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Local Palais—Smale sequences for the
Willmore functional

YANN BERNARD AND TRISTAN RIVIERE

Using the reformulation in divergence form of the Euler-Lagrange
equation for the Willmore functional as it was developed in the
second author’s paper [24], we study the limit of a local Palais—
Smale sequence of weak Willmore immersions with locally square-
integrable second fundamental form. We show that the limit
immersion is smooth and that it satisfies the conformal Willmore
equation: it is a critical point of the Willmore functional restricted
to infinitesimal conformal variations.

1. Introduction

Let ¥ be a closed oriented surface without boundary immersed in R™23
through the action of a smooth positive immersion ®. Its Willmore energy
is the functional

(1.1) W) = [ AP du,

where H € R™ is the mean curvature vector, and dju, is the area form of the
metric ¢ induced on ®(X) via the canonical metric on R™.

The critical points of (1.1) for perturbations of the form o+ tg , where
E is an arbitrary compactly supported smooth map on ¥ into R are known
as Willmore surfaces. Examples of Willmore surfaces include, among many
others, minimal surfaces (which are absolute minimizers), and round spheres.
Further examples may be found in [20, 36], and the references therein.

The Willmore functional naturally arises in various areas of science [11,
13, 15, 16, 21]. Its importance is largely due to its invariance under con-
formal transformations [9, 34]. As the second author of the present paper
showed in [23], the Euler-Lagrange equation arising from a two-dimensional
conformally invariant Lagrangian with quadratic growth can be written in
divergence form. These “conservation laws” fostered within variational prob-
lems involving conformally invariant Lagrangians offer a significant analyti-
cal help. The general ideas introduced in [23] are led to fruition in [24], where
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conservation laws relative to the Willmore functional are developed and suc-
cessfully applied to produce a variety of interesting results. Our present work
stems from this alternative formulation of the Willmore equation.

Owing to the Gaufl-Bonnet theorem, we note that the Willmore energy
(1.1) may be equivalently expressed as

W(B(%)) = /E 12 dpay + (),

where I is the second fundamental form, and X(X) is the Euler characteristic
of X. Since the latter is a topological invariant, from the variational point
of view, Willmore surfaces are the critical points of the energy fz |]T|§ dpsg.
It thus appears natural to restrict our attention on a weak! immersion
$ : ¥ — R™ whose second fundamental forms are locally square-integrable.
Such immersions were characterized in [30, 31], and in [19]. Frédéric Hélein
(see Theorem 5.1.1 in [14]) showed that, locally about every point on X,
there exist an open disk D and a homeomorphism ¢ of D such that do Cis
a conformal bilipschitz immersion. In this parametrization, the induced met-
ric g on D? is continuous; and the Gau8 map 7 lies in W12(D? Gr,,_2(R™)),
relative to the induced metric g. Slightly abusing notation, we continue to
denote ® o( by 3. Owing to the invariance of the Willmore energy under
reparametrization, we shall henceforth assume that d is a conformal weak
immersion of the unit disc D? = {x = (71, 22) € R%; 2} + 23 < 1}:

0, 8| = ¢* = [0,,8] and  9,,P-9,,® =0,
where ) is the conformal parameter. An elementary computation shows that
dpg = ** dx and \Vii|? dx = e2>‘\]ﬂ3 dzx = Uﬁg dpg.

Hence, by hypothesis, we see that 7 € W12(D?). Rescaling if necessary, we
shall always assume that

/ |Vii|* dx < e,

where the adjustable parameter ¢ is chosen to fit our various needs (we will
need it to be “small enough” in Theorem 2.2).

Lef. [24] for details.
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We set
€ = e_’\axj@ for je{1,2}.

As & is conformal, {€|(z), &(z)} forms an orthonormal basis of the tangent
space Tz, ®(D?). Owing to the topology of D?, there exists for almost every

®(x)
x € D? a positively oriented orthonormal basis {1, ..., ,_2} of the normal
space N(f(z)tl)(DQ), such that {€1, €3, 7i1, ..., T,m—o} forms a basis of T(i)(z)Rm.

From the Pliicker embedding, realizing the Grassmannian Gr,,_2(R™) as a
submanifold of the projective space of the (m — 2)th exterior power
P(A™ ?R™), we can represent the Gau map as the (m — 2)-vector 7 =
/\Z:f Tia. Via the Hodge operator x, we identify vectors and (m — 1)-vectors
in R™, namely:

— —

*(ﬁAgl): 2, *(ﬁ/\é’g):—el, *(glAgg):ﬁ.
In this notation, the second fundamental form is expressed as

T=" heiia(&) @ (&),  where  h$j:=—e & 0y la.

a7i7j
The mean curvature vector is

m—2 m—2

~ 1
H=Y" H%W,= 5 > (1§ + hSy) .

a=1 a=1

The Willmore equation satisfied by Willmore surfaces [32] becomes

(1.2) ALH+ Y bk HP Ao — 2| HPH =0,

a7B’Z’7j
with
AL H := e 5 div(nz (VH)),

and 75 is the projection onto the normal space spanned by {7, Z‘:_f.

The Willmore equation (1.2) is a fourth-order nonlinear equation (in
the coefficients of the induced metric, which depends on 5) With respect
to the coefficients H® of the mean curvature vector, it is actually a strongly
coupled system whose study is particularly challenging. In codimension 1,
there is one equation for the scalar curvature; in higher codimension, the sit-
uation becomes significantly more complicated, and one must seek different
techniques to approach (1.2). Fortunately, in a conformal parametrization,
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the second authors showed that it is possible? to recast the system (1.2) in
an equivalent, but analytically more suitable form [24]. Namely, there holds

—

(1.3) div(VH — 375(VH) 4+ (VYi A H)) = 0,

where V+ = (—0,,, s, ). This reformulation in divergence form of the Will-
more equation is the starting point of our analysis of local Palais—Smale
sequences.

2. Main results
2.1. Local Palais—Smale sequences

Tom Willmore conjectured [35] that the Clifford torus minimizes, up to
Mobius transformations, the Willmore energy in the class of smooth
immersed tori in R3. A satisfactory demonstration of this assertion has yet
to be found. Amid the works aimed at solving this problem, one funda-
mental property of the Willmore functional was brought into light by Leon
Simon [26]: for each m > 3, there exists a compact embedded real analytic
torus in R™ which minimizes the Willmore energy in the class of compact,
genus 1, embedded surfaces without boundary. Unfortunately, it remains
unknown whether this minimizer is the Willmore torus. Simon’s proof is vari-
ational and devises a minimizing sequence for the Willmore functional. This
is one instance in which studying and understanding minimizing sequences
of the Willmore functional are essential. Yet more generally, it is interesting
to investigate Palais—Smale sequences.

We open our considerations with an “empirical” observation which will
hopefully convince the reader that the results derived in [24] offer a suitable
framework to acquire information on Palais—Smale sequences of Willmore
surfaces. Let us consider a conformal weak Willmore immersion ® from the
flat disk D? into R™ with square-integrable second fundamental form. The
“divergence-free” form given in (1.3) implies that, up to an additive constant,
it is possible to define a map L satisfying

(2.1) VAL :=VH —37;(VH) +x(V* @ A H).

Zthis procedure requires to choose the normal frame {7, } astutely. See [24] for
details.
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In [24], it is shown that the following system holds:?
(2.2) Vo VL =0,
' VO ANVEL =2(-1)" V(x(7 LH)) LV,

The Hodge operator x and the contraction operator L commute with all
differential operators. Accordingly, the terms appearing in the system (2.2)
enjoy a peculiar property: more than mere “products of derivatives,” they
can be written in divergence form. This structural feature has the ana-
lytical advantage of being robust under weak limiting process. Hence it is
legitimate to hope that a local Palais—Smale sequence of conformal weak
Willmore immersions with, say, uniformly bounded square-integrable sec-
ond fundamental forms, converges to an element s satisfying the system
(2.2) for some function L (which may or may not be related to ® via (2.1)).

This is essentially the result that we shall establish. Prior to stating it
precisely, it is necessary to specifically define the notion of local Palais—Smale
sequence for the Willmore functional.

Definition 2.1. Let ($;) be a sequence of conformal immersions from the
unit disc D? into R™ such that

(2.3) 1Dk |lw22awr + | log |[V®,|| < C

holds uniformly in k for some positive constant C'. Denoting, respectively,
by 7, and Hj the Gaufl map and the mean curvature vector associated with
the immersion @, we set

Q= VH;, — 37Tﬁk(Vﬁk) + % (V7 A ﬁk)
The sequence (®}) is locally Palais-Smale if, in addition to (2.3), it satisfies
(2.4) divQp — 0 strongly in (W22 n W) (D?).
Remark 2.1. The first summand in (2.3) guarantees that the sequence

(tf)k) is uniformly bounded in the appropriate space. Recall that the confor-
mal parameter satisfies

3refer to the Introduction or Appendix A for the notation.



568 Yann Bernard & Tristan Riviere

Accordingly, the second summand in (2.3) insures that (\;) remains uni-
formly bounded, so that the sequence of immersions does not degenerate
and collapse. This condition is added here only for technical simplicity.
As explained in [25], it is satisfied away from finitely many points, as one
considers sequences of conformal immersions with uniformly bounded Will-
more energy modulo some composition with elements from the Mobius
group in R™.

The following result provides a first description of the limit of a Palais—
Smale sequence of the Willmore functional.

Theorem 2.1. Let (5k) be a local Palais—Smale sequence of conformal
immersions from the unit disc D? into R™. There exist a conformal weak
immersion ® € (W22NWL*)(D?) and an element' L € L>>°(D?) such
that, up to extraction of a subsequence,

&, — & in W2(D?)

and the system
V& -VIL =0,

(2.5) - e - -

Vé AV-L=-2V® AVH

holds in the sense of distributions, where H denotes the mean curvature
vector associated with ®.

Remark 2.2. This result is one of the fundamental tools used in [25] to
construct minimizers (and critical points) of the Willmore functional under
various prescribed constraints (fixed conformal class, fixed surface area and
fixed volume, etc.) and to apply the principles of the calculus of variations
(e.g. minimizing principles, Ekeland variational principle, mountain-pass
lemma, etc.).

The apparent difference between the systems (2.2) and (2.5) is fictitious
only. Indeed, one verifies® the identity

(2.6) VO AVH = (=1)" ' V(x(ii LH)) LV,

4The space L?>* is defined in Appendix A.2.
Scf. Equation (2.49) in the paper [24].
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2.2. The conformal Willmore equation

The convergence result stated in Theorem 2.1 begs the following question:
if an immersion ® satisfies, for some function L, the system (2.5), is it true
that ® is Willmore ? Unfortunately, and perhaps surprisingly, the answer
is negative (or rather, “not quite”). Nevertheless, the following description
can be obtained.

Theorem 2.2. Let ® € W22 QWL pe q conformal weak immersion from
the unit disc D? into R™, and such that

/ Vii|* <e,
D2

for some € >0 small enough. Then there exists Le L?>(D?) satisfying
(2.5) if and only if ® is smooth and there holds

27) e |ALH+ > hghl H R, —2|HPH | = S(Hy f),
a76’/[:7j

for some holomorphic function f. The Weingarten operator is defined via
Ho = L(h$y — hS, + 20 BSy) .

Although the amount of information on the holomorphic function f is
rather limited, we note that the way it appears on the right-hand side of
(2.7) makes it play the role of a Lagrange multiplier in the Willmore equation
(1.2). This observation enables one to give a natural geometric interpretation
of f in the context of Teichmiiller theory (cf. [6]).

The Willmore functional being conformally invariant, the left-hand side
of (2.7) remains unchanged under a holomorphic change of coordinates. An
elementary computation reveals that %ﬁo is the coefficient® of dz ® dz in
the second fundamental form. Looking at the right-hand side of (2.7), we
deduce that f must be the coordinate of a section f(z) 0, ® 0,. There is thus
a one-to-one correspondence between the vector space to which f belongs
and the vector space H°(X) of holomorphic quadratic differentials. Let g be

Sthe variable z is defined as 1 + izo, where (21, x2) are the usual coordinates on
the unit disc for the flat metric.
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the genus of the immersed surface ¥. From the Riemann-Roch theorem (cf.
Corollary 5.4.2 in [18]), the space H(X) satisfies

0, g=0,
dime HY(2) = ¢ 1, g=1,
3(9 - 1)’ g Z 2.

Equation (2.7) is not novelty; it has been studied in various contexts.
Immersions that satisfy (2.7) are sometimes known as constrained Will-
more immersions, such as in [6], where it is shown that (2.7) is the Euler—
Lagrange equation deriving from the Willmore functional (1.1) under smooth
compactly supported infinitesimal conformal variations. The correspond-
ing critical points are the conformal-constrained Willmore surfaces. This
notion clearly generalizes that of a Willmore surface, obtained via all smooth
compactly supported infinitesimal variations. Conformal-constrained Will-
more surfaces form a Mobius invariant class of surfaces fostering remark-
able properties, some of which are studied in [6, 8, 22]. In the latter, it is
in particular established that every constant mean curvature surface in a
three-dimensional space form is conformal-constrained Willmore. We have
chosen to refer to (2.7) as the conformal Willmore equation, rather than
as the somewhat vaguer term “constrained Willmore equation.” There are
indeed many ways to constrain the variations of the Willmore functional
(e.g. restrictions on the volume and surface area in the Helfrich model). The
adjective “conformal” appears more descriptive in our situation.

3. Proofs of the theorems

3.1. Proof of Theorem 2.1
Let us set
(3.1) Qi := VHy — 3m;(VHy) +* (Vi A Hy).
We suppose that
(3.2) divQr — 0 strongly in (W22 nWwh>)(D?)
and

(3.3) B |lw22nmre < C uniformly, for some constant C' > 0.
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By definition and from (3.3), it is not hard to see that the sequences (7i),
(Hy,) and (Qy) are uniformly bounded in W2, L? and R2 @ (W12 4 L),
respectively. These facts shall be recurrently used in the sequel.

We begin our study with an elementary result.

Lemma 3.1. There holds

oy, - di 0
i - div Qi — in  D(D?).
O NdivQr — 0
Proof. Both convergences are obtained in analogous fashions (interchanging
the dot and wedge products), so we concentrate only on the first one. For
notational convenience, we set

X :=Wr2nwh>,
and X is the space of elements of X with vanishing trace on 9D?. Let u
be an arbitrary element of D = C°(D?). The Sobolev embedding theorem
guarantees that the elements ®; of X are Holder continuous on D2. Since
in addition X is an intersection of Sobolev spaces, it is clear that 5ku is an
element of Xy. More precisely, from (3.3),

(3.4) [Pk ullx, S [ ®kllxlullp < Cllullp.
We can make sense of (fk - T}, as a distribution via
(B, - div Q, u)pr p = (div Qp, By u) x7 x, -

It then follows immediately from (3.2) and (3.4) that &, - div Q) converges
to zero in the sense of distributions. (Il

By hypothesis, div @y is a bounded linear functional on X (with X as
in the proof of the previous lemma). According to (A.3), the space W02 (2:1)
is continuously embedded into X. Hence div Q. belongs to W~2(2)  dual
of WO2 (21, Proposition A.1 grants therefore the existence of an element Pj
in R? @ W—1(2%) satisfying

(3.5) div Qg = div By,
and
(3.6) [ Prllw-1.2000 < [|div Qpllw-2 000 + O,

for some positive constant d; arbitrarily chosen.
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We next establish a useful result.
Lemma 3.2. There holds

&), - P 0
kR in  D'(D?).
P NP, — 0

Proof. Owing to (3.2) and (3.6), the sequence (Py) converges strongly to
zero in W—1(2:2) = (W(]l’(2’1))’. Moreover, from (3.3) and (A.4), the sequence
(®},) is uniformly bounded in W21 The desired statements may now be
reached by repeating mutatis mutandis the proof of Lemma 3.1, and letting
0 tend to zero. O

Identity (3.5) says that
(3.7) div (Qr — Py) = 0.

We have seen that @ belongs to R? @ (W12 + L) and that P belongs
to R2 @ W12 Hence, altogether, the difference (Qk — Pp) lies in R? ®
(W12 £ W—1(220) 1 L), As proved in Lemma A.1, Equation (3.7) implies
the existence of an element Ly, in L2 satisfying

(3.8) Qr — Py = VL.

Because all sequences involved are uniformly bounded, one notices that like-
wise the sequence (VL) is uniformly bounded in R? @ W —1(2:2),

Lemma 3.3. There holds

Vo, - V4L, —0
V®; A (VL +2VH) —0

in  D'(D?).
Proof. Observe that

Whence, the results of Lemmas 3.1 and 3.2 show that

(3.9) Vd, -P,— 0 in  D(D?.

Similarly, one obtains

(3.10) Ve, AP, — 0 in D(D?.
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From (A.13) in Appendix A, we have the identities
VO, -Qr=0 and V&, AQy=—2VP; A VH;.

The desired statement now ensues by combining (3.8) to (3.10). O

From the characterization provided in Proposition A.1, we can always
arrange for the L?*°-norm of Lj, to come as close as we please to the
W—L22) norm of VL. In particular, the sequence (I_:k) is uniformly
bounded in L?*°. We may thus extract a weak* convergent subsequence
(indexed for notational convenience as the original sequence) with

(311) Ip— 1L in L2
’ 17 . 2 —1,(2,00)
V-Ly—g in REQW ,

and g = V<L in the sense of distributions.

As the sequence (tlgk) is uniformly bounded in W22 N W1 by hypoth-
esis, the Banach—Alaoglu theorem yields a subsequence (ék) converging
weak* in W22 N W1 to some element . In turn, the compact embeddings
(A.4) provided by the Rellich-Kondrachov theorem enable us to further
extract a subsequence, still denoted (ék), satisfying the strong convergences

5k — (13 in m Wl’p,

3.12 - - p<oo
(3:12) Vo,—V® in RZ@ (N LP.
p<oo

Convergences (3.11) and (3.12) imply the next result.
Lemma 3.4.

s olr o olF
{vq>k Vi, — V3 VL in DD,

VO, AVLL, — VO AVLL

Proof. We shall only establish the first convergence, the second one being
obtained mutatis mutandis. Owing to the general identity

div(a V+1b) = Va - V4,
it suffices to show that

$,V*tL, — ®VLL in  D'(D?.



574 Yann Bernard & Tristan Riviere

This is what we shall do. For convenience, we set Y := RZ @ W21 and
Yo =R?® W&’(Q’l). Let g be as in (3.11), and u be an arbitrary test func-
tion in R? ® D. Clearly, du and 5ku are elements of Yy with an estimate
analogous to (3.4). Note that

(BrVELy, — @ g,w)pp = (V Ly, w(Pk — ®))yry, + (VELy — g,u®)yy v,

Whence, from the uniform boundedness of (VLL;) in R2 @ W—1(220) and
the convergences (3.11) to (3.12), the announced result follows. O

As explained in Theorem 3.3.8 from [14], the fact that’
A)\k = —e2)"“ K, k

is an element of the Hardy space H! implies that ()\;) is a sequence of
elements in W11 uniformly bounded in norm by a constant depending
only upon the uniform bound on (H‘i)’kHW?vQﬂWl‘oo). Owing to the Rellich—
Kondrachov theorem, we may extract a subsequence (\g) satisfying

(3.13) M — A in M L,

p<oo

for some \. Furthermore, since \;, ~ log |V(13k|, we note from hypothesis (2.3)
that the sequence (Ag) is uniformly bounded in L*°, from which it follows
that A itself must be bounded.

Recall that for j € {1,2}, there holds

i

oM — |8xj<i;k]2 and thus Oy (e2>"“) =20,, Cf>k . 8x_jmi§k.

Accordingly, from (2.3), the sequence (e?**) is uniformly bounded in W2 N
L. Paired to the uniform boundedness of )\, this implies the same is true
about the sequences (e***). Combining this to the convergences (3.12) and
(3.13), we find

+ A +A

et —e

3.14 5 _ - _ > in LP.

(3.14) {(ej)k =e Akaqu)k —e )‘8%.(1) =: € on

This argument sheds light onto the imposed assumption that (A;) be a
uniformly bounded sequence. It enables us to conclude that A lies in L,

"where K, denotes the Gaussian curvature of the immersion ®,.
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and thus in particular that e* is bounded from below; thereby making the
limit @ into a non-degenerate immersion without collapse.

Because the sequence (I:_i %) is uniformly bounded in L2, we can extract
a weakly convergent subsequence:

(3.15) H, — H in I
Altogether, (3.14) and (3.15) show that

(3.16) (gl)kA(gg)kAﬁk — 51/\52/\ﬁ n m LP.
1<p<2

Equation (2.42) established in [24] states that
(gL Hy) = (=)™ 1 (@)k A (82)i A Hy.
Consequently, (3.16) is tantamount to

* (it Hy) — *(@LH) in N
1<p<2

Combining this to (3.12) shows that

(3.17)  * (Al Hy) LV ®, — +x(ALH)LV'® in N L
1<p<2

It takes little effort to verify that
div (u LV+io) = Vu L V4o
holds in general. In particular, (3.17) yields
V(x(ftg L Hp)) L V0, — V(x(ALH)LVI® in  D(D?).
Per identity (2.6), the latter is equivalent to
(3.18) V&, AVH, — V® AVH in  D(D?.

Finally, bringing altogether Lemmas 3.3, 3.4 and (3.18), we conclude as
desired that, in the sense of distributions,

$-VIL =0
(3.19) ve-vii=9, _ __
VEAVIL = —2VEAVH.
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3.2. Proof of Theorem 2.2

Since A® A H = 2 H A H = 0, Equations (3.19) are in divergence form.
In particular, we may introduce a scalar function S and an R™-valued two-
form R satisfying

— - - —

S:=Vd-L
(3.20) V_, v ’ L
VR =V®AL+2V-OAH.

Clearly, .S and R are defined on D2 up to unimportant additive constants.
By hypothesis, L is an element of L% while P is Lipschitz. Accordingly,
VS and VR belong to L>*(D?) and to R? @ L2°°(D?), respectively. This
observation and the particular structure of the right-hand side of the system
(3.20) will enable us to deduce the regularity result we are seeking to obtain.

3.2.1. Regularity It is shown in [24]® that S and R satisfy the system

(3.21) AS = V(xi) V1R,

' AR = V(i) e VLR — V(%) - V+5.
The advantage of these equations lies essentially in their right-hand sides
comprising Jacobians. This peculiar feature will enable us to apply tech-
niques of integration by compensation, in particular Wente-type estimates,
which we now recall. They are due in parts to contributions by Wente [33],
Tartar [28], Coifman et al. [10], Bethuel [5] and Hélein [14].

Lemma 3.5. Let Q be an open subset of R? with C?-boundary. Suppose
that a and b are elements of WH2(Q) and of W (22)(Q), respectively. If u
satisfies

Au=Va-V*tb inQ,
u=0 on 011,

then Vu belongs to the space L*(Q) with the estimate

||VUHL2(Q) S ||va||L2(Q) HVb||L2°°(Q)7

up to a multiplicative constant depending only on €.

8the equations appearing in [24] are slightly different (although equivalent) to
those given here. The system (3.21) is derived in [4].
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The interested reader will find the proof of this result and further vari-
ations on the same theme in [12]. A second result (Theorem 3.4.1 in [14])
which will be useful to us is the following.

Lemma 3.6. Let Q be an open subset of R? with C'-boundary. Suppose
that a and b are elements of W12(2). If u satisfies

Au=Va-Vtb inQ,
u=0 on 052,

then u belongs to the space WHZD(Q) c CY(Q) with the estimate
[Vullp219) S [IVall L2 VOl 20,
up to a multiplicative constant depending only on €.
Geared with these results, we are prepared to start our proof. Let us
fix once and for all some point zg € Dy/5(0) and some radius 0 < r < 1/2,
so that the flat disk D,(z¢) of radius r and centered on the point zg is
properly contained in the unit disc D?. We use an argument developed by

Bethuel [5]. With the help of the theorem of Fubini, we may always choose
ro € (r/4,r/2) such that

3 1 3 1 3
3.92 / vl <1 / VS[E <t VS| L
oz [ wsisg [ 9SS IS o
<13 IVSI e
We define
(3.23) S=5+5 and é = ﬁo + ﬁl,

where the new variables, in accordance with (3.21), satisfy

(3.24) {AS(]:O, ARy=0 in D, (xo),

So=S, Ry =R on 0D, (z),
and

(3.25) AS;=AS, AR =AR in D, (x0),
' 51:0, él = 6 on 8Dro(x0).
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We set

1
§ = / S.
27T7“0 8DTO(J»‘0)

Classical Sobolev embedding theorems then give

(3.26)  IVSollL2(p,, (o)) < 1S = sllzr1r2(0D,, (20)) S 75 | VS| gz (0D, (20))
S IVS|[ L2 (p2) < 00,

where (3.22) was used. In exactly the same manner, there holds
(3.27) IV Boll 2D, (2)) S NV Il 20 (2) < 00
Owing to (3.26) and (3.27), we may invoke classical growth estimates (cf.,

e.g., Theorem 3.3.12 in [14]) for the harmonic functions Sy and Ry, and so
deduce that for 0 < k < 1 one has:

(3.28) IVSoll 2 (Dyry (20)) S FIVSoll 2D, (20))
and
(3.29) IV RollL2 Dy, (20)) S kIIV Roll 2 o (@0))-

We next move on to obtaining information for the functions 57 and él. Since
the right-hand sides of (3.21), and thus of (3.25), comprise only Jacobians,
Lemma 3.5 may be called upon so as to produce the estimates

IV 811 22D, (20)) S €IV R 12 o (20))
HVRlHLz Dyy(20)) S €(HVSHL2«» (Dvy (20)) T IV Rl L2 (D, (20))):

up to some unimportant multiplicative constants. Here & denotes the
(adjustable) upper bound on the energy:

(330) HVﬁHLz(Dz) S E.

As by hypothesis S and R are elements of W22 the above estimates
combined to (3.26) and (3.27) yield

IV Sl 22(D,, (a0)) + IV Rl 22(D, (m0)) < 00-

7‘0
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We are now in position of applying Lemma 3.6 to the system (3.25), thereby
obtaining (since k£ < 1),

IV Sl 222 (Do (w0)) S ENVEI L2(D, (20))-
VR 221Dy, (o)) S €WV SIIL2(D,, (o)) + VRl L2(D,, (20)))-

In particular, since L>! ¢ L? and k < 1, the latter paired to (3.28) and
(3.29) shows that for some positive constants Cy and C, there holds

(3.31) EDMO (zo)(Sv é) < (Cok+Cre) EDTO(%)(S’ ﬁ)v
where, for notational convenience, we have set the Dirichlet energy

Ep (o) (4, 0) := VUl 12D, (z0)) + IVl L2(D, (20))-

We have the freedom to adjust the positive parameter ¢ as we please. Because
k € (0,1), we may in particular arrange for the constant (Cok + Cie) to
be smaller than 1. Then, iterating (3.31), we infer the existence of some
v € (0,1) such that

(3.32) Ep, (S, ) < Cp

holds for all 0 < p < 1/2, all points z € D;/3(0), and some constant C' > 0.
With the help of the Poincaré inequality, the estimate (3.32) may be used to
show that S and R are locally Holder continuous. We are however interested
in another one of its corollaries. Consider the maximal function

Moy F(a)imsup 07 [ (P ()] dy
p>0 Dp(x)

Going back to (3.21), owing to (3.30) and (3.32), it follows that

MQ_W(XDl/z(O)AS)(IL') <e sup p "Ep ) <Ce
0<p<i

is a uniformly bounded function on D;/5(0), and similarly with Rin place
of S. Here xp, ,() denotes the characteristic function of the disc D /(0).
It is clear that AS and AR belong to LY(D1/2(0)), since S, R, and 7t are
elements of W'2(Dj5(0)). We may thus call upon Proposition 3.2 in [2] to
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deduce that

1 1 —
H*XDlﬂ(O)AS and m *XD1/2(0)AR

belong to L%*°(Dy/5(0)), with ¢ = %
A classical estimate about Riesz kernels states that in general, there
holds
1
[Vu|(y) < Clm*XDl/z(O)AUﬂLCQ, Vy € Dy/4(0),
for two constants C7 and Cy. We then infer that V.S and V R are elements of
L%%°(D,4(0)), with g as above. In particular, because v € (0, 1), it follows

that ¢ > 2, and thus
(3.33) VS, VE € L**°(D 4(0)),
for some § > 0.

Now that we have this result at our disposal, we are ready to implement
our regularity proof. It involves a bootstrapping argument, which will be
performed on the following identity, established in Lemma A.4:

(3.34) —2AP =VE ¢V ® + VS V0.

By hypothesis, ® is a Lipschitz function. Combining (3.33) and the latter
thus shows that

(3.35) V& € WDy 14(0)).

Recall that

&
KHL

&
!

Hence there holds

V2

V*ﬁ: v
V|

[77(02, V®) A & + &1 A m7(0, V)],

and consequently

(3.36) Vi ~ VS| |7 V2P|
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Accordingly, (3.35) and the fact that [V®| is bounded from above and below
yield that

(3.37) Vit € L*™°(Dy4(0)).
For the reader’s convenience, we recall

AS = V(xi1) - VLR,
AR = —V(x7l) e VLR — V(%) - V+5.

Accounting for (3.33) and (3.37) in this system gives

. 2446
(3.38) VS, VREeWh+/2 c I8 with f:=2 %5
Comparing the latter to (3.33) reveals that the regularity has been improved.
We are dealing with a non-degenerate immersion ®, so in particular the
modulus |[V®| is bounded from both above and below. Then (3.38) and
(3.35) brought into (3.34) show that

V20 € WHA(D 14(0)),

and hence
VO, V|~ € W>P(Dy4(0)).

Put into (3.36), the latter gives that Vii € W1#. The above procedure may
then be repeated until we reach that all functions involved are continuous
(from belonging to a Sobolev space of high enough order). Finally, a stan-
dard “strong solution analysis” of the equations eventually yields that 3 is
smooth, thereby concluding the proof.

3.2.2. Conformal Willmore equation We open our derivations by
introducing some notation. Let z = x1 +ixy and Z be its complex conju-
gate. We set

and thus
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From this, it follows easily that for any triple (a,b,c) € {z, z} there holds

0a® - Ope® = 0,0 (8a® - Dgp®) + 00 (9a® - Dy ®)

1 - - -
= 5 (5ca — 6cb)8b|6a<1>|2 + 5cb8b(8a<1> . 61,(1)) =0 5(15 e% Op .

Hence,

(3.39) Co - OyEo =0 2 (03D - Ope® — (OpA) D, D - 0.D)
= % (2 56[) 6(15 — 5(15) 81))\

Observe furthermore that

L. 1
(3.40) Ca € =5 dui-
Thus, combining (3.39) and (3.40) gives

(3.41) 0ol = A D (200ab — Oac) €a + T (Dpel).
a€{z,z}

Next, we have

— — — — 1 — :
Mo - 0365 = —€, - Oz7 = _Z(el —1€9)(0, +10s,) Tin
o A
= (R} + h3y) = — HE,
and similarly
e)x
Mg - 0365 = 5 H§

Accordingly, we may now deduce from (3.41) that

e)‘ =

8252 - —((95/\) é‘z + ? H,
e’\ =

8555 = (ag)\)é% + 5 Ho.

(3.42)

Note that we can also easily obtain from the above computations the identity
(3.43) Dsfig = —&* (H &, + H* &5) + m53(0570).

These expressions shall come helpful in the sequel.
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Suppose now that ® is smooth and satisfies for some L the system

& Vi =
(3.44) {V v 0

VOAVIL = 2VSAVH.
Since €; = e A axjé, the first equation in the system is equivalent to
& -0y, L =8 -0,L.

Whence, we deduce that L satisfies

(3.45) v%—(a b )<?>+<7’a>ﬁa,
C —a 2 p2

for some suitable coefficients a, b, ¢ and py-
Substituting this form in the second equation from (3.44) gives

ELN[2(E) - 0y H) & + 2(62 - 0y, H) @ + 2(ig - g, H) gy
+ael +béy +p?ﬁa]
= —@ A [2(E1 - 0y, H) & + 2@ - 0y, H) & + 2R - Oy, H) e

+cé — aéy+ ps ),

thereby yielding

—

c—b=2() 0y, —€1-0p,)H and  p¥=—2iis 0y H.

However, because H = H°#,, and the second fundamental form is symmet-
ric, there holds

—

C—b= 2(52 -(“),;1 —51 -8$2)H:2Ha(é'1-8$2 —52 ~8x1>ﬁa
=2H" e (k%) — hfp) = 0.
Whence, (3.45) may be recast in the form
VJ_I_: _ a b 51
b —a é:

Equivalently, in the {&,, ez }-frame, this expression reads

) —275(VH).

[\

(3.46) 0.L = Aé; — 2im;(0.H),

where A := b + ia.
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Owing to the identities (3.42), there holds

(3.47) Oz 0. H — 77 05y 0, H
= 2(€, - Osm7 0. H) &5 + 2(¢5 - 077 0,H) €,
= —2(0¢, - 73 0.H) & — 2(0:¢; - 77 0. H) €,
= —(e*H -738.H) & — (" Hy - 77 0.H) €,
= —eMN(H-0.H)é: + (Hy - 0.H)é).
From (3.46), the latter, and (3.43), we see that
(3.48)  0s.L = 0:(Aé:) — 2i0sm; 0. H
= 0:(Aé&) +2ie N [(H -0,H) & + (Hy - 0,H) ]
— 2i7m5; 057 0.H
= e 0:(PA) e + 21N [(H - 8.H) & + (Hy - 9.H) &.]
A
+ e?AHO —2imz Osmr O, H.

Because the imaginary part S(ﬁng) = 0, we separate this last identity into
its normal and tangential components to discover

(3.49) d:(*A) = —2ie*) (H - 8.H + Hy - 9:H)
and
(3.50) AS [imy Osmr 0. H] = * S(A Hy).

Comparing (3.49) to the Codazzi-Mainardi equation (A.21) shows that
d:[eMA + 21 Hy - H)] = 0.
Accordingly, there exists some holomorphic function f(z) such that
(3.51) A= —ef(z) —2ie* Hy - H.
In conformal coordinates, there holds
AL H = m(divrg(VH)) = 4S[imy; 0577 0, H,

so that (3.50) becomes
e)‘ AJ_I—._i = %(A ﬁo)
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Introducing (3.51) in the latter gives thus
(3.52) AL H +2R((Hy - H) Hy) = e S(Hy f).

To complete our derivation, there remains to observe that

PR 1 a
RHG HY] = ~ [(h$y — hSy) (R — hiyy) + 4 by B
4
]' [0 [0
=5 Z hij hﬁ %+ hS) (R + hy)
,J 1
1
=3 Z he, hﬁ HeHP.
3,5=1

Accordingly, (3.52) yields

(353) AL H+ Z Z hes b HP fig — 2 |H|*H = e S(H, f).
a,f=1 1,5=1

This identity is the desired conformal Willmore equation announced in The-

orem 2.2.

The converse of Theorem 2.2 is easily deduced from reversing the above
computations. Assuming that (3.53) holds for some holomorphic function f,
we may define A as in (3.51). The fact that f is holomorphic, along with
our previous derivations, notably (3.47) and (3.48), yield

0:(A&; —2im; 0.H) = e 0:(e*A) & + e;Aﬁo +2i7mz0: w5 0.H
—2ie* (H-8.H)é: + (Hy-0.H) &)
= —2ie_>‘65(62)‘HTO- H)é: + %fﬁo
—ie2)‘(HTO- ﬁ) Hy + Qiﬂﬁagﬂ'ﬁazﬁ
—2ie* (H-9.H)é: + (Hy - 0.H)&.).
Taking the imaginary part on both sides of the latter, and introducing the

conformal Willmore equation (3.53) and the Codazzi-Mainardi equation
(A.21), we find

S[0:(Aés — 2im; 0.H)| = 0.
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On the contractible unit disc, we deduce that there exists some L such that
0,L = Aés —2im; 0,H,

or equivalently

It takes little effort to verify” that
VO -VIL =0,

which is the first part of the system (2.5). Similarly, calling upon the identity
(A.17), one finally finds the desired

VO AVIL = —2V® Amz(VH) = -2V AVH.
A. Appendix
A.1. Notational Conventions

We append an arrow to all the elements belonging to R™. To simplify the
notation, by ® € X (D?) is meant ® € X (D2, R™) whenever X is a function
space. Similarly, we write V& € R? @ X (D?) for V® € X (D? R>™).

Although this custom may seem at first odd, we allow the differential
operators classically acting on scalars to act on elements of R”*. Thus, for
example, V& is the element of (9,,®,d,,P) € R2 @ R™. If S is a scalar and
R an element of R"™, then we let

R-V®:=(R-0,,® R-0,,9),
VS VP =0, 50,0 — 0,,5 0y, P,
VIR -V® =0, R-0,,® — 0,,R-0,,9,
VIRAV® := 0, RNy, ® — 0y, RN Oy, 9.

Similar quantities are defined following the same logic.

9recall that the operator Vo - my is trivial.
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Two operations between multivectors are useful. The interior multipli-
cation L maps a pair comprising a g-vector v and a p-vector 3 to a (¢ — p)-
vector. It is defined via

(yLB,a) =(y,8Na) for each (¢ — p)-vector a.

Let a be a k-vector. The first-order contraction operation e is defined induc-
tively through

aef=alf when (3 is a 1-vector,

and
ae(BAy)=(aeB)Ay+ (1) (aev)Ap,

when (§ and v are, respectively, a p-vector and a g-vector.
A.2. Lorentz and Sobolev—Lorentz Spaces

For the reader’s convenience, we recall in this section the fundamentals of
Lorentz spaces. Detailed accounts may be found in [3, 17, 27].

For a real-valued measurable function f on an open subset of U C R",
its belonging to a Lorentz space is determined by a condition involving
the non-decreasing rearrangement of |f| on the interval (0, |U|), where |U|
denotes the Lebesgue measure of U. The non-increasing rearrangement f*
of |f] is the unique positive continuous function from (0,|U]) into R which
is non-increasing and satisfies

Hz e U[1f(@)| = s} = [{t € (0, [U]) | F(t) = s},

If p € (1,00) and ¢ € [1, 00|, the Lorentz space LP4(U) is the set of measur-
able functions f : U — R for which

/ (tl/pf*(t))q% <oo  ifg< oo,
0

or

sup t'/P f*(t) < oo if ¢ = oo.
>0

A complete norm on LP4(U) is given by

£l ooy = 18P £\ aqo,ooydesey ~ Where  f™(t) 1=t/0 fr(r)dr.
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One verifies that
LP = PP,

and that LP*° is the weak-LP Marcinkiewicz space.
Moreover, we have the inclusions

Pl cpp? cp? c [P>® for  1<q <q' <oo;
and if U has finite measure, there holds for all ¢ and ¢’
L (U) ¢ LPYU) whenever — p < p/.

More precisely,

ya

(A1) 1l oy S1ULT 1 Fll oo 0)-

Finally, if ¢ < oo, the space L7127 is the dual of LP«,

Similarly to Lebesgue spaces, Lorentz spaces obey a pointwise multiplica-
tion rule and a convolution product rule. More precisely, for 1 < p1,ps < 00
and 1 < q1,q2 < 00, there holds

pl=pt+pyt,

-1

[P 5 [P292 — [ PA with ~1 -1
¢ =q t4

and

_ _1 _
pt=prt -1
-1

[Py [P292 — [PA with 1 1
¢ =q T4 -

An interesting feature of Lorentz spaces is that they are interpolation spaces
between Lebesgue spaces.

Lorentz spaces offer the possibility to sharpen the classical Sobolev
embedding theorem. More precisely, it can be shown (see [3, 29]) that

Wk,q(Rm) C LP9(R™)
is a continuous embedding so long as

1<g<p<oo and —=—-——

Our study requires that we introduce Sobolev—Lorentz spaces. These
spaces are defined analogously to the “standard” Sobolev spaces, but with
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the Lebesgue norms replaced by Lorentz norms. In an effort to simplify
the presentation, we shall focus only on the two-dimensional unit disc D?.
Let m € N, p € (1,00), and ¢ € [1, 00]. The (homogeneous) Sobolev-Lorentz
space W9 (D?) consists of all locally summable functions u on D? such
that D®u exists in the weak sense and belongs to the Lorentz space LP4(D?)
for each multiindex a with |&| = m. The norm

lullwo v = 32 1Dl g

la|=m

clearly makes W9 (D?) into a Banach space. The space W% is under-
stood to be LP4. For notational convenience, we shall from now on omit to
precise that we work on the unit disc D?. This shall arise no confusion.
We also focus on a case of particular interest to us, namely (p,q) = (2,1).

Because L*! is a subspace of L?, it follows immediately that for all m € N
there holds

(A.2) w2 pym2,

where W™? is the usual (homogeneous) Sobolev space. The embedding (A.2)
shows that each element of W™ (21) has a well-defined trace on the boundary
of the unit disc, for m > 1. If that trace is null, the said element belongs to
the space ng,(ll)‘

In [7], the authors prove'? that WO1 ’
that W3

@D s a subspace of LN CY, so

is a subspace of W™~1:°° 0 C™~1  Altogether, there holds
(A.3) Wy cwm2 qwmelee n omet,

The Rellich-Kondrachov theorem states that W12 is compact in L" for all
finite » > 1. By standard interpolation techniques, it follows that

(A4) W2 ccwm b9 for 1<p<oo, 1<qg<oo

is a compact inclusion for every m € N*.
It is instructive to characterize the dual space of Wéﬂ (P ’q), denoted
W-m("4) where (p/,q’) is the conjugate pair of (p, q):

(A.5) Pr=0-p )" and ¢=(1-¢ """

0gee also Theorem 3.3.4 in [14].



590 Yann Bernard & Tristan Riviere

Proposition A.1. Let T be an element of W—"-#"4)(D? R). For every
§ > 0, there exists an element P of W= #"¢) (D2 R?) such that

(A.6) T =div P,
and
(A7) 1P lwa-mwon < T [lw=m.rary + 6.

Proof. This is a mere adaption of the analogous statement for the Lebesgue—
Sobolev space WP ultimately following from the Hahn-Banach theorem.
The reader is referred to Theorem 3.10 in [1] for details. O

We next bring into light an interesting Hodge decomposition result which
follows from standard elliptic theory and the interpolation nature of Lorentz
spaces (cf. Proposition 3.3.9 in [14]).

Proposition A.2. To every vector field § € L'(D? R?) we associate the
functions «, 3, and h on D? which are solutions of

Aa =divg, AB=curlg in D?,
a=0, B8=0 on 0D?,

with
§=Va+Vi3+Vh

s0 that h is harmonic on D?.
Then the operators

g+— Va, gr— Vg, and gr— Vh

map continuously LP1(D? R?) into itself for every choice of p € (1,00) and
q € [1,00].

This lemma is the central ingredient of the following result.
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Lemma A.1. Suppose that G = G1 + G2 + G35 satisfies
divG=0 in D?
where
G, e W H2)(D2 R?), Gy e W H3(D? R?), Gse LY(D?R?).
Then there exists an element L in the space L>*°(D? R) such that
(A.8) G=V*L.

Proof. A classical result of Laurent Schwartz guarantees the existence of L

in L' such that G = V'L holds in the sense of distributions. Owing to the
density of CZ° in Wol’(2’1), it follows that

(A.9) G-F= _/ LocwlF,  VFewy®Y (D% R?).
D2 D2
Next, let f be an arbitrary element of L?!(D? R). Choosing

i=(0s- [ 1)

in Proposition A.2, we infer the existence of an element F':= (—a,f) in
Wol’(Q’l) (D% R?) satisfying

(A.10) curl F = f — f
D2

as well as

(A.11) [Elwrcen S fllpa

Putting (A.10) into (A.9) then yields

(A.12) —/ Lf= G-F, where L= Lo—/ L.
2 D2 2

Clearly, the function L is a solution to (A.8). Recall that

Wy cwg? nL®  and WL = (WYY,
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Accordingly, using (A.12) and (A.11), we find

oo
D? D? D2
< Gillw-r.ew[Fllwren + [|Gallw-r2l|Fllwr2 + | Gsll o[ Fl|

S ([Gillw=reo + Gallw-r2 + [|Gsl[Lo) [ £l 22

Gl-F‘-i-‘ GQ'F'+
DQ

Gs - F|

Because L? is the dual space of L*!, the announced statement ensues. [J
A.3. Miscellaneous identities

We use in this section the same notation as that defined in the Introduction.
Lemma A.2. Let 5, 7, and H be as in Theorem 2.1. We set
Q:=VH—3m;(VH) + (V@ AH).
Then the following identities hold:
(A.13) VP Q=0 and VOIANQ=—-2VSAVH.
Proof. We first note that!!
Vit = (81, V3 iia) €1 + (8, V5iig) & + (g, Vs g,

so that
*(7i AV G) = (81, VEiy) € — (89, V1ily) €.

Whence, since 717, A 77 = 0,

(A.14) *(VEE A fy) = < h?g )axlqh < _’;12 )ax;iﬁ.
*h12 hll

Accordingly, we find
VO Ax(VERAT) = (hSy — h$5)0,, B A 8, & = 0,

and
VE - #(VEiE A i) = e (h§) + hSy) = 22 HO.

Wimplicit summations over repeated indices are understood wherever
appropriate.
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The last two identities yield

(A.15) VO A (Vi AH) =0
and
(A.16) V® - #(Vii A H) =2 |H|?

For three indices (a, b, c) € {z1,x2}, let
F(a,b,c) := 0,8 A (&,0.H) &,
We have

F(a,b,c) = e (&, 0.H) €, N &
= —e* HY iy ,0,6y) €, A€ since H = H",
= —e* H*h% €, A .

Using this, we obtain

(A17) V& A (VH —73(VH)) = VS A (81, VH) & + (6>, VH) &)
= F(acl, ry, xl) + F(xl, T9, .731)
+ F(l‘g, T, I‘Q) + F(I‘Q, T9, 332)
= e HYhS & N& — e H*h$, é, N &)
= 0.
Hence

(A.18) V® A (VH —37;(VH)) = —2V® A VH.

An evident yet nonetheless useful identity is

thereby giving

- —

(A.19) V® - (VH —3n:(VH)) =V® - VH.

Bringing altogether (A.15) and (A.18) yields the second part of (A.13).
Deriving the first part of (A.13) requires a bit more work. Combining (A.16)
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and (A.19) shows that
(A.20) VS.-Q=Vd-VH + 22 |H|%

For three indices (a, b, c) € {z1,x2}, let

Just as above, we verify easily that
G(a,b,c) = —e® H* h% 64p.
Consequently, there holds

V‘iﬁ . Vf:j = G(a:l,xl,arl) + G(a}1,x2,x1) + G(xg,xl,xg) + G(xg,xg,xg)
— _e2)\ He h(lll . e2)\ He 32

= —2¢2 |H|%

Putting this into (A.20) finally gives the first sought after identity in (A.13).
O

Lemma A.3. Using the notation introduced in Section 3.2.2, the Codazzi—
Mainardi identity may be recast in the form

(A.21) e O(Hy H)=H - 0.8 + Hy - 0:4.

Proof. Consider the 1-form

On one hand, from (3.43), there holds
e)\
Na = (52 . 8Zﬁa) dz + (55 . 85ﬁa) dz = —5 (HadZ + HgdZ),

so that

A
(A.22) e dij = —% (HEON — HOO:\ + 0, HS — 9;H®).
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On the other hand, with (3.42) and (3.43), we find

*dna =x%d <€5, d?’_ia> = Bzé'g . 6gﬁa - 8555 . 8zﬁoz
A
= 5 (H§O N+ HY0\ + H - 0271, — Hy - 9.7,).

@

Comparing the latter to (A.22) yields
(A.23) QHS O\ =8:H* — 0,HS — H - 957y + Hy - 0,714
By antisymmetry, there holds
HYH - 82ty = H*H i - 8270 = 0,
and whence
(A.24)  H®(8:H® — H - 8si1a) = H*(0:H* + H - 0:7,) = H - 9:H.
Similarly, we find

(A.25) H®(0,H§ — Hy - 0,71a) = 0,(Hy - H) — HY8,H® — H*Hy - 9,71,
= 0.(Hy-H)— Hy-0.H.

Multiplying (A.23) throughout by H%, summing over «, and using (A.24)
and (A.25) gives

2H - HyO\ = —8.(H - Hy)+ H - 9:H + Hy - 0. H,
from which the (complex conjugate of the) desired (A.21) ensues. O
Lemma A.4. Using the notation of Section 3.2, there holds
(A.26) —2A® =VR eV+d 4+ VS -V9id.

Proof. Note that for any 1-vector @, we have

(@N€Ej)ee; = (GLa)NE;+aN(E;LE)) = (€-a)ej+d;a.
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From this, and €; := e"\%gﬁ, it follows that whenever
Vi=Vig + Vi,

then

— -

(VAVLID) e VLD = e (3ViE + 2V ii,)
(VAVD) e VLD =2 (V2 —V1ig) = (V- VD) V4.

In particular, since H=H° Mo, we find that

VR eVi® = —(LAVO+2HAVD) e V1P
= —(L-V®) -V —4eP H
= -VS -Vt —4e? H.

Hence,
VE eVid + VS VD = —4e2* H.

Finally, there remains to recall that

AP =2eH
to reach the desired identity (A.26). O
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