referred to [49, Proposition 5, page 89]). The statement has been slightly
simplified in order to be directly adapted to our setting.

Theorem B.9. Let F:Y — R be a convex lower semicontinuous functional
on the reflexive Banach space Y . Let X be another reflexive Banach space and
A: X =Y a bounded linear operator, with adjoint operator A* : Y* — X*.
Then we have

sup (z*,x) — F(Ax) = inf {F*(y") : A"y" = 2"}, e X", (B4

zeX yrey=

where F*:Y* — RU{+o0} denotes the Legendre-Fenchel transform of F. If
the supremum in (BA) is attained at some xo € X then the infimum in (B.4)
15 attained as well by a y5 € Y™ such that

i € OF(Amg).

Thanks to the above result we obtain that Beckmann’s problem admits a
dual formulation which is a classical elliptic problem in Calculus of Variations.
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Theorem B.10 (Duality). Let 1 < p < 0o and ¢ = p/(p —1). Let H be
a function satisfying the hypotheses of Proposition [B.@ and T € W=1P(Q).
Then

. o —divV =T,
VELrlr’l(lflr}RN) {/QH(:E’ V)de : V.vg=0 }

= max {(T,v)—/?—[*(x,Vv)dx},
veW1l.4(Q) Q

where H* is the partial Legendre-Fenchel transform of H, i.e.

(B.5)

H*(x,&) = sup -2 — H(x, 2), zeq, &R,

z€RN

Moreover if Vy € LP(Q) and vy € WH4(Q) are two optimizers for the problems
in ([BA) then we have the following primal-dual optimality condition

Vo € OH*(x, Vy) in €, (B.6)
where OH* denotes the subgradient with respect to the & variable, i.e.

OH (x,6) = {z € RY « H*(x,€) + H(x,2) =€ - 2}, x e Q.

Proof. To prove (B.3) it is sufficient to apply the previous result with the
choices

Y = LYQRY), X =WY(Q), F(o) :/QH*({E, p(z))dr and A(p) =

The operator A is bounded since

APy = [IVellraq) = lellx,  forevery p € X,
and

Fe) = / Ho* (2, € (2)) dic = / H(w,&(x)) dr,

since § — H(z,§) is convex and lower semicontinuous, for every x € . We
only need to compute the adjoint operator A* : LP(Q;RY) — W~1P(Q). Let
us define the map W : LP(€;RY) — & (Q) by

U(V) e &(Q) such that (U(V),¢) = / Vo-Vdr, forevery p € C1(9).
Q

Observe that W is a linear operator whose image is contained in & (Q) =

TW=1P(Q) by construction and by the definition of &1 ,(82). Moreover for ¢ €
CH(Q) and V € LP(;RY) we have

(Ap, V) =/Qw~wx= (o T(V)).
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By density of C'(Q2) in W'4(Q) we obtain that ¥ = A*, thus (BA) follows
from (B.4).

The primal-dual optimality condition (B.6)) is a direct consequence of the sec-
ond part of the convex duality result as well. It is sufficient to observe that the
maximum in (B.3) is attained at some vy € W(Q) by the Direct Methods.
Thus, by the above convex duality theorem, a minimizer V; of Beckmann’s
problem has to satisfy

VE] c 8?(V’U0),
which implies directly (B.6). O

A significant instance of the previous result corresponds to H(z, z) = |z|?.
Thanks to Lemma [B.2] we have the following result.

Corollary B.11. For every T € W~1*(Q) we have

||T||W71,p(g) = min ) {HVHLP(Q) c=divV =T, V- -vg= 0}.

VeLr(QRN
Proof. Tt is sufficient to use (B.0) and Lemma [B.2] and to observe that

1 1
max (T, )] — / Veltde = max (T,¢)— = / Vgl d.
pEWHa(Q) q Ja pEWLe(Q) q Jao

This establishes the thesis. O

Corollary B.12. Under the hypotheses of Theorem [B.10l we have that the
functional

S WP(Q) — R+
T —  minimal value (B.3])

15 convex and weakly lower semicontinuous.

Proof. Tt is sufficient to observe that thanks to Theorem [B.10 the value (B.3)
can be written as a supremum of the affine continuous functionals L, defined

by
LAT) = (T.9) = [ #(e.Vo)de, o etio@),

Then the thesis follows. O

Some comments are in order about the duality result of Theorem [B.10
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Remark B.13 (Economic interpretation). By the so-called Legendre reci-
procity formula in Convex Analysis the primal-dual optimality condition (B.6)
can be equivalently written as

Vg € 0H(z, Vp), in Q, (B.7)

so this result is the rigorous justification of the necessary optimality conditions
deried in [14, Lemma 2]. Such vy is called a Beckmann potential and its
economic interpretation is that of an efficiency price, i.e. it represents a sys-
tem price for moving commodities in the most efficient regime for a transport
company. It can be seen as a generalization of a Kantorovich potential to a
situation where the cost to move some unit of mass from x to y is not fixed.
Indeed it depends on the quantity of traffic generated by the transport Vi it-
self. Heuristically observe that in this case the minimal cost is given by the
“congested metric”

1

dfan,an) = min [ [VHC ) 09| /(0] .
v:v(@)=zi Jo

In other words each mass particle is charged for the marginal cost it produces,

the latter being the derivative of the function H (we suppose for simplicity that

H possesses a true gradient and not just a subgradient). Then vy acts as a

Kantorovich potential for the Optimal Transport problem

min{/gxﬂdvo(x,y) dn(z,y) « (ma)gn =T+ and (my)gn = T_},

where we assume for simplicity that T' =T, —T_, with Ty and T_ positive
measures having equal total masses. It should be remarked that Vo does not
gwve the direction of optimal transportation in Beckmann’s problem since Vg
and Vo are only linked through the relation (BX) and they are not parallel in
general. They are guaranteed to be parallel only when the cost function H s
isotropic, i.e. when it just depends on |V| for every admissible vector field V.
This is the case studied by Beckmann in his original paper [1j)].

Remark B.14 (Regularity of optimal vector fields). We point out that if z —
H(x,z) is strictly convex then & — H*(x,€) is Ct. In this case the optimal
Vo is unique and we have

Vo = VH*(z, Vy).

Then the reqularity of the optimal vector field Vi can be recovered from the

reqularity of a Beckmann potential, which solves the following elliptic boundary
value problem

{ —divVH*(z,Vu) = T, in{ (B.8)

VH*(z,Vu) -vqg = 0, on S '
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For instance if H* in uniformly convex “at infinity”, meaning that there exist
C1,Co, M > 0 such that

Cu(1+ )T < min(D*H'(,2)€,€),  for every |s) > M,z €0,

and such that
ID*H(2,2)] < Gy (14|27, (2,2) € 2 x RY,

then V is bounded provided that T € LY(Q), with € > 0. Indeed, in this case
solutions to (B.8) are Lipschitz. These assumptions are verified for example

by (see [29])

1
H*(z) = 6(|z\ —0)4, 2z e RV,

where ()4 stands for the positive part and where we assume § > 0, but they
are violated by anisotropic functions of the type

H(2) =3

i=1

(|ZZ|_62)1—14-7 Z:(Zla"'aZN) GRN-

| =

B.4 A Lagrangian reformulation

The aim of this section is to introduce a Lagrangian counterpart of Beck-
mann’s model and to show how the two models turn out to be equivalent. The
model we are going to present is a continuous version of a classical discrete
model on networks by Wardrop (see [136]). This continuous model has already
been addressed in [35] and the equivalence has been discussed in [29]. We
prove well-posedness of the Lagrangian problem and equivalence of the models
by imposing in addition that the datum 7' is a finite measure belonging to

W=LP(Q). The proofs use Smirnov’s decomposition theorem for 1—currents

(see Theorem [A.6]).

Given two Lipschitz curves vy,7v, : [0, 1] — Q we say that they are equivalent
if there exists a continuous surjective nondecreasing function t: [0,1] — [0, 1]
such that

Y2 (t) = 7 (t(t)), for every t € [0, 1].

We call £(Q2) the set of all equivalence classes of Lipschitz paths in Q. We
introduce a topology on this set by defining the following distance

d(,72) = max {|5:(t) = Y2(t)] : ¢ € [0,1], % equivalent to 7} .
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Observe that convergence in this metric is nothing but the usual uniform con-
vergence, up to reparameterizations.

We denote the class of finite positive Borel (with respect to the above topol-
ogy) measures on L£(2) by M, (L(2)). For @ € M (L(2)). We define the
corresponding traffic intensity by

liov) = [ . (f o) ) i) dQ).  peCm)

provided that the outer integral converges, in which case we say that “the
traffic intensity ig exists”. If this is the case then the following integral also
converges:

bosh= [ ([ com o) aae.  oecmm

These definitions do not depend on the particular representative of the equiv-
alence class we chosen, since the integrals in brackets are invariant under time
reparameterization.

Remark B.15. Observe that ig counts in a scalar way the traffic generated
by QQ while ig computes it in a vectorial way. This means that in principle
ig and |ig| could be very different: in ig two huge amounts of mass going
i opposite direction give rise to a lot of cancellations, as the orientation of
curves is taken into account. As a simple example suppose to have two distinct
points xg # x1 and consider the measure

1 1
Q:§5’71+§5’Y27

with v (t) = (1 —t)xg +txy and y(t) = (1 —t)x1 +txg. By computing the
traffic intensity we obtain

iQ =M L ToT,
which takes into account the intuitive fact that on the segment Toxy globally
there is a non negligible amount of transiting mass. On the other hand it is
easily seen that

Given a Radon measure 7" on 2 we define the following space
Q,(T) = {Q € ML(L(Q): ig € LP(Q) and (e; — e0)4Q = T},

where e; : L(2) — Q is defined by e;(7) = (i), for i = 0,1. Now consider a
Carathéodory function H : Q x R™ — R™ such that

A(t”—l)g?—[(:::,t)g%(tp%—l), rEQ tERY (B.9)
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for some 0 < A <1 and such that
t— H(x,t) is convex, for every x € ().

If Q,(T) # 0 then we define the following minimization problem:

inf H(x,ig(x))dz. B.10
Lt [ Hwigla) (B.10)
Remark B.16. Similar Lagrangian formulations have been studied in connec-
tion with transport problems involving concave costs, e.g. problems where to
move a mass m of a length { costs m*{ (0 < a < 1). For these the reader is

referred to the monograph [17], as well as to the papers [101, [157)].

We prove that problem (B.I0) is well-posed and equivalent to the one in
(B.3). To this aim we use the following result, which is a reformulation of
Theorem for the special case of currents representable by LP-vector fields.

Proposition B.17. Let 1 < p < oo. Assume that V € LP(Q,RY) and that it

s acyclic. Let T'= —divV be a Radon measure on ). It is then possible to
find Q € M, (L(Q)) such that
(€0)xQ =T- and (e1)xQ =T,

Moreover we have
iQ:V and iQ: |V|

In particular Q € Q,(T).

Thanks to the above result we can prove the following.

Proposition B.18. Let T be a Radon measure on 0. The set Q,(T) is not
empty if and only if T € W=1P(Q).

Proof. Let us suppose that T ¢ WLe (©) and assume by contradiction that
there exists () € Q,(7T"). In particular

/ lig,|? dx < +00. (B.11)
Q

The vector measure ig, satisfies (B, since

[[ve-dio- [ ([ et -od) aa)
= /L(Q) [s@(v(l)) - s@(v(U))] dQo(v) = (T, »),
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for every ¢ € C*(Q). Thanks to the fact that [ig,| < ig, and to (B.II) we
have that ig, € LP(2;RY). This contradicts the fact that 7' ¢ W~1P(Q), as
desired.

Now take 7' € W~1P(Q). Then there exists a minimizer V of problem (B.3)
with H(z,z) = |z|P. Thanks to Proposition [B.8 we know that V is acyclic.
Since T is a Radon measure we can apply Proposition [B.17 and we infer the
existence of @ € Q,(7T"). This gives directly the thesis. O

We now prove our equivalence statement, which is the main result of this
section. Observe that we prove at the same time existence of a minimizer for

(B.10).
Theorem B.19. Let H : Q xRt — R be a Carathéodory function satisfying
(B9) and such that

t — H(x,t) is strictly convex and increasing, x € (.

If T is a Radon measure belonging to W=(Q) then we have

—divV =T,
Qelélpf /H r,iq) dr = VELIII’H(?RN {/ H(z, |V])dz : Vg =0 }

(B.12)
and the infimum on the left-hand side is achieved.

Moreover, if Qo € Q,(T) is optimal then ig, € LP(Q;RY) is a minimizer
of Beckmann’s problem. Conversely, if Vi is optimal then there exists Qy, €
Qu(T) such that iq,, = |igy,| minimizes the Lagrangian problem.

Proof. By the previous result the set Q,(T) is not empty. For every admissible
@ we have |ig| < ig, therefore ig is admissible for Beckmann’s problem. Using
the monotonicity of H(x,-) we then obtain

—divV =T
i V) dx : s < f dr <
VELI?(IQI%RN) {/Q'H(x,\ ) dx Vg =0 } < Qelél,, /’H z,ig(x)) dr < 4o00.

Now let Vi € LP(€;RY) be a minimizer for Beckmann’s problem. By Propo-
sition B.8 Vp is acyclic. Thus by Proposition [B.I7 there exists Qp € Q,(T)
such that |Vp| = ig,, i.c.

—divV =T, .
i [ vhas s S0 = e o de

This imphes that (B.12) holds true and that the infimum in the left-hand side
is indeed a minimum.

The relation between minimizers of the two problems is an easy consequence
of the previous constructions. ]
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B.4.1 The case of flat currents

In Section [B:4 we required 7' € W~?(Q) to be a Radon measure. As already
mentioned, this further hypothesis permits to identify optimal vector fields for
Beckmann’s problems with acyclic normal currents. Then well-posedness and
equivalence of the problems can be obtained by means of Smirnov’s Theorem.
However in the setting of Beckmann’s problem and of its dual it would be
natural to allow 7' to be a generic element of W~'?(Q). If one wishes to
extend the analysis of the Lagrangian formulation to this larger space then
one is naturally lead to consider a possible extension of Smirnov’s result to L!
vector fields having divergence which is not a Radon measure. Observe that
such vector fields correspond to flat currents. In this subsection we investigate
the possibility to have Smirnov’s Theorem for such a class of currents.

We start by observing that the measure ) which decomposes I may not be
finite in general.

Example B.20. For 1 <p < % we consider an infinite sequence of small
dipoles {(a;,b;)}, such that

o
Z la; — bi| NPV < oo, and D, p, are disjoint,
i=1

where the sets D,,,, are defined as in Example [B.A. If we consider the vec-
tor fields Vg, b, as in Example then the new vector field defined by V =

o2 Voo, verifies

VI = <Cn Z la; — bV P < oo,

p
Lp =1

o0
E :%iybi
=1

which implies T := 3. (84, —6,) € W=12(Q). By observing that co = M(T) =
fE(Q) dQ for any decomposing measure we see that no finite measure ) can be
found. On the other hand a o— finite measure () can be found, since each
Vi can be separately decomposed with a measure (Q; of mass 2 and the Q);
have disjoint supports.

Example B.21. We present now another version of Example [B.20, which
exploits the Sobolev embedding theorem. Let us take again 1 <p < N/(N —1),
that is ¢ = p/(p — 1) > N. Then WH4(Q) can be identified with a space of
functions which are Hélder continuous of exponent oo =1— N/q. We consider
the following two curves

g9(t)

= e (cost,sint), t>1,

1
7(t) = e (cost,sint) and Y2(1)
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where g : [1,00) = R is a continuous function such that

to\” g(t)
1>g(t) > Py and t— o is decreasing.

We define the distribution
@)= [ o) - ptntin]ar, o e @)

This is an element of W=1P(Q) since by Sobolev embedding [p]coe < Co |l@lyira -
Thus

o0

(T, )] < /100 [p( (1) = @(r2(D)] dt < Clollwraey /1 [7a.(t) = 2(2)|* dt

[ gl
= Clglae [ 5t

<2°C|pllwray,  » € WH(Q).

We then introduce the measure on paths Qr defined by

Qr = /1 5’71(15) Y2(t) dt,

where for t > 1 we indicate by ~v1(t) y2(t) the straight segment going from ~(t)
to vo(t). Observe that for every ¢ we have

/ﬁ@[@(v(o)) —p(v(1)]dQr(v) = /1oo [@(%(t)) - <p(72(t))] dt = (T, ¢)

and
S |1 — g(t
[ et = [T - e = [T
L) 1 1
2a tl_goo_ 2a <
T a—2 1 2—a ’

while Q7 1is not finite, but just o-finite.

The previous examples clarify that we cannot hope to give a distributional
meaning to the positive and negative parts of the divergence of V. The good
definition of divV as a distribution relies in general on some sort of “almost—
cancellation”. Therefore the last no-cancellation requirement (—div V'), +
(—divV)_ = (e1 + €9)4Q of Smirnov’s Theorem [A.G] should be relaxed when

we try to extend it to a larger class of V'’s.

Actually we can say more. For general flat currents even the existence of a
decomposition ) is not granted, as demonstrated by the following example.
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Example B.22. Let Q = [0,1]Y C RY and let us consider a totally dis-
connected closed set E C Q such that LY(E) > 0. We then pick a vector
Yo € RV \ {0} and set

V(z) =90 - 1p(x), x €.

Of course this is an L>(2) wvector field and the associated 1— current Iy is
flat.  We claim that I, does not admit a Smirnov decomposition. Indeed,
assume by contradiction that a decomposition QQ € M (L(Y)) satisfying the
following condition exists:

o = [ Q). (B.13)
£(9)

We see that spt(pr,) = spt(ly) and from this we can infer that Q—a.e. curve
v has support included in spt(Iy) = E. Indeed, if the latter were not true then
the supports of the two sides of (BI3) would differ, as follows by observing
that the left-hand side is a superposition of the positive measures fify) .

By knowing now that Q—a.e. curve v has support in the totally discon-
nected set E and that the curves v are connected, we deduce that (Q— a.e.
curve vy 1s constant. This implies that

for Q—a.e. curve 7y there holds [y] = 0.
Therefore from (B.I3) it follows ur, =0, which contradicts the fact that

Since the existence of Q satisfying (BI3) leads to a contradiction, we conclude
that no Smirnov decomposition of Iy, exists. Note that whether Q) is assumed
to be finite or only o— finite is immaterial for this contradiction.

We point out that by defining the distribution T as
(T, ) = / V(z) - V() do = / B0 -Ve(e)dr,  for cvery p € C1 (),
Q E
this can be considered as an element of W‘l’p(Q) for any 1 < p < oo, thanks

to Lemma[B.3.

We also claim that V' (and thus Iy ) is acyclic. Suppose that we can
write V.= Vi + Vo with |V| = |Vi| + |Va| and divVy, = 0. This implies that
Vi =MV 1g, where \; € LY(Q) and it takes values in [0,1]. In particular
as above we have

0= (—divVi,¢) = / A1 (x) Do - V() de, for every ¢ € C*(Q).
E
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By taking ¢(x) = g - x we observe that the integral is nonzero unless Ay = 0

a.e. on E, in which case Vi = 0. By appealing to Definition B2 we eventually
prove that V' is acyclic.







Appendix C

Combinatorial tools for regularity

In this Chapter we focus on the combinatorial part of the proof of the e-
regularity result of Chapter B The driving idea behind this appendix is that
carefully considering combinatorial problems and their solutions one can obtain
robust insights into geometric measure theory phenomena. We focus first on
the classical maxflow-mincut theorem which we exploited directly (see Section
[C1)), then we consider its extension to infinite graphs (see Section [C.2]).

C.1 The classical Maxflow-mincut theorem

C.1.1 From general graphs to weighted graphs

Definition C.1. We call a collection of elements of a set X a sequence of
elements of X, possibly with repetitions, defined up to reordering.

A general digraph G is given by the data (V, E) where V is a set of ver-
tices and E is a collection of directed edges i.e. elements of V x V. We
similarly define general graph.

The underlying graph underlying a general digraph G is the graph G =
(V,E) where E is the collection of undirected edges corresponding to E, i.e.
if (x1,22), (x2,Y2),... is a sequence representing the collection E then the se-
quence of collections {x1,y1},{xe,ya} ... is by definition a sequence represent-
ing the collection E.

A capacity function on a digraph is a positive function ¢ : E — RY, i.e. a
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function on the sequences defining the collection E which is invariant under
reordering.

The classical definition consists in replacing collections with subsets in the
above definition. Finite collections can be identified with sets with multi-
plicities in N and collections without repetitions can be identified with sets,
simplifying the notation. We will mostly consider the finitary setting. Start-
ing from general (di)graphs also makes the introduction of weight functions
¢ : E — R on classical graphs very natural. Finitary general (di)graphs are
identified with classical finitary graphs with multiplicities in N; as in the pas-
sage from the definition of N to those of Z,Q, R, we can extend this class to
the one of weighted graphs.

C.1.2 Flows and cuts

Etymology. The name of a “flow” on a graph models the mental representation
where the network represents a network of connected tubes through which wa-
ter (or another incompressible fluid) is flowing and of which we can measure
just in the average flux through each tube. The water could flow through part
of the tubes or all of them, between a “source” and a “sink”. To model the con-
straint on the flow of water given by the section of the tubes one introduces
the notion of “capacity”. The word “fow” is also used to denote the total flow
of water between the source and the sink. “Cutting” the graph corresponds to
obstructing enough tubes that no flow of water is possible anymore.

We now state the mathematical definitions.

Definition C.2. Fiz a (classical) connected locally finite digraph G = (V, E)
of which two sets A, B C V', called respectively source and sink sets, are
selected and such that a function ¢ : E — [0,00], called capacity, is given. A
flow on G is a function f: E — R" such that for each vertex v € V' \ (AU B)

the sum
Yo flaw) = > fluy) =0

z:(z,w)eE y:(v,y)eE

and such that
Vee E, f(e) < ce).

and for a € A,b e B

f(z,a) =0if (x,a) € E, f(byy)=01if (by) € E.
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If G is finite then we also have

S f@h= Y flay)

z:(z,b)EE,beEB y:(a,y)EE,acA

and this value is called the value of the flow f.

A flow on a (non-directed) locally finite graph G corresponding to data
A, B, c as above is given by fixing a direction of the edges of G and a flow f
on the so-obtained digraph.

If G = (V,E) is a digraph with two fized sets A, B C V are selected then
a cut is a subset S C E such that the only flow f corresponding to the capac-
ity cg which is zero on S and oo outside it exists. When G s finitary this
is equivalent to saying that all directed paths starting in A and ending in B
intersect S'.

A cut of a graph G = (V, E) with fized vertex subsets A, B is a set S C E
such that for all assignments of directions making G a digraph S is a cut of
the resulting digraph.

For a (di)graph G the value of the cut S is given by the sum

Z c(s).

ses

A cut S s saturated by a flow f if S C{f=c}.

C.1.3 The maxflow-mincut theorem

The classical version of the maxflow-mincut theorem is as follows:

Theorem C.3 (Maxflow-Mincut theorem). Let G be a finite digraph with fized
source and sink sets A, B and everywhere-finite capacity function c. Then the
mazximum value of a flow between A and B is equal to the minimum value of
a cut separating A from B.

Moreover each maximal flow has a saturating minimal cut and each minimal
cut has a saturating mazimal flow.
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The most direct proof of this result follows from the strong duality theorem
of Linear Programming, since the problems of maximizing the value of the flow
f and that of minimizing the value of the cut S under the constraint f < ¢
are dual to each other. The cut § is saturated by the flow f
A good grasp of this proof is given by simple geometric considerations. Fix G
and denote by F4 p the set of flows with data G, A, B and c := o0, i.e. for-
getting capacity constraint. Note that F4 g is a convex (unbounded) polytope
with facets {Fa g : A" C A, B’ C B}. Note that for finite ¢ the constraint
f < ¢ gives a convex bounded polytope P.. The value of the flow is a linear
function, thus it achieves its extrema on a subset of facets of Fiy g N P.. From
this consideration it can be deduced that the above theorem 1is equivalent to
the spacial case where A, B are singletons.

The maxflow-mincut problem can also be proved in a somehow more natu-
ral combinatorial way, however it gives also algorithms for finding the minimum
cut. See the original articles [62] and [98] or the treatment in [129] .

The strategy for proving the full statement of Theorem is close to the
ideas of Section [C.1.1l We first reduce to the case where A, B are singletons
by convexity.

If we prove the theorem for N-valued capacities and flows then we can obtain
general capacities by approximation. The case of N-valued capacities can be
reduced to a proof of a statement for general digraphs:

Theorem C.4 (Menger’s theorem, cfr. [129], VI.48). Let a,b be distinct
vertices of a general digraph G as in Definition [C 1. Then the mazimal car-
dinality of a collection of paths from a to b with no common edge is equal to
the minimal cardinality of a cut.

The proof of this result contains very similar ideas to the combinatorial part
of the e-regularity Theorem (.3l The fact that the cardinality of path collec-
tions substitutes the flow “multiplicity” f bears strong analogies to Smirnov’s
decomposition theorem [A.6l

We include a proof also because our Definition is unusual and the
definition of cut is slightly different than in [129].

Sketch of proof: One first proves that the maximizing path collection X con-
tains no directed cycles. It follows that each cut has cardinality greater or
equal to the one of the collection X .

Now assume by contradiction that all cuts had strictly higher cardinality than
that of X. Then any cut consisting of one edge for each path of X would
still allow a path v from a to b. If v intersects a path m € X on one edge e
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then we might swap the edge S N7 with e obtaining a new cut of the same
cardinality as X which now interrupts both 7 and . If this can be done for
all such v we reach a contradiction to our assumption. If on the contrary there
exists a v not intersecting any m € X then we contradict the maximality of
the cardinality of X. O

From the proof it also follows that path collections are saturated by some
cut, and any cut saturates some collection X of paths.

C.2 Generalization to infinite networks

Before applying our combinatorial method to the e-regularity proof in Chapter
we have to reduce to the case in which our weak curvature has finitely many
charges, i.e. we need to first use the approximation theorem [[L.T9. One might
wonder if this step can be avoided (see Question B]) and a possible approach
would be to repeat the combinatorial constructions of ChapterHlin an infinitary
setting. We describe here an analogue of the Maxflow-mincut theorem valid
for infinite digraphs, whose possible improvement would provide new tools in
such direction. We start with a very general statement generalizing Menger’s
theorem and closing a conjecture which was open for more than 45 years:

Theorem C.5 ([2]). Let G be a (possibly infinite) digraph in which we fix two
vertex sets A, B. Then there exists a family X of disjoint finite paths from A

to B and a cut S consisting of the choice of precisely one edge from each path
m X.

Note that while in the finitary case Menger’s theorem implies the Maxflow-
Mincut theorem as described above, this is not true for infinite digraphs. How-
ever, using techniques similar in spirit to the ones for above theorem the fol-
lowing result can be proved.

Theorem C.6 ([3]). Let G be a countable digraph with no loops and let a,b
be a source and a sink and ¢ be a capacity on G. Then there exists a flow on
G,a,b,c and a cut S which saturates f.

We now describe why this result is not a consequence of Menger’s theorem
for infinite graphs. In order to connect this result to the infinite Menger’s
theorem we would need to consider so-called mundane flows, i.e. flows which
are superposition of paths. This notion turns out to be incorrect, while a
better notion is that of a flow respecting finite cuts
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Definition C.7. A flow f: G — RT on a (possibly infinite) digraph G with
source a and sink b is called mundane if there exists a family of finite paths

(m:)ier going from a to b and a family of positive real numbers (0;);e; such

that for all x € E there holds f(x) =3 .., 0ixx, ()

A flow f: G — RT on a (possibly infinite) digraph G with source a and
sink b is said to be finite-cut respecting if for each A C V' such that a € A
and such that S = {(a,y): a € A,y ¢ A} and S":={(x,a): a € A,x ¢ A}
are finite there holds

> fls) =

ses

{ >ves [(8) ifac A,
ZS’eS’ f(sl) + Zx: (a,x)EE f(a'> [L’) Zfa' ¢ A

The second definition has the effect of preventing only infinite paths which
“escape to infinity” from contributing to f, whereas in the first one we are
excluding categorically all infinite path. The following result taken from [3]
implies that the first restriction is too drastic:

Theorem C.8. Let G,a,b,c be as in the previous theorem. Then

e The quantities

inf {Z c(s): Sisa cut}

ses

and

sup Z fla,x): f is a mundane flow

z:(a,x)eE

are equal.
e The mincut is achieved.

o There exists a locally finite digraph on which the mazxflow is not achieved
among mundane flows.

o The maxflow is realized if we replace the class of mundane flows by class
of paths respecting finite cuts.



Appendix D

Regularity results for elliptic
complexes

In this Appendix we discuss the elliptic regularity theorems needed to prove the
local regularity result of Chapter [l after the proof of e-regularity. Although
these results are by now fairly classical, we describe them for the sake of
completeness.

The original result is due to K.K. Uhlenbeck [I30] who considered the regularity
of nonlinear systems of the form

d*(JwP~?w) = 0,
{ oo, (D.1)

for w a k-form and an exponent p > 2. The above system is an element of a
wider class of quasilinear elliptic systems for which a unified regularity theory
is available. We present this wider setting here and describe the proofs. The
regularity for p < 2 was proven by P. Tolksdorf [127], who considers systems
of the form

div(|X|P72X) =0,

curl X =0, (D-2)

div(|Vul|P~>Vu) =0 ~ {
Although this system is different from (D.IJ), the proof of regularity of

for it still applies in the wider setting of [130].

D.1 Elliptic complexes

We start with the simplest case of constant coefficients.
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D.1.1 Constant coefficients

Consider a sequence V; of finite dimensional vector spaces and linear operators
Ai7ki‘/;—>‘/;+1, kzl,...,n.

These operators define linear differential operators: if v : R™ — V; then we
can define A;u : R™ — V;,; as follows:

a du
u Z ok Oy
k=1
For each ¢ € R™ we then define the symbol o(A4;,&) by

Amg ngAzk

We say that the complex {A;} is elliptic if for all £ # 0 the symbol complex

U(Ai_fl)é) o(A€) a(Ait1,6)

= Vi Vi — Vin Vigg = ...

1s exact.

We can also define the dual complex {Af} by taking the duals of the
operators A;, defined as

where A7, 2 Vi, — Vi is the dual of A; .. In the presence of an inner product
on the V; we can identify V* = V; and the operators A’ are the adjoint
operators to the A;. The adjoint complex

o (A} 175 U(Az €) (A7} 1,6) %

* *
=V Vi z+1 — o

is exact if and only if the original one is.

We can then define the analogues of the Laplacian:

A; = LA+ AT Ay

The most common examples of elliptic complexes are the following ones,
corresponding to the equations given at the beginning of the chapter.
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Example D.1. Let V; = ANFIR™ and A; = d, the usual exterior differen-
tiation. Then A; = d*. The ellipticity follows from the well-known formula
dod=0. We obtain Ay = dd* + d*d, the usual Hodge Laplacian on k-forms.

Example D.2. We consider now the space Vi of k-forms on R™ with values
i R™. In particular we can define V_1 = 0,V = R™ V; = R™ x R", V, =
R™ x A2R"™. We then differentiate componentwise: Aqu = (duy, ..., du,,) and
for v:R* = R™ xR", v = (vy,...,0,) we have Ajv = (d*vy, ..., d"v,). We
have also Ayv = (dvy, ..., dvy,). If we identify 1-forms with vector fields we
can reinterpret Ay =V, Aj = div, Ay = curl. Then Ay = AgA5+ ATA;y is the
componentwise Laplacian on functions u : R" — R™.

D.1.2 Variable coefficients

The next case is the one where the linear operators A; 5, : V; — Vi;; are allowed
to vary depending on the point where they are applied, i.e. have the form

ou

. ().

Ai(z)u(x) = Z A n(x)

We can repeat the above definitions also in this case, and ellipticity will mean
that the symbols o(A;(z), &) form an exact complex pointwise in both z, ¢ for
¢ # 0. It is however not true that the adjoint A of A; is the operator with
dual coefficients > [A; x(2)]*0,, . We have indeed the formal computation

<AZ(I)U, U>Vi+1 = Z<Al’k(x)aku’ U>Vi+1
= Z(ak% Al (v)v)y,
- — Z(U, O (A7 (z)v))v;,

which shows that the difference between the dual and the adjoint is ) 9p A7,
which is an operator of order zero, therefore does not appear in the symbol.
It is therefore still true that the adjoint complex is elliptic if and only if the
original one is. If the A;j are regular enough then the regularity theory for
complexes with variable coefficients can be regarded as a “perturbation” of the
one with constant coefficients.

We can similarly extend the above definitions to the case where the func-
tions uw : R® — V; are replaced by sections of smooth enough vector bundles

E; — M such that the fibre of E; is V;.
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D.2 Uhlenbeck’s result

The main theorem of [130] is the following:

Theorem D.3. Let {A;} be a constant coefficient elliptic system as above,
and assume that

AgAl + ATA; = A,

which 1s the usual Laplacian on functions u : R™ — Vi. Assume that p :
Rt — R* is a continuous differentiable function such that for some constants

-2
K >0,p>2a>0,C>0 there holds, for ¢ = 252,

E=(Q+C)" < p(Q) +2Q4(Q) < K(Q+C)". (ellipticity)

1P(Q1)Q1 — p'(Q2) Q2| < K(Q1, +Q2 + C)"*(Q1 — Q2)". (growth)
Then any weak solution w in a domain D C R™ of the equations

{ A5(p(lw*)w) =0,
Alw = O,

which lies in LP(D) is Hélder-continuous in the interior of D.

Example D.4. If we apply the theorem to the complex of Example[D.1 then
we obtain the system (D)) and if we apply it to the complex of Example[D.2
we obtain the system (D.2).

Sketch of the arguments for Theorem[D.d: The main difficulty and difference
from weak solutions of the case p = 2

Ajw =0, B
{Alw:O, ~Aw =0

is the fact that the equation is not anymore uniformly elliptic, i.e. for p > 2
the coefficients could become zero if the solution is zero (while for p < 2 they
could explode). Therefore the case C' = 0 is significantly more difficult than
the case C' > 0.

Uhlenbeck considers the auxiliary quantity H = H(|w|?) where H is de-
fined via p by requiring

H'(Q) = 39(Q) +Q/(Q)
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This quantity appears when we compute (with the notation p := p(Jw|?)):

(w, Alpw)) = Z (0w, Oi(pw)) — (Ow, Oi(pw)))
— Z&- (Jw?'0|w|? + plw, Ow))
_Z (Oiw, Ow) + p'(Ow, w)O;|w|?)

= AH =) (plow]* + 20| (0w, w)[) .
From the relation between our operators A; and the Laplacian and the ellip-
ticity hypothesis of the theorem we obtain

0= (w, A(pw)) — (w, AJA1(pw)) > AH — K~} (|w]* + C)!|Vw|* — B} B.,(p)

where B,¢ = >, A1 wip¢ = Ai(¢w) for a scalar function ¢ since by hy-
pothesis Ajw = 0. If we write

AH — B.B,(p) = Lu,H, L,=Y_ 0Ocla;0;)
—

then we obtain .

]f[/ <A1 kW, Al Jw)

and from the definition of H’ and the ellipticity condition on p we obtain that
L,, is uniformly elliptic. The above inequality K~'(|w|* + C)|Vw|* > L, H
implies that H is a L, -subsolution and for all ¢ € C°°(D,R") there holds

Qjj = Okj —

/qﬁLwH > K‘1/¢(|w\2+6’)qu\2.
D

Uhlenbeck then proves the estimate
[ P omvel e [ (el + oy
B(z,r) B(z,2r)

by using the equation and a difference quotient method. This allows to use a
modification of the Moser iteration technique [92] for subsolutions to obtain
the following control on H':

maXyEB(x,T’) H rg r" fB(m747«)(‘w|2 + C)q-l-l,

P Jegn (H(M(4r) — H) S H(M(4r)) — H(M(r)),

where

M (p) := ess max |w| (y).
yEB(z,p)

This allows to prove the following crucial step of the proof:
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Proposition D.5. There exists A > 0 such that the following holds. Let w be
bounded in B(x,r). Then for p < r/4 either

M(p) +C < (1= A)(M(4p) + C)

or there exists a constant wy such that
P+ O [l S AMp) +C)
B(z,p)

and we can choose wy such that |wo|* + C 2y M(4p) + C.

In the first case we obtain directly the Holderianity of w. In the second
case we prove the Holderianity by “harmonic approximation”. One linearizes
the equation Af(pw) = 0 at wy, in which case we obtain the operator

/
Aaa::Ag(w-%zﬂmagw@u@)
Po

where po, pf, are abbreviations of p(|wol®), o'(|wo|?) respectively. the operator
A is the adjoint of Ay with respect to the inner product

/

<w17w2>, = <W1,(A)2> + 2%«")17&)0) <W2,(A)0>,
0

which is positive definite as long as wy # 0. The idea is to compare a solution
of Aj to w—wy. We use the elliptic complex to simplify the estimates, i.e. we

define
{ App = w { Appy = wo
AL19=0 AZ1go =0

and we define @ := AOQE for Q~S solving

ASAOQNS + A_lA*_lqzz =0 on B(z,4p),

b= — o on 0B(x,4p).

Since ¢ is also a minimizer of the Dirichlet energy
[ Aoddody + (a,5,42,)
B

for fixed boundary value we have the control (using also the equations verified

by ¢> ¢0)
/ @0y < / (Ao, Aod) + (A 16, A" 1)
B B
< /B (Aot — do, Ao — do) + (A* 16 — do, A* 16 — o)

= /(w—wo,w—wo)’§/|w—wo|2
B B
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and uniform bounds of @w, V& on a smaller ball follow via elliptic estimates.

The growth hypothesis of Theorem [D.3]is used to prove a bound using the
Taylor remainder

pwW — PoWo — PB(W(J, w — wo)wo = poG(w, wp).

We obtain that for u =& — (w — wp) there holds

M 2 C 2(1 1+Oé
[ oues [ e s SEEEE ([ o)
B(z,2p) B(x,2p) (Jwol? + C)% B(x,4p)

From this estimate it follows that on smaller balls we can obtain better and
better approximations. The situation up to rescaling such that B(x,2p) be-
comes B(1) is the following: if

/B(l) lw—wo|> = e(M(1)+C), |wo|*+C =n(MQ)+C)

then using the elliptic bounds for @ and the above estimate for u it is possible
to find another constant w; which approximates w better on the smaller ball
B(r),r < 3:

/ w— Wi’ S (2 4 ) / w — wol?.
B(r) B(2)

As expected from the mean value inequality for @, the correct choice above is

w; such that
W1 — Wy = ][ w.
B(1/2)

We can then iterate the procedure and obtain a Morrey decay, thus Hoélde-
rianity. What ensures that the procedure is feasible is the behavior of the
constants in Proposition [D.5] O

D.3 Changes for the case p <2

For exponents p < 2 the power ¢ appearing in the hypothesis of Theorem
becomes negative. The difference quotient method for obtaining the integra-
bility of (1+ |w|?*)!|Vw|? as above can be recovered by a subtler estimate even
for ¢ <0 (see [127], Lem. 4.1).
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The main obstacle for repeating Uhlenbeck’s proof is the fact that the
subharmonicity of H does not suffice to directly apply Moser’s iteration: we
cannot control well the contribution of w coming from the regions where it is
close to zero. The strategy of Tolksdorf [127] is to prove a stronger property
of the function |w|?, namely its quasisubharmonicity. The estimate which can
be obtained is the following one (we state a weakened result in order to put
the gist of the improvement in evidence):

Proposition D.6. If w is as in Theorem [D.3 and we further assume that p
is twice derivable and satisfies |p"(Q)|Q* < Cp(Q) then |w|? is quasisubhar-
monic, i.e. for all ¢ € C°(D) and for all smooth nondecreasing nonnegative
G there holds, abbreviating p = p(|w|?), G := G(|w|?) as above,

/ p ([Vw]?G + |V|w|?| G") ¢* < C’/ p|VIw’| GIV||¢| + Lo.t.
D D

The proof of Tolksdorf in the case w = Vu is via difference quotients, but
this strategy is easily repeated in the case of general elliptic systems by deter-
mining ¢ which solves the equations Agp = w, A* ¢ = 0 and then applying
the difference quotient method of Tolksdorf to such ¢. It is for proving this
result that the condition on second derivatives of p is needed.

The usefulness of this definition consists in the fact that it gives a way
of truncating |w| away from zero, by choosing G which is equal to zero in
a ball containing the origin. Tolksdorf then uses such G to perform Moser’s
iteration, therefore this GG replaces the H of Uhlenbeck’s proof for the case
p < 2. The rest of the proof can then proceed along the same strategy as
Uhlenbeck’s proof.
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Review of slice distances

In this appendix we recall more in detail the definitions and constructions con-
cerning the control of geometric objects via their slices present in [§] and in
[72]. We describe the relation to our results of Chapters [2 [l

For definitions and notations on currents see [52]; for metric currents see
Section [A.2] and the references therein.

E.1 Slicing in euclidean space

We start by recalling some results of [52] 4.3:

Proposition E.1. Suppose that T is a normal k-current in R™ and that
f:R™ — RF is Lipschitz. The following statements hold:

e For a.e. y € R¥ there exists a normal 0-current (T, f,y) supported on
[~ (y) such that for all ¢ € C.(R* and for all w € C°(R™)

/ (T, f,y)d(y)dy = TL(¢ o f)df.

e The total variation map y — ||(T, f,y)||(R™) is integrable and for every
v € CY(R™) there holds

(ITedfll,v) = /Rk(H<T, Foll,v)dy.

o If T is integer rectifiable then a.e. y € R* the slice (T, f,y) is integer
rectifiable.
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e If n: R™ — R™ is a bijective Lipschitz map then a.e. y € RF there
holds

77#<Ta f>y> = <77#T,f077_1,y>.

o If £ :RF — R* is a diffeomorphism then a.e. y € R* there holds
(T, o fLy) = (T, f,&(y))-

The fundamental observation present in [81] and [I39] and which also helps
for more general situation, is the observation that if 7" is a normal k-current
and f:R™ — RF is a Lipschitz function then the slice map

y= (T, f,y)

defined a.e. as above is a (metric) bounded variation function from the space
R* into the metric space of 0-currents endowed with the flat norm. We consider
this situation in the next section.

E.2 Slices for currents in metric spaces

Recall that a subset A C Y of a metric space is called countably H* -rectifiable
if it can be covered up to a H*-negligible set by a countable union of Lipschitz
images of closed subsets of R¥.

On the space Lip,(FE) of bounded Lipschitz functions on a metric space E
we define the flat norm by

F(¢) := sup |¢| + Lip(¢)
and on the dual space My(E) we denote by F the dual norm:

F(T) :=sup{T'(¢) : ¢ € Lip,(E),F(¢) < 1}.

If £ is weakly separable then M(FE) embeds isometrically into M (¢>). This
is the dual of the separable space Lip,(¢>°) thus is weakly separable.

We now give the definitions of rectifiable and integer rectifiable metric
currents:

Definition E.2 (rectifiable metric currents). Let k > 1 and T € My (E). We
say that T is rectifiable if ||T|| is concentrated on a countably H* -rectifiable
set and it vanishes on H* -negligible Borel sets.

We denote by Ry(E) the class of rectifiable currents.
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Definition E.3 (integer rectifiable and integral metric currents). Let k >
1. We say that a rectifiable current T is integer rectifiable if for any ¢ €
Lip(E,R*) and any open set A C E the pushforward current ¢4 (T A) is
represented by dyLFL O for 0 € LY(R* Z).

We denote by I, (E) the class of integer rectifiable k-currents.

For k > 1 the space of integral currents is

L (E) == Ze(E) N Ny (E).

The space 1o(E) is constituted of the currents in Mo(E) which are finite sums
of Dirac masses.

We then have the following:

Proposition E.4. With the above definitions the analogue of Proposition[E. 1]
1s valid also for metric currents.

E.2.1 Metric bounded variation

In some sense at least in the case of 2 C R™, BV functions, i.e. functions
in L'(Q) such that [, |f| + |Df|(2) < oo, are the simplest class which has
the same functional analytic properties as normal currents. If we associate the
current 7' : C3°(Q, A"R™) 3 w — [, fw to a BV function f we see that the
measure |Df| corresponds to the variation measure ||7'||. The fact that his
correspondence can be extended to the most general situations is what we now
pass to address.

We recall here the definitions from [7] and [§].

Definition E.5 (weakly separable metric space). A metric space (Y,d) is
called weakly separable if there exists a countable family F C Lip, N Lip, (Y, R)
such that

Vae,y €Y, d(z,y) =sup|o(r) — o(y)l-
peEF

The space (>°(R) is weakly separable, a closed subset of a weakly separable
space is weakly separable and the map z — (¢(x) — ¢»))ser is a distance-
preserving embedding of (Y, d) into ¢>° therefore

Proposition E.6. A metric space (Y,d) is weakly separable if and only if
there exists a distance-preserving embedding Y +—» £°°.
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Definition E.7 (metric bounded variation). Let (Y, d) be a weakly separable
space and F be as in the definition of weak separability. We say that u : R¥ —
Y is a function of metric bounded variation (and we write u € M BV (R*)Y))
if for all € F we have ¢ ou € BV;,.(R¥). We denote by

|1Dull = \/ [D(¢0u)| < oo,

peF

where for a family of measures p; we note

\//J,Z'(B) := sup {Zﬂz(Bz) . B; are a partition of B} :
We also denote by M Du the mazimal function of ||Dul|:

| Dul|(B,(x))
MDu(x) :=sup ———"—2-
() =50 B (1, )
We then have

Lemma E.8 (8], 7.3). Let Y be as above and w € MBV (R*,Y). Then for
a.e. x,y € R¥ the following inequality holds:

d(u(z),uly)) < € MDu(z)|z —y].

Sketch of proof: Step 1. For usual BVj,. functions w : R¥ — R outside the
Lebesgue points of w there holds

B(z,r) |Zl§' _y| N

which implies the statement of the theorem for Y = R*. The above inequality
is proved for C!-functions via the mean value inequality on segments. It holds
for BV by approximation. See [51].

Step 2. We now pass to more general Y. Recall that for a function
f R — R there holds

IDf|(A) = sup {Z 1f(t) — Ftii)] s to < ... <tut; € A\N}

for all £'-negligible sets N containing the non-Lebesgue points of f. Consider
now a 1-Lipschitz bounded function ¢ : R — Y and v € MBV(R,Y). For
s,t outside a negligible set depending on F and u we then have

[ ouls) = ou(t)] <suplpou(s) —doult)| < Dull(lt, s[).
peF
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Therefore we have
| Dul| > [D (4 o u)|.

In [8] it is proved that the same holds also when we replace the domain R by
R*. In particular M Du > MD(1 ou) too. Now using Step 1 and taking a
supremum we conclude. O

Remark E.9. By refining the proof we can also obtain that for all open sets
A for a.e. x,y € A there holds

d(u(x), u(y)) < CM*Du(z)|z —y|,

where M4 denotes the relative mazimal function defined as follows:

B/
MAp(z) == sup {M|SB’|) : B’ is a ball contained in A} :

E.2.2 Rectifiability and closure

We start by proving that slices of normal currents have bounded variation:

Proposition E.10 (The slice function is MBV'). Let T € Ni(E) and f €
Lip,(E,R¥). Then the map

= (T, f,x) =T,
belongs to MBV (R¥)Y) where Y is My(E) endowed with the flat norm and
DT[] < C(f4l10T] + f4ITI))-
Proof. The proof is straightforward. We consider ¢ € Lip,(E) such that
F(¢) <1 and we prove that for C' independent of such ¢ there holds
|DT(9)] < C(f4 0T + F4T)-

To do so we use the characterization
D7) =swp{ [ Tledivuionde: v e CLRY. [l < 1.
R

The desired estimate follows from the following computation, where d ﬁ =

dfl/\.../\dfi_l/\dfi+1/\.../\dfki

0 [ gt @i = o= (ofl o)
= T(¢d(¢o f)Adf)

= OT(¢(y o f)df;) =T (o fdp Adf;).
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We now have to prove that a M BV -function f into My(E) has rectifiable
graph. Of course we have to assume that the values of f are in Ry. We
prove the following rectifiability criterion which, we think, is suggestive of the
mechanism behind the more general results of [§]:

Proposition E.11. Let E be a weakly separable metric space and let Y =
Mo (E), endowed with the flat norm. Let T € MBV (R*)Y) and assume that
T takes a.e. values in Io(E). Then there exists a negligible set N C R* such

that the set
R:= |J spt(T(2))

2ERF\N

is countably H* -rectifiable.

Proof. By a covering argument we may replace £ by B := B¥(p,1).
By Lemma [E.§ and by the hypothesis there exists a negligible set N, C R¥
outside which 7'(z) € [j(E) and the following formula holds:

F(T(z) —T(2)) < CMDT(z)|z — 2|

The set N, := {MDT = oc} is also negligible and R* \ N; is covered by the
sets R, :={MDT < n/C}, on which T is n-Lipschitz.

If F(A—A") <1 for A, A" € [j(E) then the numbers for Dirac masses repre-
senting A and A’ are the same (to see this test A— A’ on the function ¢ =1).
The multivalued function corresponding to 7' is Lipschitz if it is multivalued
and T is Lipschitz (this can be seen for example by testing with the calibra-
tion of Proposition 2.7 and Remark 2.8]). Therefore we can cover each region
(R, \ No) x B by finitely many k-dimensional Lipschitz graphs. O

A reasoning along the lines of Propositions[E.I0land [E.TTlgives the following
result:

Theorem E.12 (Characterization of rectifiability [8]). Let T' € Ny (E). Then
T € Ri(E) if and only if

for any w € Lip(E,R¥F), (T,7,z) € Ro(E), LF-a.e. x € R

Moreover T € 1 (E) if and only if the same holds with 1o(E) in place of
Ro(E).

We present here a possible approach to the closure theorem for rectifiable
and integral currents based on Lemma [E.8 and on the maximal inequality.
Again we present the reasoning in a simpler case, to highlight the main idea.
The precise statement is the following.
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Theorem E.13. Let T, € 1,(E) be a sequence of integral currents. If the

T, converge weakly to a current T and there exists a constant C' such that
M(7,) + M(9T,,) < C then T € I(E).

Sketch of proof: This theorem follows from PropositiondE. 10l and [E.1T] and us-
ing the characterization of Theorem [E.12] once we prove that the slices of the
weak limit 7 by any function f € Lip,(E,R¥) are M BV (R* My(E)) and
take a.e. values in Io(FE).

To obtain this, we use

e the fact that the theorem is true for £ = 0, implying in particular

{T € IH(E) : M(T) < C} is F-seq. compact for all C.

e the fact that by Proposition [E-I0l and the first part of Lemma [E.8 with
the notation T),(y) := (T, f,y) there holds

F(Tw(y) — Tu(y') < C: MDT,(y)ly —¢'|

e the fact that by the maximal function inequality and the second part of
Lemma [E.§

sup A [{y : MDT,(y) > A}| < C|DT,|[(RY)

A>0

< Lip(f)(M(T,,) + M(9T,)) < C.

The conclusion now follows from the next abstract proposition, modeled on
Theorem 2.13] O

Theorem E.14. Assume that Y is a weakly separable metric space (possibly
not complete) and N :'Y — [0, 00| is a function such that {y € Y : N(y) < C}
is closed and sequentially compact for all C. If f, € MBV (R*)Y) are such
that

/RkNofn+ IDfa|(RF) < C

for some C' independent of k, then the f; have a subsequence that converges
pointwise almost everywhere. The limit f satisfies the weaker estimate

/ No ot sup | {Maf(2) > \}| < C,
RFE A>0

where

(@), 1))

Myf(z) := esssup,., P
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Proof. 1t is enough to prove that the f,, have a subsequence which is pointwise
a.e. Cauchy convergent.

_ Indeed, under this hypothesis for a.e. y € R* there would exist a limit
f(y) € Y, the completion of Y. We then use Fatou and the fact that the
N -energy is bounded to prove that up to subsequence a.e. y

sup N (fu(y)) < 0.

Since sublevels of A are compact, up to subsequence jn(y) converges to a
point of Y and by uniqueness of the limit this point is f(y).

From the estimate of Lemma and we obtain a.e. x,y

This implies that for B = B(z,r) C R¥ there holds

d(f(z), f(y))
|z =y

d(fu(), fu(y))
|z -y

Myf(x) = esssup,,

< limn inf esssup, . e

< Climninf MD f,(x).
We note here that from the maximal inequality
supAl{y = MDfaly) > M < ClIDfall(R) < C
it follows that for all A > 0
Az Myf(z) > A} < lin%inf)\ {MDf, >} <C.

Note also that for each cube Q C R¥ using the refinement from Remark [E.9]
we obtain

|z — |
for which, using the relative version of the maximal inequality, there holds

ili%A Hy €Q: MQDfn(y) > )\H < OIDfIQ) = ua(Q).

The rest of the proof proceeds as the one of Theorem 2.13] with p = 1.
The difference is that covering by intervals should be replaced by a covering
by cubes, but no complications arise. O
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Remark E.15. A simpler proof of the above theorem, which uses the isometric
embedding of weakly separable spaces into £ is present in [{2]. We utilize this
proof since it demonstrates the importance of the estimate of LemmalE.8 which
15 easier to verify in applications.

Remark E.16. In the above theorem what gives the existence of the pointwise
a.e. limit is the control on the “higher order term” ||Df,||, which is really
connected to the behavior of the slices via Proposition [E. 10

The fact that the slice function y +— (T,,, f,y) is mass-integrable is used to
give the coercivity, and in particular any function having the same sublevels
as the mass (e.g. M® for a > 0) will give the same results. This important
observation appearing in [72] is at the basis of a generalization of metric cur-
rents to the so-called rectifiable scans. The above reasoning shows that similar
rectifiability results will be achievable once the correct analogue of mass is
chosen.

E.3 Rectifiable scans

In this section we describe the results of R. Hardt and T. Riviére [72] and
the related theory which is being developed by R. Hardt and T. De Pauw

42, 43, [4].

Since the review [44] gives a good description of the new phenomena ap-
pearing when replacing the mass by its fractional power, we rather focus on
describing the natural appearance of scans of graphs of Sobolev functions, [72],
which brings better to light the relation to weak curvatures.

E.3.1 Bubbling and minimal connections in supercritical
dimensions

We continue here the review of the theory of weak approximations for nonlinear
Sobolev spaces from Section [L6.21 The underlying question which is to be
addressed is one of the following kind:

Question 1. Are functions C®(X,Y) dense in W'P(X|Y') for the strong
topology?

In general in the critical dimension p = dimX where locally the strong
closure of continuous maps in W1P(BP,Y) is still valid in general (see [114]
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19, 23]), the so-called bubbling phenomena occur, namely a sequence of weakly
convergent smooth maps can loose energy in the limit while simplifying its
topology. Topological objects (the so-called “bubbles”) can be defined, the
topological behavior happens just at an isolated set of points and usually the
energy loss is quantized, i.e. while bubbles disappear in the limit, each one of
them is responsible of a fixed amount of energy.

In the supercritical case p < dimX the behavior of the singular set can
be determined by looking at an appropriate kind of degree (see e.g. [73]) and
the limit map will have a “bubbling set” of dimension dimX — [p| which will
connect the singular set of the limit. The fact that a “connection” appears can
be best understood from the point of view of Cartesian currents.

In the simple case of W?(B3 S?) the following result is valid.

Theorem E.17 ([61]). Consider a sequence of maps u, € C*®(B3,S?) which
converges weakly in W2 to u € W12(B3 S?). Then there exists a finite
mass rectifiable 1-current I such that up to extracting a subsequence the 3-
dimensional currents of integration on the graphs of u,,u satisfy

(Graph(u,),w) — (Graph(u) — I x [S*],w)

for all smooth 3-forms on B3 x R3.
Several facts are consequences of this description:

e As a consequence of the fact that “the u, do not jump” we have
OGraph(u,)L B* x R* =0

and this is preserved under weak convergence, therefore (since the inte-
gration current along S? is closed)

OGraph(u) = 9(I x [S?]) = a1 x [S?].

e Projecting the above identity via 7 : B3 x R?* — B? we obtain the fact
that I connects the topological singularities of w.

e The formula 4701 = xd(u*wsz) follows by integrating the above identity
against a “vertical” (i.e. constant in the directions parallel to the B3-
factor) 2-form extending the ws2 to B3 x R3.
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E.3.2 Hopf singularities and the appearance of M“

Following [72], we now consider the following question which is a special case
of Question [I] which appeared in the introduction of the chapter:

Question 2. Consider a sequence of functions u, € C®(B* S*) which con-
verge weakly in W3 to a limit w € W3(B*/S?*). How can one control the
behavior of topological singularities of the limit?

Recall the case of maps in W2(B3,S?): topological singularities modeled
on the radial vector field B3 > z % were allowed to appear when the singu-

lar set was made of isolated points, i.e. for maps in Betuel’s space R°?( B3, S?)
consisting of functions which are smooth outside a finite set. This could be
checked by considering the homotopy equivalence classes of maps

N N N
B\ {p1,.- .o}, ~ [\ 87,87 ~ EPIS?,S%) ~ P ma(S?),
1 1 1
because of which topological singularities were classified by m(S?) ~ Z.

The space R°3(B* S?) which is strongly dense in W13(B%, S?) is again
made of functions which are smooth outside some finite set. We also have that

[B4 \ {pla cee >pN}>S2] ~ @W3(S2)a

therefore again the problem reduces to the study of local 73(S?)-type singu-
larities

Remark E.18. Note that for a general 4-manifold M the homotopy equiva-
lence classes [M\{p1,...,pn},S?] are not equivalent to @Y m5(S?) in general.
This is still true if H'(M,Z) = 0, otherwise the classification [102] is more
complicated. An analogue of the Hopf invariant can however be constructed in
the general case. See [9] for the analytical aspects.

Consider the Hopf fibration H of Section @.3.1] i.e. identify S* with the
unit sphere {(z,w) : |z]*+|w|*> = 1} in C? then define the equivalence relation

(z,w) ~ (&, W) if (z,w) = (A, ')

for some A\ € C of modulus 1 (an alternative description in quaternion notation
is H(q) = q tiq, see [9]). We have a fibration

St 5§32 cpt o S2
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From the exact homotopy sequence
s m(SY) = m(S?) = mR(S?) = e (ST — L

since 7 (S') =0 for & > 1 we obtain 74(S?) = m(S*) for k£ > 3, in particular
7T3(S2) =7.

The analogue of the differential invariant u*wsz from the case of W1?(B3,S?)
is the Hopf invariant (or Hopf degree) defined for a map u : B*\{p1,...,pn} —
S? as

2/, nAuws:, formnst. dn=u"ws:. (E.1)
We see that the failure of a map u € R*3(B*,S?) to be approximable by
smooth maps is detected by

Sing,,,u == *d(d " (u*ws2) A uwsz),

where d~!(u*wge) is a shorthand for any 7 such that dn = u*ws: (this notation
comes from [73]).

The main difficulty which one faces is that as a consequence of a dipole con-
struction the formula (EJ)) does not extend by strong density to W'3(B*,S§?),
and this is the crucial difference with the “classical” case of W'?(B3 §?).

We shortly describe what fails. First note that u*ws2 has the form uduAdu,
therefore is quadratic in Vu and by Hélder inequality belongs to L3/? in
general. By Hodge decomposition the best regularity for n such that dn = is
obtained by imposing the Coulomb condition d*n = 0 and satisfies ||dn|| 32 <

~Y

|u*wsz||;3/2. By Sobolev embedding in 4 dimensions we have n € LP for
3
p < 44_—2% = 15—2 In general thus we have n A u*ws2 € L3 - L% but §+ % > 1

thus in general this product will not belong to L} .. From it follows that
indeed for d — oo

inf{ Vo> : ¢:S* = S? of Hopf degree j} ~ j%.
S3

In particular no minimal connection of finite mass can exist for general u €

Wh3(B, %)

Example E.19. We can construct uw € W'3(B*,S?) such that no current of
finite mass can connect the singularities of w.
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u will be constructed by adding small dipoles concentrated near segments
I; C R* of lengths 1;. These small dipoles are constructed as follows (this is a
construction similar in spirit to [6] and uses the conformal invariance of the
energy in 3-dimensions).

Foliate a very small neighborhood of 1; by 3-disks D;,t € I; contained in
the orthogonal hyperplanes to I;, with centers on I;. Identify each half-radius
disk %D; to S\ Bf’s via a conformal diffeomorphism and extend this map to

o D; — S% so that it equals the center of B§3 (which we may in turn assume
to be the south pole S of S*) near 0D§-.

Then define u|D§ = ¢; o0 with ¢; a map of almost minimal 3-energy
among maps ¢ : S* — S* of Hopf degree j. Then (by conformal invariance
of the 3-energy in 3-dimensions) up to an arbitrary small error we will have
[0 |Vul? ~ ji. This is independent on how small the radii of D! are.

J
We may now require the following constraints to hold:
® > jlj=00, ij3/4lj < 0o (in particular Y, 1; < oo ),
o u=S outside U;U; with U; a small neighborhood of 1I;,

o the U; are disjoint, in particular

Vul? = Vul? = / /Vu3 dt
[ 1 > 1w ;IJ(D;} |

o the I; are so well separated that

dist (Upzi I, 1) > ) 1.

J

Because of this construction, if a minimal connection of the singularities of u
existed, it would have to be ), jOlI;], but this connection has infinite mass.

Due to the above behavior it seems natural to introduce the fractional mass
3 . . .
M3 in order to “measure” the length of minimal connections.
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E.3.3 Definition of scans

Similarly to our approach for the controlled extension of maps belonging to
W12(S%S?) the authors of [72] then proceed to consider the controlled Hopf
lift of Wh3-maps u : B* — S?, obtaining @ : B* — S? such that H o @ = .
More importantly, the topological degree of u equals the Hopf degree of u and
@ can be found such that its 3-energy is equivalent to that of u.

In order to define the analogue of the Cartesian currents
Graph(u),u € Wh*(B?,§?)

for the functions #, in view of the representation of currents as M BV -functions,
we have to introduce a family of slicing sets of dimension k and a class of func-
tionals

S : {allowed slicing sets} — {0-currents on B* x R%}.

Such functionals have to meet the following requirements:

e There are enough slicing sets to allow the scan corresponding to Graph(a)
to uniquely determine @. This is equivalent to a locality condition, or
to the fact that in a natural sense the scans commute with restriction
operations in the sense of currents.

e A notion of boundary is defined, in such a way that for smooth u the
boundary of the scan of its graph is supported on dB* x S3.

e A condition which ensures closure of rectifiable scans on S is imposed,
i.e. such that a compactness theorem like Theorem [E.14] is valid, for a
functional A : {0-currents on B* x R3} — [0, 00] such that the sum of
dipoles of Example [E.19 always give a scan with

/ N(S(z))dz < oo.
{allowed slicing sets}

This last condition is the one implying that we cannot require that F
be M BV, we must relax this requirement. The constraint that a com-
pactness theorem like Theorem [E.14] be valid is instead telling us that
we cannot relax it too much.

The choices which have been done in [72] and [42] [43] are as follows:

e In the case of [72] we have a perfect candidate for N, namely M .
The sublevels of this functional are the same as those of the mass,
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therefore Theorem [E.14] holds without problems, and we can define the
“rectifiability-respecting” condition for scans which replaces M BV to be

IDF|| < CMi.  (respectively o €]0,1] in general)

The corresponding topology on k-currents is the one given by the «a-flat
distance

Fo(T, T") = inf{M,(R) + M(S): T —T = R+ 9S},
where M, on k-currents is defined by integrating M® over the slices.

e A natural way for meeting the first requirement is to take inspiration from
integral geometry (see e.g. [54] and the related case [34] for the case of
curved slices analogous to our slices for the classes Ag). The simplest
and most useful choice is to take as allowed slicing sets all k-planes,
endowed with the normalized isometry-invariant measure. Note however
that this is slightly redundant, and it would be enough to consider just
a finite number of families of hyperplanes such that at each point they
span the Grassmannian of k-planes (this observation is made in [72]).

e The definition of boundary is the most tricky for general choices of al-
lowed slicing sets (see [34]) . In the case where we allow exactly all
k-planes II the vanishing of the boundary of usual currents is express-
ible in terms of the sliced currents Tiy:

Ol =0« ae. I, Ty(l) =0,

thus we may take this definition as a vanishing-boundary definition. This
gives a good definition in the relevant case where the boundary of our
scan is more regular, i.e. it equals that of a current.






Appendix F

The Uhlenbeck method for
nonlinear extensions

F.1 Uhlenbeck small energy extension

We now use the strategy which Uhlenbeck [I32] employed for the proof of con-
trolled coulomb gauges under a small curvature requirement to prove Theorem
[@0.29(Uhlenbeck analogue). We note that the analogy is in the method of proof
more than in the result.

First observe that the following infimum is attained, as soon as the class on
which we minimize is not empty (recall that W'?(X,S?) = W (X, R*) N {u :
u(r) € S* a.e.}):

inf{ IVP)?: PeW"(B%S?), P=P,on 834} . (F.1)
B4

Indeed a minimizing sequence will have a W12-weakly convergent subsequence,
which will automatically also converge pointwise everywhere. In particular
the constraint u(z) € S* a.e. is preserved. By weak lowersemicontinuity a
minimizer exists, and by convexity it is unique. The minimizer P verifies the
following equation in the sense of distributions:

div(P~'VP) = 0. (F.2)
In the language of differential forms we can rewrite
d*(P~*dP) = 0. (F.3)

This P will be our extension inside the domain, and we will now prove some
estimates which prove useful later.

289
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Lemma F.1 (a priori estimates). There exists € > 0 with the following prop-
erty. Let P with ||P — I||yrapsy < € be an extension of Py € W3 (S* S?)
which satisfies also ([[2). We identify S* with the Lie group SU(2). Then

there exists a constant C, such that

||P — IHW4/3»3(B4) < C€||VP0||L3(§37§3). (F4)

Proof. We will start by a L?-Hodge decomposition of P~*dP: this 1-form can
be written in the form

P~ YdP = dU + d*V, (F.5)

where a description of V' is as the unique minimizer of
min{ |d*V — P7YdP|?, *V]sps = 0, dV = 0} .
B4

The existence of a minimizer follows easily by convexity as for (E.I). The
Euler-Lagrange equation is

AV =dd*'V = dP~' AN dP,

av =0,

*V = 0.

The fact that AV = (d*d + dd*)V coincides with dd*V is a consequence of
the constraint dV = 0. We claim that the following estimate holds:

||VVHL3(8B4) 5 €||P — IHW1,4(B4). (F6)

To see this, observe that by elliptic, Holder and Poincaré estimates (observe
that d(P~') = P~'dP P! and P, P~! € L> with norm equal to 1):

IVV||wizpsy S ||[aP~ NdP||r2p1y S \\d(P‘1)||L4(B4)||dP||L4(B4)
S NPy P77l [V Pllacsey (F.7)
5 €||P—IHW1,4(B4).

Then we use the trace and Sobolev embedding inequalities:

WVller@sy SV, ) S Vwras,

1
RIG):T
where in general, in dimension n large enough,

an

P=—F7"—"~—
1
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so that for n = 4,¢g = 2 we obtain p = 3. Therefore we can concatenate the
two last chains of inequalities and we obtain (E.G]).

Using the trace of the Hodge decomposition formula (E.5) on the boundary,
we obtain from (E.0) that
|dU — Py tdPol|sopey S €llP = Illwiase). (F.8)
As for V', for U we have the following equation:
AU = d*dU = d*(P~*dP) = 0.

To justify the last passage recall (3.
We apply the elliptic estimates for U to obtain:

|dU w7234y S VU381, (F.9)

while the triangle inequality and the fact that ||Fy||p~ = 1 give together with

E3):
WUl r2omy S ||dU — Py 'dPy||raoms) + || Py 'dPol| L2 om9)
< dllP — Illwrssn + [Pl scomn, (F.10)

We now use again ([E.H), the triangle inequality and the estimates (E.1),

E9),(E10):
||P_1dP||W1/3,3(B4) < Hd*VHW1/3,3(B4) + HdU||W1/3,3(B4)

~Y

,S €||P — IHW“‘(B“) + HdPOHL?’(aB‘*)- (Fll)

We write dP = P P~'dP and observe that P € L>® N W™ since S? is
bounded, while P~'dP € W'/33 from (EII). We now use Lemma [F.5] for the
product fg with f = P,g = P~'dP and we obtain

ldP w5ty S 1P~ dPllwasss ([Pl + 1P = Illwrass) . (F.12)

Note again that ||P||p~ = 1 and deduce then from (E.11l), (E.3) and Poincaré
inequality that

HP — [||W4/3’3(B4) < CHdPOHLS(SS) + CEHP - ]HW1’4(B4)- (F.13)

Using the Sobolev inequality related to the continuous embedding W*4/33(B*) —
Wh4(B*) we can absorb the ||P — I|-term to the left and we obtain the the-
sis. U
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We are now ready for the proof of the small energy extension result of
Theorem [0.291 We restate the same result with a slight change of notation
and more details.

Theorem F.2 (small energy extension). There exist two constants 6 > 0,C >
0 with the following property. Suppose Q@ € W3(S* S*) such that ||dQ|| 3% <
5. Then there exists an extension P € W4 B S?) satisfying the following
estimate:

|P = Ilwrapy < C||dQ||Ls(s3)-

Proof. Define the following two sets:
G ={Q e WH(S?, 5U(2)) : |VQll1s < €} (F.14)

(Qegr: IPe Wl (Bt SU(2)),
div(P~'VP)=0 on B*
P=qQ on 0B, s . (F.15)
|P — Illwrassy < K[|VQ| Lsop
[P = Illwrataipsy < ClVQ||ps+a(ans)
\ Vs

The constant K > 0 will be fixed later In this language, the theorem states
that a P with estimates similar to the definition of 7 can be constructed
to extend any @ € G? when § is small enough. The strategy of the proof is
to use the supercritical spaces G o > 0 to approximate G°. We divide the
proof in five steps, paralleling Uhlenbeck’s paper [132].

e Claim 1: G% s connected for all e,a0 > 0.

e Claim 2: F?2 is closed (in G*) with respect to the W'+ -norm for
a >0 and for any C' > 0.

e Claim 3: For e > 0 small enough and o > 0, there exists C = C,, such
that the set FCo is open in G with respect to the W'+ -topology.

€

e Claim 4: G° is contained in the W' -closure of Uy~0GS. .

Proof of Claim 1. This is straightforward since G* is actually convex.

Proof of Claim 2. Consider a family Q); € FZ with associated F; as in
(E18) which converge to Q in W3t We can extract a weakly convergent
subsequence of the P; and the estimate passes to the limit by weak lowersemi-
continuity (and by convergence of the ();). Similarly, the equations pass to
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weak limits, since they are intended in the weak sense.

Ideas for Claim 3. For the proof we need to study the behavior of solu-
tions to the equation div(P~!VP) = 0, which is regarded here as an equation
Nu(P) = 0, with P close to the constant I which is a zero of N,. The
equation considered is elliptic. The proof of the claim is thus done by lin-
earization of N near I and by implicit function theorem. Ellipticity of the
equation translates into inconvertibility of this linearized operator. The esti-
mate of the W'%-norm will follow from the a priori estimate of Lemma [F.1]
once we choose for example K < C,./2. See Lemma [F.4] for the complete proof.

Proof of Claim 4. Consider @Q € G?. By density arguments we find a
sequence @; € C°°(S?, SU(2)) such that Q; — Q in WH3(S3 SU(2)). The
density of smooth functions in the Sobolev space W'?(X,Y) where X,Y are
smooth compact manifolds was studied in [19], [64], [65] 66, 67|, and this density
is always true for p > dim(X); see the cited papers and the references therein
for more general results. As in the cited proofs of the density, the case p =
dim(X) is obtain by a limiting procedure on p — (dim(X))", which for us
means that we may assume as well Q; € G, for some sequence o; — 07. We
note that the L3-norm of a function f can be obtained as

dim ]2

so in particular we may assume up to extracting a subsequence that ¢; < 2e.

End of proof. Consider () as in the statement of the theorem. In other
words, @ € G?. We use Claim 4 to approximate @ in W!'*-norm by Q; € G5}

with «; > 0. From the first three claims above it follows that there exist
functions P, € Wl4tei(B4 SU(2)) such that
||R — ]||W174(B4) < K||in||L3(S3) < 2K0J.
The P, have a weakly convergent subsequence whose limit P satisfies
div(P7'VP)=0 on B*
and ||P — [||W1»4(B4) < 2K0.
P=qQ on S3

We now use the a priori estimates, Lemma [E.1l For this, we will choose ¢ > 0
such that 2K < € for € as in Lemma [E.1l We can then apply that lemma
and obtain that

||P - ]HW174(B4) S CHP - ]HW4/3,3(B4) S CC&||QHL3(S3)-

This concludes the proof. O



294 Appendix F. The Uhlenbeck method for nonlinear extensions

Remark F.3 (Need for a priori estimates). In the proof of Claim 3 of the above
proof we use the fact that for o > 0 we have the Sobolev inequality (valid on
compact 3-dimensional manifolds) ||Q||co < col|@|lwrs+a. The dependence
of the resulting constant C, on a comes from this inequality, in particular
C, — oo for a — 0. The a priori estimate of Lemma [E.1l used in the last
step of the proof is crucial precisely for this reason.

We now use the inverse function theorem for the operator P+ div(P~'V P).

Lemma F.4. There exist ¢ > 0, K > 0 such that for all a > 0 there exists
Cq > 0 with the following properties.

Let Qo € Wh3t(S3,SU(2)) and let Py € Wh(B1, SU(2)) be an ex-
tension of Qo which satisfies div(Py 'V Py) = 0. If the following estimates
hold:

[dQol[wr3s3) < € (F.16)
[1Po = Illwray < K[ldQollnrass), (F.17)
| Po — I||W1,4+a(B4) < Ca||dQ0||W1,3+a(S3), (F.18)

then for some § > 0 depending on Qq, for all Q) satisfying

1Q — Qollwrs+a(ss su() < 9, (F.19)

there exists an extension P of Q satisfying the same equation div(P~'VP) =0
and such that (E16), (EI1T), (EI8) hold with P,Q in place of Py, Qo .

Proof. We fix Q satisfying (E19) and (EI6). The proof is divided in two
parts:

e Claim 1: For én > 0 small enough and for Q satisfying (EL19) there
exists an extension P of Q solving div(P~'VP) = 0 and such that

(E18) holds.
e Claim 2: The function P of Claim 1 satisfies (E.1T).

Proof of Claim 1. First note that V = exp~'(Q;'Q) is well defined for a > 0
because in that case we have an estimate of the form

1Q — Qollwrare > call@ = Qollz & 1Qp"Q — I~ < €/cq

1

and exp™" is well-defined in a neighborhood of the identity.
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We consider the problem of extending Qgexp(V) inside B* to a function
P = Pyexp(U) satisfying (E£20). Instead of considering the extension as a
perturbation of Py only, we first extend V to V such that AV = 0 inside B*.

We look for a P of the form FPyexp(V)exp(U). We thus consider the

equation
N(U,V) = d* (exp(~U)exp(=V) Py d(Foexp(V)exp(D)) ) = 0. (F.20)
In order to solve (E£20)) it is interesting to look at the operator
NV, U) - W (B, su(2)) — WH4(B4 su(2)). (F.21)

We have to prove that for § > 0 small enough for each @ satisfying d*(P~'dP) =
0 (i.e. for each small enough V'), there exists a unique U such that N'(V,U) =
0. Therefore it will be enough to prove that N /OU is an isomorphism be-
tween the two spaces above. It will be enough to restrict to the case where
V,U have norms < C'§. Our estimates will prove that N (U, V) is C' near the
couple (0,0) and that ON /OU(0,0) is an isomorphism, given the existence of
0 > 0 as desired.

A simple calculation gives:

ON 9

Wﬁ = atZON(U—i‘tT},V)
= d'dy—d" [n, exp(—U)exp(—V) Py td(Pyexp(V))exp(U)
= An—Ln.

We observe that d*d = A is an isomorphism between the spaces above, so it
will be enough to prove that for U,V small enough in the W4t®_norm the
commutator term Lz is just a small perturbation of A (with respect to the
norms present in (F£21])). First note that we can write

Ly = [Vn, X+ [n divX],
X = exp(=U)exp(=V)P;td(Pyexp(V))exp(U)

Estimate for [Vn, X]|. First note that by the Sobolev, Holder and triangle
inequalities

[V, X]IW =25 IV, X][[zee S IVl asal| X s

where
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We then observe
X = exp(=U)exp(=V) Py td( PV )exp(V)exp(U)
and note |expA| =1 therefore
1X)1pa = [ld(PoV)| o < |dPoll s + [[dV |11 S €+ 0.
We thus have the first desired estimate
[V, X][[W =252 < (e + 0) [mllwr.asa.
Estimate for [n,div.X]|. Here we start with
[, divX][lw-rata S {11l oo | divX | Lo

Note that ||n||L~ < ||7]|wiara by the Sobolev embedding. We start the com-
putations for the second fact or above. Note

V(PoexpV) = (VPy)expV + PyV(expV)

and then expand:
divX = div[exp(—U)eXp(—V)PO_IV(POeXp(V))eXp(U)
= V(exp(=U) )exp(~V) Py 'V (Pyexp(V))exp(U)

texp(—U)V (exp(=V) ) By 'V (Pexp(V))exp(U)

texp(—U)exp(—V)div (Pglvpo)exp(V))exp(U)
vexp(—U)exp(—V) Bl PydivV (exp(f/))exp(U)
texp(—U)exp(— V)PV PV (exp(f/))exp(U)
texp(—U)exp(—V ) By 'V (Poexp(V))V (exp(U))

We have div(P;'VP,) = 0 and divV(exp(V)) = 0 so two terms cancel.
Note also the fact that ||Py 'V P« < |[VFR|lz+ < €. Recall again that
lexpA| = 1 for all A € su(2). For estimating V(exp(£V)) observe that V
satisfies a Dirichlet boundary value problem therefore we assumed the esti-
mate ||V |wiara < 6, and ||U|wrasa < 6 which by the smoothness of exp
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imply ||V (exp(£V))|zate < 6 and ||V (exp(£U))||ps+e < 6. From all this it
follows that we can estimate

|divX |l re < IV(exp(=0))||pate ||V (PoexpV) || s

~Y

HIV (exp(=V))|[ oo ||V (PoexpV)]| 1

HIV Fo[| 4[|V (exp (V) || Lo+

HIV (exp(0)) || g+ |V (Poexp V) | s

AN

8|V (PoexpV )| s + €6
S d(e+9).
We thus again combine all the estimates and obtain the desired smallness result
17, divX]llw-raea S (€ + 6)[[nllwrasa.
Step 3. We now have that
|Enllw-sae S 3+ 1)(e + 8 [nllwrase

while
[An[[w-ra+a Z |nllwiata.

Therefore for small enough €, we have also

1A = Lyl -ra0a 2 [nllwrare.

This concludes the proof. O

F.2 A product estimate with only one bounded
factor

Lemma F.5 (cf. [31I]). Let Q be a smooth compact 4-manifold. If f €
W33(Q) and g € W N L=(Q) then we have the following estimate, with
the implicit constant depending only on €):

1fgllwrsa@y S I fllwrssy (lgllze@) + lgllwrae)

Proof. The estimates for the non-homogeneous part of the norms are trivial,
so we concentrate on the homogeneous part.
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We use the Littlewood-Paley decompositions f = Z;io fig = ZZOZO Gk
and we recall that the W*?-norm is equivalent to the Triebel-Lizorkin F 41’2—

norm and the W%4-norm is equivalent to the F;5-norm, where in general the
following definition holds

171

EFs, = H‘kaf’f(x)‘eqHLP :

We use different notations || - ||, || for the different norms just to facilitate
the reading of formulas. As is usual in the theory of paraproducts, we estimate
separately the following three contributions (where g% := Ef:o gr ad similarly

for f*)

fg—Zfz ey fkgl+ZfZ =1+ 1II+1I1

|[k—1]<4

The support of (ﬂ:l) is included in Byit+2 \ Bgi—2 thus there holds

[z

and analogously for II1] =" f""*g;. Regarding the term I we will estimate
only II' := ). f;g; because the same estimate will apply also to the finitely
many contributions of the form ). f;g;1; with 0 < || < 4.

gE
11l 50 = fz-g"“‘IQ) . (F2)

Z fig™*

1
w33

We start with the most difficult term //7. From above we have
11l ~ | [ <

(e o]

IN

1

/(Zz" f “ ) 22Z|g2\2>2

< HfHW*%lZ ||g||W174

NI

IA

< N4 llgllws.
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For the term I we have

3
2
2i i—
1y ~ /<§j2s|fig 4|2)

S lgllzeellFlly 4.0

1
3

because of the estimate |g" ||z~ < |lgllr~. Finally we estimate I’ as
promised We prove it by duality, namely we prove that [I’ is bounded as
a linear functional on the unit ball of the dual W~32. Consider therefore h
in this ball. We note that the support of (f;g;) is included in Byi+2 therefore
some terms cancel

/h-H’ ~ %;/hkfigi: Z /hkfifj:zi:/hi+4figi

k<i+4

> [2inaig

fz'|2>

1
2
< HQHB&,OO/(ZT% hi+4|2> (ZQ%

< lgllwrallhlly, 5.3 171 5.0

The last estimate follows recalling that

91l B, . = sup [lgill o
7

and that in dimension 4 we have continuous embeddings
Wt — BMO < BY, ..

Summing up the different terms we conclude. O

F.3 Computations for the Mobius group

We call the Mobius group of R™ the group M (R™) generated by all similarities
and the inversion with respect to the unit sphere. Recall that a similarity is
an affine map of the form

x> AKz +bwith A > 0, K € O(n),b € R",
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and the inversion 4., with respect to the sphere 0B(c,r) is the map

Tr—cC

x»—>c—|—7’2 .
|z —c|?

The formula i, = (r*> Id+c) oig; o (Id — ¢) implies that all inversions belong
to M(R™). We use the following abridged notation:

a* =i 9(z) = /|2

The Mobius group of B"™ is the subgroup M (B"*!) of all transformations
belonging to M (R™) and which preserve B"™!. Similarly we define the Mbius
group M (S") of the unit sphere S” C R". The general form of an element
v € M(B™1) is
v=KoF, with K € O(n), ve B* F,:= —v+(1—|v]*)(z*—0v)".
We use the following basic properties of the functions F, which can be found
in [4], Chap. 2:
Lemma F'.6. e There holds
1—v]?
F|(z) = ——-
Rl =5
where [z,y] = |z||lz* —y| = |ylly* — x].

e [, is conformal. We have F; ' =F_,, F,(0) = —v and F,(v) =0.

e The conformal factor |F!|(x) is explicitly computed as

1—|vf? o*|* — 1
F'|(x) = _ .
[, () 1+ |z|v)2—2x-v |z —ov*]?

o The restriction F,|ss belongs to M(S?), in particular F,|ss is a conformal
involution and
_ 1o

EETR

|(Fols2)'|(2)

The next lemma gives the estimate need in Lemma [0.35] for the case when
v is close to OB*:

Lemma F.7. Suppose that
1
< —.

P=1

Then on F, ' (By-,) the following estimate holds with a geometric constant C':
h(v)
C

< |Fl(x) < Ch(v).
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Proof. We will calculate

max{‘Fé‘(y) A Fv_l(Bl—P)} = max |Fé‘(y) . / -1
Tz e e B R

and we prove that this quantity is bounded. The following equalities hold:

ax{||£§;||<(ff)>”’”“"/631"’} - max{”ﬁ:"((gf)) “"’I/EBH’}
-l o)
= i ) € Bl

From the formula of the previous lemma it follows that

Gl

v — x|t (v = 2),

ValFl(2) = 2

therefore |F}| achieves its extrema on B;_, at £(1 — p)7r. The maximum M

\
and the minimum m of |F)| satisfy

o 1 Jof? I T
CHRPI = 2 =20 = ] ~ (1= (1= p)lel)?’

1—o]? 1—o]?
m = e ,
L+ (T =p)2+2(1 = p)lo] (141 —p)vl)?

Mo (1o e
v = (o) ~a-a- o~

which finishes the proof.
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