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Abstract

For a bounded smooth domain in the plane and smooth boundary data we consider the
minimisation of the Willmore functional for graphs subject to Dirichlet or Navier boundary
conditions. For H?-regular graphs we show that bounds for the Willmore energy imply area
and diameter bounds. We then consider the L'-lower semicontinuous relaxation of the Willmore
functional, which is shown to be indeed its largest possible extension, and characterise properties
of functions with finite relaxed energy. In particular, we deduce compactness and lower-bound
estimates for energy-bounded sequences. The lower bound is given by a functional that describes
the contribution by the regular part of the graph and is defined for a suitable subset of BV (£2).
We further show that finite relaxed Willmore energy implies the attainment of the Dirichlet
boundary data in an appropriate sense, and obtain the existence of a minimiser in L*>° N BV
for the relaxed energy. Finally, we extend our results to Navier boundary conditions and more
general curvature energies of Canham—Helfrich type.

MSC (2010): 49Q10, 53C42.

1 Introduction and main results

The present paper is intended as an analogue for the Willmore functional of the BV-approach of
minimising the non-parametric area functional under Dirichlet boundary conditions (see [Giu84,
Theorem 14.5]). We therefore consider for two-dimensional graphs I' € R? the following combina-
tion of Willmore functional (cf. [Wil93])E| and total Gauf} curvature

W,(T) = i/FHZdS—fy/FKdS,
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where y € R is a constantﬂ H and K denote the mean and Gauf} curvature and are defined as the
sum respectively the product of the principal curvatures. We investigate how and to what extent a
direct method of the calculus of variations can be applied to the respective minimisation problem,
subject to boundary conditions. We therefore need to identify a suitable class of functions and a
suitable generalisation of the Willmore energy that allow for compactness and lower semicontinuity
properties.

1.1 The Willmore functional and boundary value problems for the Willmore
equation

Let © C R? be a bounded domain with a CZfboundiary and exterior unit normal field v, let
@ : Q — R be a sufficiently smooth (at least ¢ € C?(2)) boundary datum, and fix a parameter
7 € R. Our aim is to minimise the Willmore functional W, in the class of graphs

I(u) = {(z,u(z)) |z € Q}

of suitable functions u : Q — R, and subject to a boundary condition. We therefore consider

W (u) := Wy (I'(u)) := 411/9}]2 V14 |Vu|?dz — 'y/QK V14 |Vul?dz (1)

either in the classes
ou Oy

{u: Q—=R: u=g, azaonﬁﬁ} (2)
of clamped graphs or

{u:Q—=R: u=¢ondN} (3)

of hinged graphs, respectively. According to [Nit93], v € [0,1] is a physically relevant condition,
which implies that %H 2 _~K > 0. We expect that this condition-among others-will be needed to
ensure regularity of a minimiser of W.,. For the compactness and lower semicontinuity properties
stated in the present paper, however, we allow for arbitrary v € R.

In order to explain the notion of Dirichlet and Navier boundary value problems for Willmore
surfaces let us assume that we have a smooth minimiser of W, in the class or , respectively.
In the first case, i.e. considering a minimiser in the class of clamped graphs, one would have a
solution for the Willmore equation

1
ArgyH +2H(H? = K) =0 inQ (4)
under Dirichlet boundary conditions
Oou Oy
u=p, S==- omd, ()

see [Nit93 (25)]. Here Ap(,) denotes the Laplace-Beltrami operator on I'(u) with respect to the
first fundamental form. According to Remarks [I] and [2] below the shape of €2 and the Dirichlet
data completely determine fQ K /14 |Vul?2dz. So, in order to solve the Dirichlet problem,
the parameter + does not play any role and without loss of generality we may restrict ourselves to
minimising Wy.

Let us assume now that u is a smooth minimiser for W, in the class of hinged graphs. Such
a minimiser then solves the Willmore equation

1
A H + 2H(ZH2 - K) —0  inQ @)

2For simplicity we call W., Willmore functional also for v # 0.



under Navier boundary conditions
u=¢, H=2ykyN on 0f). (6)

Here, ky denotes the normal curvature of the boundary curve 0I'(u) with respect to the upward

pointing unit normal vector field N := \/ﬁ(—Vu, 1) of I'(u). The second boundary condition
u

H = 2vky arises as a natural one due to the larger class of admissible comparison functions, see
INit93, (32)]. The case v = 0, i.e. prescribing H|pn = 0, is special since here one may just seek
solutions of the minimal surface equation subject to the boundary condition u|gg = ¢|aq, see e.g.
[GTOI, Sect. 14] or [Giu84]. A recent paper by Bergner and Jakob [BJ14] ensures that one even
does not miss solutions when using this approach.

These observations motivate speaking of Dirichlet and Navier boundary conditions in Sec-
tions and respectively, although we do in general not expect sufficient regularity of the
solutions constructed in Theorem [f] and Remark [] to solve the above mentioned boundary value
problems in a classical sense.

Schétzle [Sch10] solved the Dirichlet problem for Willmore surfaces in the very general context
of immersions in S3. This approach, however, does not give easy access to more detailed geometric
information on the solution. In particular, even in the case of rather simple and regular bound-
ary data it is not obvious how to single out graph solutions under suitable assumptions on the
data. Concerning classical solvability of boundary value problems for the Willmore equation un-
der symmetry assumptions one may see [BDF13, DDW13| [DFGS11], DGO7| and references therein.
According to [Dall2], for strictly star-shaped © and ¢ = 0, the constant function v = 0 is the
unique solution to the Dirichlet problem. Due to the strongly nonlinear character and the lack of
convexity of this problem we do in general not expect uniqueness; numerical evidence is given in
IDKS13].

We remark that many papers have dealt with closed Willmore surfaces (compact without bound-
ary); we mention only [BKO03, [Sim93] for existence of (minimising) Willmore surfaces of any pre-
scribed genus. Further information can also be found in the lecture notes [KS12] and the survey
article [MN14] on the recent proof of the Willmore conjecture.

1.2 Main results

In our work the major benefit of working with graphs, i.e. using a non-parametric approach, is
the validity of a-priori diameter and area bounds which are not available in the general parametric
setting. More precisely, the corresponding result (see Section [3| below) reads as follows:

Theorem (2, Suppose that u € H%(Q) satisfies u — o € HE(Q). Then there exists a constant C
that only depends on Q and ||¢|lyw21 () such that

sup |u(z)| + /Q V14 |Vu(z)?de < C(Wo(u)® + 1).

z€Q

We will also present several examples that in particular demonstrate that no a-priori bounds
in WHP(Q) in terms of the Willmore energy are available for any 1 < p < co. Unlike the axially
symmetric setting (see e.g. [DFGSII]) we have further not yet succeeded to modify minimising
sequences such that they obey stronger bounds than in Theorem [2|

Our main results are stated in Theorem We show that sequences (up)ren C H2() with
uniformly bounded Willmore energy and obeying the boundary condition (uy — ) € Hg(Q) have
L' (Q)-convergent subsequences. Limit points belong to BV (2) N L>(Q) and enjoy additional
(weak) regularity properties that allow for the definition of an absolutely continuous contribution
to the Willmore functional (see Section || for details). This contribution then gives a lower bound



for the energies of the approximating sequence. For simplicity we state here only a corollary of
Theorem [3{ and assume that the limit point u belongs to W11(Q), which allows to control the full
Willmore functional.

Theorem . Let (ug)ren be a given sequence in H?(SY) that satisfies
up — o € Hy(Q) for allk €N and lim inf Wp (ug) < oo.
Then there ezists a subsequence k — oco and u € BV (Q2) N L*™(Q) with
up — u in LNQ) (k= o).

If in addition v € WH1(Q) then the mean curvature H = V - ——“— € L*(Q) exists in the weak

V14| Vul?
1
4/ H?*\/1+ |Vul2dz < likmiano(uk).
Q —00

sense and

holds.

In order to simplify the presentation, in the remainder of this introduction we restrict ourselves
to Dirichlet boundary conditions and to the case v = 0. As explained before, for minimising
sequences, or more generally for sequences with uniformly bounded Willmore functional, we do
not have stronger uniform bounds than those in Theorem [2} So, the regularity of limit points can
at a first instance not be proved to be better than L>(2) N BV (£2). On this space, however, the
Willmore functional is not defined in the classical sense and we therefore introduce the L'-lower
semicontinuous relaxation of the Willmore functional:

W:LY(Q) — [0,00], W(u):= inf{likni)inf Wo(ug) : M 3wy, — uin L'(Q)},
where
M= {ve H*Q):v—ypec H(Q)}. (7)

For geometric curvature functionals such relaxations are well established, see e.g. [AMO03, BDMP93|
BMO04] and the references therein. One advantage is that lower-semicontinuity properties are im-
mediately obtained; on the other hand, a more explicit characterisation of the relaxation is often
difficult. However, we prove in Theorem 4| that Wy and W coincide in M, so that W is actually
an extension of Wj.

As a corollary of Theorem [3| we are able to prove existence of a minimiser for the extended
functional W:

Theorem (5. There ezists a function u € BV (Q2) N L*°(Q) such that
Vo e LYNQ): W(u) < W (v).

The regularity properties stated in Theorem [3] are in particular satisfied for any function u €
LY(Q) with W (u) < oo and so, for the minimiser constructed above. Furthermore, in Proposition
we prove that W (u) < oo not only allows for defining a generalised Willmore functional (or rather
the absolutely continuous part), but also encodes attainment of the boundary conditions .

The proofs of these results all heavily rely on the area and diameter bounds provided by The-
orem Together with the boundedness of the Willmore energies this yields sufficiently strong
compactness properties for several H'-bounded auxiliary sequences such as g = (1 + |Vuk|2)_5/ 4
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and vy = ¢ Vug. In particular we are able to deduce that for limits u € BV(2) N L*>°(Q2) as in
Theorem (3| that v = ¢Vu holds as vector-valued Radon measures, for v,q € H(Q). Moreover,
the set {¢ = 0} describes the set where the graph of u may become vertical. Our results then are
deduced by exploiting several fine properties of Sobolev and BV functions.

Restricting ourselves to the graph case —i.e. working in the non-parametric framework— allows
to use relatively elementary tools (compared to the use of geometric measure theory methods in
the parametric case), but on the other hand introduces additional difficulties that are due to the
particular choice of parametrisation and are in particular related to the possible occurrence of
vertical parts of the graph when passing to a limit. The condition of being a graph imposes an
obstruction to the class of admissible “surfaces”. Minimising the Willmore functional in this class
means solving a kind of an obstacle problem, as long as one cannot prove C'-estimates or C'-
regularity: We expect our minimiser to solve the Willmore equation on the non-vertical parts of
the graph while this can in general not be expected on the vertical parts. Functions having vertical
parts lie somehow on the “boundary” of the set of admissible functions since some variations would
result in surfaces which are no longer graphs but could possibly nevertheless have smaller Willmore
energy. We think that extra conditions on the data 2, ¢, and v will be needed to prove that our
minimiser is indeed smooth and attains the boundary conditions in a classical sense, but such a
characterisation is out of the scope of the present paper.

The paper is organised as follows. In the next section we first state some definitions from
differential geometry and properties of Sobolev and BV functions, and then prove some basic esti-
mates. Section [3| presents the main a-priori bounds and examples that show that these bounds are
in some sense optimal. The main compactness and lower-semicontinuity properties are formulated
and proved in Section 4, The last section derives the implications for the minimisation of the (re-
laxed) Willmore functional and in particular discusses in which sense the boundary conditions are
attained for functions with finite relaxed energy. Finally, extensions to more general functionals of
Canham-Helfrich type are indicated.

2 Preliminaries and basic estimates

2.1 Differential geometry of graphs

For a smooth function v : Q = R we let
T(w) = {(z,u(2)) |z € O

. . . L 1 .
be its graph with unit normal field N := 7\/m( Vu,1). The first and second fundamental

forms of I'(u) are given by

(1w _py Lo
(923) = <u$1u$2 1+u:262 ) A—(hw) = Q(uxzx])v

where @ = /1 + |Vu|? denotes the area element. The mean curvature and the Gaufl curvature of
I'(u) are then given by

B Vu 1 2
det D?u
K= S = det D, 9)



where we have set w := Vu/Q. In particular, the Willmore functional for the graph of u reads
1
Wy(u) = 4/ H?\/1+ |Vu|2dx—'y/ K \/1+|Vul]?dx
Q Q

1 \Y det D?
= 4/QN-<QU>\2Qda:—'y ; eQ3 Y . (10)

Mean curvature, Gaufl curvature and the length of the second fundamental form

2
A= 2 ¢Ug hahe = g™ AgTM ). (aY) = (o)
1,5,k =1

are related by the formula
A2 = H* - 2K. (11)

2.2 Functions of bounded variation and fine properties of Sobolev functions

We denote by B,.(z) for x € R™, r > 0 the corresponding open ball, by £" the n-dimensional
Lebesgue measure and by H* the k-dimensional Hausdorff measure. We set |A| = L"(A) for
A C R™. The precise representative of a function u € Li (R"),

loc

u*(x) = lim u(y) dy,
0By ()
is well-defined almost everywhere, where we have used the notation JCBT () U= m / By (x) W The

Lebesgue points of u are given by all € R™ such that

lim lu(z) —u(y)| dy = 0.
0By ()

The usual Sobolev spaces are denoted by H*(Q), £ € Ny, H(div, ) denotes the space of L2(Q, R")~
vector fields which have a weak divergence in L?(Q2). For the definition and properties of the space
H(div, ) see e.g. [Tem01, Chapter 1, Section 1.2].

We next recall some basic definitions and properties of functions of bounded variation. For a
detailed exposition we refer to the book of Ambrosio, Fusco and Pallara [AFP00].

A function u € L(Q) belongs to the space of functions of bounded variation if the distributional
derivatives D;u are given by finite Radon measures on 2. We then write u € BV (£2) and denote
by Vu the vector-valued Radon measure with components D;u. For u € BV () the total variation
of Vu is given by

/ |Vu| = sup{/ uV - pdz @€ CHQ,R™), ¢l < 1}
Q Q
The measure Vu can be decomposed as
Vu = VL' + Viu = Voul™ + Viu + Veu, (12)

where V*uL" denotes the absolutely continuous part of Vu with respect to £7, and V%u, Viu,
V¢u are the singular part, the jump part and the Cantor part of Vu, respectively. Letting

Y, = {ze: liﬁ)l 0 "|Vu|(By(z)) = 0}, O, :={zeQ: lim&)nf 0" "|Vu|(B,(z)) > 0}
0 0



we have VuLl" = Vu L (Q\Z,), Viu = Vul 0,, Vu = Vul (£,\0,), see [AFP00, Proposition
3.92]. The set ¥, has Lebesgue measure zero, see [EG92, Theorem 1.6.1]. Moreover, by [AFP00,
Theorem 3.78] Viu = (ut —u~) ® v, H"" ! L J,, where the approximate jump set .J, C O, (see
[AFPO0, Definition 3.67]) is (n — 1)-rectifiable, v, is a Borel unit normal vector field to J, and
u',u~ are the traces of u on J,. The complement S, of the set of Lebesgue points of u is a Borel
set with £"-measure zero and satisfies H"~1(S,,\ J,,) = 0, see [AFP00, Definition 3.63 and Theorem
3.78].

For a function u € BV (Q2) we call z € 99 a Lebesgue boundary point if

lim Ju() — u(y)|dy = 0,
™0 J B, (z)NQ

where JCB,«(z)mQ u = m fB,«(m)ﬁQ uw and u(x) is defined in the sense of boundary traces.

We next recall the notion of capacity and some fine properties of Sobolev functions. We follow
[EG92]. For A C R™ and 1 < p < n the p-capacity is defined as

Cap,(A) = inf{/ IVf|Pdz : f>1in a neighbourhood of A, f > 0},
R’I’L

where the infimum is taken over all f € LP"(R") with Vf € LP(R",R"), p* = Tt
If Cap,(A) = 0 then H*(A) = 0 for all s > n —p [EGI2, Theorem 4.7.4].

For a function v € WHP(R"), 1 < p < n, there exists a Borel set E of p-capacity zero such
that the precise representative u* of u is well defined on R™ \ E and each z € R™\ E is a Lebesgue
point of u* [EG92, Theorem 4.8.1]. Moreover, for every € > 0 there exists an open set V with
Cap,, (V') < e such that u* is continuous on R™\ V.

We say that f: R™ — R™ has an approximate limit at z € R"™ if there exists a € R™ such that
for every € > 0

i B @047 =l 28} _
o B, (@)

see [EG92, Section 1.7.2]. In this case the approximate limit aplim,_,, f(y) := a is uniquely
determined. We call f approximately continuous at = € R" if aplim,_,, f(y) = f(z). By [Zie89)
Remark 5.9.2] f : R” — R™ is approximately continuous at z € R” if and only if there exists a
measurable set £ C R™ with « € F such that f|g is continuous at x and the set E has full density
in z, that is

fim (Br@ O E]
A0 B, (@)
Therefore the products (quotients) of approximately continuous real functions are approximately
continuous (in all points where the denominator does not vanish).

We say that f: Q — R™ has an approximate limit at z € 0f if there exists a € R such that
for every € > 0

|Br(z) nQn{|f —al 2}l _

y
"0 1B (z) N9



2.3 Basic estimates

The following result shows how the second derivatives of u are controlled in terms of |A|§.

Lemma 1. Let |D2u\2 = uilxl + 2u21x2 + ui%g denote the euclidean norm of the Hessian of u.

X
Then

1 2 2 2 1
W\D u(z)|” > [A(z)]; > 0@y

This possibly very strong deviation of |A(a:)|§ from |D?u(x)|? is one of the main difficulties in
deducing a-priori estimates for minimising sequences of the Willmore functional.

|D?u(zx)|?. (13)

Proof. We have that

ii 1 [1+ uiz — U1 U2 1 n n
(gj($))ij - @ <—ux1ux2 1 —l—uil ) - @(Id +VuT 8 Vu >

is a symmetric positive definite matrix with smallest eigenvalue equal to é One the one hand
this yields the estimate:

y 1
v eR 2 gY@y > @Inﬁ
i

On the other hand we find a uniquely determined symmetric positive definite square root (bij (ac))
of (¢¥(z)), i.e.
g (@) =) b ()b ().
k0

Denoting U} = >, bhy; we see that

i7j7k7z i7j,k,£,m,n
= Y Sy = Y gy
k,l,m,mn k.tm
1 2 1 k0 i 7§ 1 Elyi .
> @Z(u;ﬂ) - > ot vju] = 7 > 00N b B
k,m i.5.k,¢ i,g,k,bm,n
1 1 1 1
= 2 Z 9" hnghng > o1 Z (ho)? = 0° Z (Ugmgr )2 = @|D2u|2. (14)
k7m7n m7k m,k

As for the bound from above we find by using similar calculations as before that

1 1
|A’Z S Z (hmk)2 = @ Z (Ummxk)z == @‘DZUP
m,k m,k

O]

In what follows the geodesic curvature of the boundary curve 9 T'(u) with respect to the surface
I'(u) will be of some importance. We derive here an explicit estimate and representation that are
used below.



Remark 1. We consider u € H?(Q) satisfying (u — ¢) € H} (). Let s — Y (s) € 9T (u) denote a
positively oriented parametrisation of (a connected component of) the boundary 0I'(u). Positive
orientation means that at any point p € 9T'(u), the determinant of the unit tangent vector, the
unit co-normal pointing inward to I'(u) and N(p) is positive.

Then its (signed) geodesic curvature is given by

1 !/ "
Kg(s) = Wdet (Y'(s),Y"(s), N(Y(s))) .

We take now a positively oriented parametrisation s — c(s) € 92 of (a connected component of)
00 with respect to its arclength so that with the natural unit tangent vector 7(s) = (s), we
have that (v(c(s)),7(s)) form a positively oriented orthonormal basis of R2. In particular we have
that v! = 72, 2 = —7! and 7/(s) = —k(s)v(c(s)) with & the (signed) curvature of 9Q (being
nonnegative on the “convex” parts of 92). With a slight abuse of notation we write

pl5) = plels)),  mls) = oufels)), V()= (els)o(s))"

and find by using u = ¢ on 92 that
— (¢’ + 7%u,)

1
- [~ - )
V14 ¢(5)2 + u(s) 1

N(Y(s))

For the geodesic curvature of dT'(u) we obtain, using 71 (71)" + 72 (%) = 0,

—u, (8)"(s) + K(s)(1+ ¢'(s5)?)

T T w5

This formula shows in particular that the geodesic curvature of 9T'(u) as a curve in the unknown
surface I'(u) can be computed just from its Dirichlet data . We observe that the assumption
u = ¢ on 0 already allows for estimating

9" ()| + [(s)]
|Kg(s)] < W7

hence

/ g (5)]ds < / (I"(5)] + [(s)]) ds. (15)
O (u) a0

Remark 2. By virtue of the GauB3-Bonnet formula
/ KQdx + / kgds = 2mx(I'(u)) = 2mx(£2),
Q OT(u)

the integral over the Gaufl curvature is given by the boundary integral of the geodesic curvature and
the Euler characteristic x(£2) of the smoothly bounded domain 2 C R2. The Euler characteristic
is defined as usual by means of triangulations. If  is m-fold connected, i.e. O consists of m
connected components (§2 contains (m — 1) holes), then x(€2) = 2 — m. See formula (13) on p. 38
in [DHSI0].

In particular, the total Gaufl curvature fQ KQ dx of a function u € C?(Q) is already determined
by the Dirichlet boundary condition (5)).



In Theorem [2| below we shall deduce maximum modulus and area estimates in terms of integral
norms of the second fundamental form. In the following lemma we show first how to bound these
by the Willmore functional, the data and the Euler characteristic x(€2) of the smoothly bounded
domain Q C R?.

Lemma 2. Suppose that u € H*(Q) satisfies u — p € HY (). Then

| [ K@ds] < elwaniom) + sl om) + 2a(@). (16)

/Q A[Q do < AWo(u) +2([lellw=1a0) + K]l L1 (a0)) — 4mx (), (17)

where [|p|lw2100) = lpocllwziy ande: T — R? is an arclength—parametrisation of 9). Moreover,
the functionals Wo and W, are closely related:

(Wo(u) = Wy ()] < Iyl (lelwzin) + 5l + 27 [x(Q)]) - (18)

Proof. Let us first assume that u € C?(Q) and u = ¢ on 952. We use the notation and same
orientation as in Remark |1l According to ((15))

| Jrslids < [ (16" (6)]+ (o),
T (u) a0

and by the Gaufi-Bonnet Theorem (see Remark [2) we obtain and (18). We further deduce
from that

/QA|§Q dr = /QH2de — 2/QKde = 4Wy(u) +2/6F(u) rgds — Amx(T(u)), (19)

and as above we deduce in the case that u € C%(Q). Finally suppose that u € H 2(Q) such that
u— € H}(2). Then there exists a sequence (uy)ren such that ux € C%(Q),ux = ¢ on 9Q and
ur, — uin H?(Q),k — oo. We deduce from the generalised Lebesgue convergence theorem that

det D?uy, det D24
Kkadl‘: —_— — :/Kde,
/Q o @ o @ Q
det D%uy,

since g5 converges pointwise almost everywhere and since by Q; > 1 we obtain that |D?uy|?
k

is a L'-convergent sequence of dominating functions. This yields in the general case.
Since holds for C2-functions we infer that

/Q\Ak\ngk dx < 4AWo(ur) + 2(lellw2100) + 5l L1 60)) — 4mx ()

and, with similar arguments as above, passing to the limit yields the result. O

3 Sequences of graphs with bounded Willmore energy

3.1 Area and diameter bounds

The following celebrated diameter estimate of Leon Simon [Sim93] is the starting point of our
reasoning.

10



Theorem 1 (Lemma 1.2 in [Sim93]). Let I' C R™ be a smooth connected and compact surface with
boundary. Then there exists a constant C' which only depends on n such that

diam(T) < c(/F ]y dS + 3" diam(T))),
J

where I'; are the connected components of OL.

From now on we always work in R?. The following result follows from the preceding estimate
and is the key for establishing a-priori bounds on sequences which are bounded with respect to the
Wo— or W, ~functional.

Theorem 2. Suppose that u € H*(Q) satisfies u— € HL(Q) Then there exists a constant C that
only depends on Q and ||¢|ly2.1(50) such that

sup |u(z)| +/ Qdz < C(Wo(u)* +1). (20)
e Q

Examples [1| and [2| below show that it is not possible to obtain uniform bounds in W1?(Q) for any
1<p<oo.

Proof. Let us first assume that u € C?(Q) and u = ¢ on 9. A careful inspection of the proof of
[Sim93l Lemma 1.2] shows that the bound in Theorem [1| holds for I'(u) (see[Gull4]) so that

diam(I' () < c(/F | |Al, dS + diam(d F(u))). (21)

(u

We note that

diam(I'(u)) > sup  |u(z) —u(y)| = sup [u(z) — u(y)| = sup [u(z)| — sup |o(z)|
z,y€Q,x#y €N, YeIN el €N

while diam(0T (u)) < C (14 [l@llcosgn)) with a constant that depends on diam(£2). Hence we
deduce from and that

suplu(@)| < C( [ 4,Qdx + eleoany + 1) + ellcoon
z€eQ Q
o(([ 14E@d)' (| @da)"? + glcoion, +1) (22)

< C(Wolu) + 1))1/2(/Qc2d:c)1/2 el

IN

where C' depends on the diameter and the topology of Q, [[¢|ly219q) and ||k L1 (aq)-
Our next aim is to bound fQ Q dx. We have

Vu |Vul? u e
uH dx /uV- — dx:—/ dr + W s
/Q 0 ( Q > o @ oo @

/Qd +/1d+ Pou
= — X — axr S.
Q 0@ on @

This integration by parts is the place where we essentially exploit that the surface I'(u) is a graph.

11



Combining this relation with we deduce
[ @de < 190+ llion, + 197 suplua)|( | H*Qda)"”
Q €N Q
< C+C((Wo(u)+1)1/2(/de)1/2+1>Wo(u)1/2
Q
< ;/de+C(Wo(u)2+1).
Q

Inserting this estimate into yields for u € C?(Q),u = ¢ on 9. The general case is
obtained with the help of an approximation argument as in Lemma ]

3.2 Examples: No higher integrability of gradients and singular graphs with
finite Willmore energy

In this section we present some illustrative examples. We demonstrate that the Willmore energy of a
function u does not control any LP-norm, p > 1, of Vu. Furthermore, we give examples of functions
u that are only in BV () \ WH1(Q) but for which I'(u) describes a smooth surface. These functions
can be approximated in L'(€) by smooth functions with uniformly bounded Willmore energy. In
particular, the estimates on diameter and area obtained in Theorem [2| are in this sense optimal,
and sequences with uniformly bounded Willmore energy may L'-converge to limit functions that
are not even in Wh1(Q).

In order to construct appropriate examples it is well known that logolog is a good ingredient,
see for example [Fre73, [HMS8G6, [Tor94], and that in particular H?(Q) « WhH*°(Q)). But we even
can show a bit more: In spite of the non-homogeneous form of the Willmore energy, we may have
unbounded gradients and arbitrarily small Willmore energy at the same time.

Example 1 ([Tor94]). Let © = B := B1(0) be the unit disk. We consider u : B — R, which is
smooth in B\ {0}, satisfies homogeneous Dirichlet boundary conditions u = d,u = 0 on 0B, and
u(z) = 2t log(|log(r)|) for r = |z| close to 0. Then, close to 0 we have

1

Val(w) = flog(log(r))] +O(1).  1D%ul(@) = Oy

)

and therefore u € HZ(B) \ Wh*°(B).
For € | 0 we consider eu:
Au 3 Vu - D?*u - (Vu)T
T+ Va2~ (1 Va2

Hleu]| =€

Up to a factor 2, a majorising function for H[eu]?\/1 + £2|Vu|? is given by

2 (AU)Q 6 ’VU|4 ’ |D2U‘2 < EZ(AU)2+€2

|DQU|2 21 12,12
< Ce*|D .
St e Vu)2 T (1t 2 VupR)s2 = e1D

(1 +e2[Vu2)i/2 =

Hence
lim W, =
Him o(eu) =0,

while at the same time

Ve > 0 : sup e|Vu(z)| = +oo.
TEB

This means also that even for the trivial Willmore surface (z,y) +— 0 we find a minimising sequence
with unbounded gradients.
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Next we give an example of a function v € WH1(Q) \ H?(Q) such that I'(u) is smooth as a
surface. In this example the singularity is purely analytical, introduced by the specific choice of
parametrisation as graph. This example shows further that for p > 1, no WP-norm may be
estimated in terms of the Willmore energy.

Example 2. We choose an odd integer k € 2N + 1 larger than or equal to 3. We consider a
nonincreasing function h € C°([0,2]) N C*°(]0,1) U (1,2],[~1,1]) with

1 for r € [0,1/2],
h(r) =< sgn(l —7r)1—r["k forr e [3/4,5/4],
-1 for r € [3/2,2],

As a curve r — (r, h(r)) in R?, it is C>°-smooth, because close to 1, h is the inverse of the analytic
function h — 1 — h*. On the other hand, as a graph, close to 1 the singularity of A’ is of order
|1 — r|~"*1/k and the singularity of h” of order |1 — r|~2*1/k, This means that h has a weak first
derivative but not a weak second derivative.

The same applies to the graph of the radially symmetric function u : By(0) — [—1,1], u(z!, 2?) =
h(|(z', z?)|) and yields that u € W11 (By(0))\H?(B2(0)). We even have that u ¢ W1*/(:=1)(B,(0)).
Observe that % may become arbitrarily close to 1. However, since I'(u) is compact and smooth
as a surface, its Willmore energy is well defined and finite.

Example 3. It is also possible to introduce in the previous example a vertical piece and to obtain
a surface that is not a graph, but that can be approximated by smooth graphs with uniformly
bounded Willmore energy: Cut the surface in Example [2| along the circle where u has infinite
slope and insert there a cylindrical part. This can certainly be L'-approximated by a sequence
(uk)reny C M with uniformly bounded Willmore energy, but u € BV (Q) \ WH1(Q). Note that the
limit of the graph functions is a BV -function with a non-vanishing jump part and that at its jump
points also the absolutely continuous part V®u of the gradient blows up.

In the next example a function v € W21(Q) \ H%(Q) is constructed such that its graph has
bounded Willmore energy. Here the singularity is independent of the parametrisation of I'(u) and
therefore a “real” geometric singularity.

Example 4. We consider Q2 = B := B;(0) and a function u € CJ(2) N C>®(2\ {0}) such that for
r = |z| close to 0:

u(z) = ! (—logr)l/Q,
o 1/2 (951)2 _ —1/2 _ 1/2
ug(z) = (—logr) oy (—logr) ™7 = (=logr) " + O(1),
1,2
ua(e) = —S(=logr) V2 =0(),
3! —1/2 (z')? —1/2 (z')? —3/2
Uiz (T) = —ﬁ(—logr) /+7(—10gr) /—W(—logr) 2,
2 1\2,.2 12,2
€ _1pe (@)% _1p (@)% —3/2
Uprg2(z) = —ﬁ(—logr) /+T(—1ogr) /—W(—logr) 72,
1 10,.2\2 1(,.2)2
_ x _12 @ (29) _1j2 T (2%) —-3/2
Ug2g2 () = —Q—ﬂ(—logr) /—{—T(—logr) /—7(—logr) /2,
Au Vu-D?u-(Vu)T

Concerning the asymptotic behaviour for r | 0 we have in view of H[u] = ATuDIZ ~ (15[ a2)i2
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|D%y],
and |H| < O =5~

Vu| = (=logr)/?+0(1), Q = (—logr)'/? +0(1),
2 _ 1 2,12 _ 1
D?u|? 1

The second derivatives of u are locally integrable around 0 and so, exist as weak derivatives in the
whole domain B, such that we even have u € W*(B) ¢ Wh1(B). Thanks to (24) we see further
that Wo(u) < co. However, u & H?(B). To this end we show that u,1,1 & L?(B). We observe that

(')? —3/2 2
T (—logr) € L*(By2(0)),

while

1 143 2
x —?m(—logr)_l/Q—l—(a;A‘)( -2 =

52 —logr)

2 r2

(z)? (3 . <>> > e

ri(—logr) \ 2 (—logr)

The latter function is not in L'(B;5(0)). Otherwise, one would have also that z — % €

1V2 4 (,.2)2 L .
L'(B1/5(0)) and so that z — (493"4)(:29;2) = 4r2(_110gT) € L*(B;/5(0)), a contradiction. This shows
that displays the precise asymptotic behaviour of D?u close to 0.

Finally, I'(u) is not a C?-smooth surface because the curvature of the curve ¢ — (¢,0,u(t,0)) is

given by

1 1
Uyt 1 (£,0) 2~ e 1 2~ tm

(1+ g1 (£,0)2)32 " —at\/=Tlog[t](—logt] — gbr)®2  —4t(0g [t)? (1 + grope)®/?

and becomes unbounded and so undefined for ¢ | 0.

4 Compactness and lower bounds for energy-bounded sequences

When we consider minimising sequences for the Willmore functional of graphs (subject to appro-
priate boundary conditions), or more generally sequences with uniformly bounded Willmore energy
Theorem [2| shows that BV N L is a natural space, where uniform bounds hold. In particular,
such sequences are precompact in L'. For this reason it is useful to study the behaviour of the
Willmore functional with respect to L'-convergence. However, as the examples of the previous
section indicate, limit points need not remain in H?(Q2) and even can have an L!-limit with jump
discontinuities, which results in vertical parts in the boundary of the corresponding sublevel-sets.
This leads to substantial difficulties in the analysis. Nevertheless, we derive below some additional
(mild) regularity properties and control the Willmore energy of the absolutely continuous part of
limit configurations.

To introduce an appropriate generalised formulation consider for v € BV () the absolutely
continuous part Véu € L'(2) of the R%-valued measure Vu, set Q% := /1 + [Veu|? and define the
absolutely continuous contribution to the Willmore energy as

1 Va V‘l
a I \E Q%dx if € H(div,Q) and the integral is finite,
Wy (u) == {4 Ja ( ) (25)

00 else,
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where the space H (div, Q) of L?(Q, R?)-vector fields with weak divergence in L?({) was introduced
in Section

In the next theorem we prove our main lower bound and compactness results. For energy-
bounded sequences in H2(2) that satisfy a suitable boundary condition we show that there exists
a L'-convergent subsequence. The limit belongs to BV (2) N L>(Q2), the absolutely continuous
contribution to the Willmore energy Wy is finite and obeys an estimate from above. In particular,
if the limit is already a W11 (Q)-function the full Willmore functional is controlled. This also shows
the L!-lower semicontinuity of Wy in H?(Q2) (subject to prescribed boundary conditions).

Theorem 3. Let (ug)ken be a given sequence in H?(Y) that satisfies uy, — € HY(Q) for allk € N
and

lim inf Wy (ug) < oo. (26)

k—o0

Then there exists a function w € BV () N L>(2) with VQaa“ € H(div, Q) such that after passing to
a subsequence

up — u in L'(Q)  (k — o0) (27)
and
Wy (u) < lign inf Wo(uy). (28)
—00
In particular, if w € H?(Q) then
Wo(u) < likm inf Wo(ug). (29)
—00

Moreover, in a sense made precise in Proposition [3] it is proved there that the trace of u on 9
satisfies H'-almost everywhere on {(Q%)~! > 0} N 9N the boundary condition u = ¢.

A related lower semicontinuity result in the context of integral currents was proved by Schétzle
[Sch09]. The area bound required there is in our case satisfied thanks to Theorem [2| and therefore
could also be deduced (with some additional work) from [Sch09, Theorem 5.1]. However, we
prefer to give a self-consistent proof within the context of graphs, with the advantage that more
elementary arguments apply, compared to Schétzle’s approach.

Proof. There exists a subsequence, again denoted by (ug)ken, and a constant M > 0 such that

Wo(ug) — likm inf Wo(ux) and  Wy(ug) < M for all k € N. (30)
—00
Theorem [2] implies that
HukHco(ﬁ) <C, / Qr dz < C uniformly in k£ € N. (31)
Q

By the compactness theorem in BV [AFP00, Theorem 3.23] we deduce that there exists a function
u € BV (Q) and a subsequence k — oo such that holds. By we also have v € L>(2) and,
possibly after passing to another subsequence, we obtain

u, — w strongly in LP(Q) for any 1 <p < oo, and a.e. in . (32)

Furthermore, we deduce from , , and that

D2 2
/Q’ Q‘;’“‘ d:v</Q|Ak|§Qk dz < C. (33)
k
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Here we made use of the boundary condition uy — ¢ € H}(2). We consider the bounded mappings
1 1 1 1

= = y = V == v = vu
Uk Q (1+ [Vu )/ Uk °= Gk VUE Yk T T [Va2)ea
We have
2
) 8guk 8 (9guk ]D2uk| \D2uk|
asz = a = =0 )
2 i - O ) =g
D?u
Ojv, = (aiqk)Vuk + qk o;Vuy = O(’QL"/;‘)
k

By one has uniform boundedness of (qx)ren and (vi)reny in H'(Q). Hence one finds ¢, v €
H'(Q) such that, after passing to a subsequence,

G —4q, ve—v inH(Q), (34)
ax — q, vr— v inany LP(Q),1 < p < oo, and almost everywhere in . (35)

From now on we fix precise representatives for qx,vg, k € N and ¢,v. By [Eva90, Theorem 7,
Section 1.C] there exists a subsequence k — oo and for every m € N an open set F,, C  with
Capgo(Em) < L (the choice of 3 here and in the following is for convenience, any exponent in

(1,2) instead of 2 works as well) such that

gk — ¢, vk — v uniformly in Q\ E,,. (36)
This yields for E = M,>1E,, that

gk — q, v — v pointwise in Q\ E. (37)

Since Caps 5(E) < Capg/s(Ey,) for all m € N by [EG92, Remark in Section 4.7.1] we conclude that
E has 3-capacity zero and thus satisfies ’Hl(E) =0, see [EG92, Theorem 4.7.4].
Due to the uniform area bound (| . and Fatou’s Lemma we deduce that

C > hm 1nf/ Qrdx > / lim mf(qk) 25 4y = / ¢ % d. (38)
Q
This shows that ¢=2/5 € L'(Q), in particular
g > 0 almost everywhere in 2. (39)
We next claim that
vL? = qVu  as Radon measures on Q. (40)

To prove this, consider any n € C§°(£2, R?). Making use of and so in particular of the C°-
bounds for uj; we obtain:

/n-vda; = /nmkdx—i—o(l):/qk.n~Vukdx+0(1)
Q Q Q
= —/(di‘”?) qk U dx—/ (n-Vak) - (ux —u) dz
Q ~~ ~~~ O ——— ——

—q in L2 —u in L2 O(1) in L? —01in L2

—/Q(nu)' z% dx + o(1)

—Vgqin L2

= —/(divn)qudz—/(n-vq)Ud33+0(1)
[¢) Q
= —/QUV'(qn)dx—i-o(l). (41)
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For the right-hand side we claim that
—/QuV - (nq) do = /an-d(Vu). (42)

In fact we can approximate 7q strongly in H}(2) by a smooth sequence (wy)sen that is uniformly
bounded in C°(€2). As above we deduce that there exists a set E C € with %—capacity zero and
thus (see above) with H!(E) = 0, such that wy — 1q everywhere in Q \ E. Since |Vu|(E) = 0 by
[AFP0O0, Lemma 3.76] we have wy — ng¢ in |Vu|-almost every point and deduce from Lebesgue’s

dominated convergence theorem that

—/ uV - (ng)dz = — lim | uV-wede = lim [ wy-d(Vu) = /nq-d(Vu),
Q Q

£—00 O {—00 (9]

which proves . From , we deduce . We next show

v = ¢V%  almost everywhere in €2, (43)

qViu =0 as Radon measures on €. (44)

To prove these properties we first obtain from [Sim83, Theorem 1.3.5] that for every k € N there
exists a set By with |By| = 0 such that for any xo € {|V®u| < k} \ By

By N (V> kY
40 ’Br(xO)’

This implies that for almost every xg € Q2

1B, (o) N (V%] > [Voul(o) + 1]
Eiry B, (w0)] =0 (45)

Next we deduce from [Magl2, Corollary 5.11] and [EG92, Theorem 1.6.3, Corollary 1.7.1] that
almost all xg € 2 are Lebesgue points of both V%u and ¢, and that Vu is absolutely continuous in
almost every zg, i.e.

lim d(Vu) = Vu(zg) € R?, (46)
rl0 B (w0)
. [Voul(Br(20))
lim —————————= =0, 47
1B o) o
lim |Véu(z) — V*u(zg)|dx = 0, (48)
rl0 B (o)
lim lg(z) — g(z0)| dz = 0. (49)
rl0 Br(ﬂfo)

To prove we therefore can restrict ourselves to zg € €2 such that — are satisfied. We
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then compute

(]{BT(I ad(v) - q(xo)]{gr(x )
<f o) - alao)] V(@)
By (o)

<f rq<x>—q<:co>uvau|<x>dx+][ ey
Br($0) Br(x())

< (IV°ul(z0) + 1>][ lg(x) — ()| da

B7-(z‘0)
miA
+ o |Veu(z) — V*u(zg)| dx
| By (o) (20)N{|Vu|>|Veu|(zo)+1}
1
/ |Veu(zo)| dz +][ d|Veul
\B (20)| J B, (z0)n{|Veul>|Vau|(z0)+1} By (w0)

-0 forr]O

by ([49),([48),([5) and (7). This shows (¢Vu)*(zo) = q(z0)V*u(zo) and implies by that almost

everywhere in )
= (¢Vu)* = ¢V%u
holds, which gives . We further deduce from that
= (¢Vu)® = qVu — (¢Vu)* = ¢Vu — q¢V*u = qV¥u,

and therefore holds.
Finally, we claim that there exists a set Ey of %—capacity zero such that V%u has an approxi-
mately continuous representative on {q > 0} \ E; that satisfies

Vo = ¢ v in {g>0}\ Fi. (50)

In fact, by [EG92, Theorem 4.8.1] first there exists a set Ej of %—capacity zero such that Q\ Ey
only consists of Lebesgue points of both ¢ and v. Therefore ¢, v are approximately continuous in
Q\ E; and by and the properties of approximate continuity stated in Section we see that
the approximately continuous representative of V%u is well-defined in {g > 0} \ E; and that
holds.
Enlarging the set E from by E; we conclude that
1 1

Vug = q—vk — gv = V% in {¢ >0}\E, (51)
k

Qr =1+ |Vug|? = 1+ |Vau2 =Q° in{¢g>0}\EFE, (52)

where Capg/»(E) = 0. Using we deduce that
/Qadm < hmlnf/ Qrdxr < C.
Q

We next discuss convergence properties of the mean curvatures Hy = div (VQk ) k € N. In view
of (30)) we have that

/H,%dxg/ﬂ,fcgkdxgzm.
Q Q

18



Hence there exists H* € L?(Q) such that after passing to a subsequence
Hj, — H® in L*(Q).

By Lebesgue’s theorem we further deduce for any ¢ € C5°(Q)

/H“Cda: - lim/Hdex_— lim Vg C:—/VU-VCda:,
Q k—oo /o o Qr o Q%

where we have used tha

Qr
(.D and . This shows that V u

9

(div, Q) and that

Va
div = H* weakly.
Q°
We next claim that even
Hi\/Qr — H%/Q* in L*(Q). (53)

By there exist f € L?(Q) such that after passing to a subsequence
Hi/Qe — f  in L*(9).

Moreover, we have for any ¢ € C§°(Q2) that ( ‘/@) ¢ — 0 almost everywhere and so, by

VQrk
Lebesgue’s theorem and % <1/Q% in L?*(Q). Hence
/ (Hk«/ —H“\/Qa d / He/Qr <1— V) ¢ dx—i—/ ¢\/Qo (Hy — HY)
V@ \—/—/
0()mL2%r—’ €L?  —0inI?
— 0 in L?

— 0 for k — oo.

We conclude that for all ¢ € C5°(Q)
(=) e =) o

This proves that f = H*/Q® and so finally .
The weak lower semicontinuity of the L?-norm eventually yields

1 1
/ (HY)?* Q%dx < 1iminf/ HZQy, dx = lim inf Wy (uy,)
Q 4 koo Jo k—o0

Wiu) =

as claimed. n

We next show that in H?(Q2) subject to a suitable boundary condition we have continuity of
the total GauB-curvature with respect to L'-convergence. Together with and Theorem |3 this
implies lower semicontinuity as in also for W,, v € R arbitrary.

Proposition 1. Suppose that 2 is C3-smooth and that ¢ € C3(Q).
Let ug,u € H*(Q) satisfy ux — ¢ € HE(Q). Let Ky and K, resp., denote the Gauf§ curvatures
of their graphs. Then

up —u i LYQ), sup Wo(ug) < oo
keN
implies that
/Kde: lim/Kkadx. (54)
QO k—o0 O

19



Proof. We shall first collect a number of equivalent representations for the total curvature which
are convenient in different situations we have to deal with. We use the notation from Remark [I] and
assume the boundary 92 to be parametrised by arclength, ¢’(s) and ¢”(s) have to be understood
correspondingly. According to Remarks[l] and [2] and using an approximation argument we have

_ _ B —uy(5)¢"(s) + K(s)(1 + ¢'(5)%) .
/QKQ dr = 2mwx(Q2) — /81“(u) l{gds =27x(Q) /89 (1+ ¢/(5)2 —I—ul,(s)2)1/2(1 + 80/(5)2) d
Vu-v(s) ©"(s) B K(s)
oo @ 1+ ¢'(s)? o @

Thanks to our smoothness assumptions on the boundary data we find a function

= 27x(Q) + ds. (55)

"
aeClﬁ: xlogn = —5 o0
@ abo= 1l

and may proceed:

/QKde:27rx(Q)—|—/QH(3:)a(x) dx—i—/QzJ-Vozdx—/mH(Qs)ds. (56)

Now, consider a sequence uy, — u in L'(Q) as described in our assumptions. According to the
proof of Theorem [3| and since u € H?(Q) we have after passing to a suitable subsequence

Hy, — H in L*(Q),
Vup — Vu, Qp — Q a.e.in (Q,

;5/2 _ (1 + \Vuk|2)_5/4 N Q—5/2 — (1 4 \Vu|2)_5/4 in Hl(Q), hence
Q;S/Z —(1+ |Vuk|2)75/4 Q= (1+ \Vu|2)75/4 in L?(09), hence
Q’:5/2 _ (1 + |Vuk|2)_5/4 N Q—5/2 — (1 4 \Vu|2)_5/4 Hla.e. on 99.

One should observe that thanks to uy,u € H2(), we also have Vug|aq, Vulaq € L*(092) and in
particular that |Vug| < oo, [Vu| < oo H'-a.e. on 9Q. We conclude that

Qr= V14 |Vur2 = Q =+/1+|Vu]2 H'-ae. on 9Q.

Making use of Lebesgue’s theorem and observing that \%] <1 and é < 1, this yields

_ o Vg _ [ 56
/QKkadx = 2 X(Q)—i—/QHk(x)a(m)dx—i—/Q O Vadz /8 ds

Q k

R 27rx(Q)—|—/QH(x)a($)dm+/QZ;-Vad:n—/{mﬁé;)ds

= /QKde.

Since the previous reasoning can be carried out for any subsequence we have also convergence of
the whole sequence. O

5 Minimising a relaxed Willmore functional in L'(2)

5.1 Dirichlet boundary conditions

In what follows we always assume 2 C R? to be a bounded C?-smooth domain and fix a boundary
datum ¢ € C%(Q).
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To model Dirichlet boundary conditions , i.e.

ou Oy
u =g and % = % on 8Q,
we consider the set

M:={uec H*(Q): (u—y)ec H(Q)}.

As mentioned before (see Remark [2)) in this situation it suffices to consider the original Willmore
functional Wy since the total Gaufl curvature is completely determined by the data.

Following Ambrosio & Masnou [AMO03] Introduction & Section 4] (cf. also [BDMP93|,[BM04] and
references therein), we define the L*(2)-lower semicontinuous relaxation of the Willmore functional:

W:LY(Q) — [0,00], W(u):= inf{liéminf Wo(ug) : M 3wy, — u in L(Q)}.
—00

We remark that such approximating sequences always exist. However, their Willmore energy may
not be bounded and oo will certainly be attained by W for some u € L'(Q). From the area
and diameter bound we however obtain that any u € L'(Q2) with W(u) < oo belongs at least to
BV (Q) N L>®(9).

One should observe that the Dirichlet boundary conditions are not encoded in the domain
of definition of W but implicitly included by restricting the class of approximating sequences to
functions that satisfy the boundary conditions in H2(Q2). We will prove below that W (u) < oo
implies attainment of the Dirichlet boundary conditions in an appropriate weak sense.

We show first that W and W, coinicide on M.

Theorem 4. For u € M one has W(u) = Wy(u).

Proof. For all u € M the inequality Wy(u) > W (u) is obvious by definition. To prove the opposite
inequality take any sequence (ug)reny C M with u — u in L'(Q) and liminfg_,oo Wo(up) < co.
By Theorem [3| and since u € H?(Q) we deduce

Wo(u) = Wg(u) < ligninf Wo(ug).
—00

This yields Wy(u) < W (u). O
In the following proposition we discuss the implications of finiteness of W (u).

Proposition 2. Suppose that W (u) < co for some u € L'(Q). Then

Veu
Qa
holds. Moreover, both the trace of u and the absolutely continuous representative of Veu are well-

defined H'-almost everywhere on 02 and satisfy the Dirichlet boundary conditions H!-almost
everywhere on 0f0.

u € BV(Q)NL>(Q), € H(div,Q) and W (u) < W(u) (57)

Proof. Let u € LY(Q) satisfy W (u) < oo. Then there exists a sequence (uj)reny C M such that
up — u in LY(Q) and W (u) = limg_,o Wo(ug). From Theorem [3{ we deduce ([57)).

It therefore remains to prove the attainment of the boundary data . Let us choose an
open bounded set ; C R? with smooth boundary such that 2 CC Q; and let us extend ¢ to
© € C?(Q1). We also extend uy, by ¢la,\@ and obtain a sequence (u)i in H?();) with uniformly
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bounded Willmore energy also with respect to the larger domain €. Theorem [3|and the properties

@D, E4). 9. BI), (2) show that

Qe — q, U — U in Q\ E, (58)
qgViu = 0 as Radon measures on €y, (59)
Viu = ¢ o on {g > 0} \ E, (60)
Vup = Vou, Qr — /1+|Voul2=Q° in {g>0}\E, (61)

where E C €1 has %—Capacity zero and the approximately continuous representative of V®u exists
everywhere in {¢ > 0} \ E. We recall that ¢ > 0 a.e. in ;.
On 0f2 we have, denoting by 7 a unit tangent field on 02

p= VIH IV = V1+ - V) + (- Vu)? = \/1+(8@) +(8£)2-

ov or

We deduce from and that
g>0 ondQ\E, (62)

in particular H'-a.e. on 9Q. By [AFP00, Lemma 3.76] we have |V°u|(E) = 0 and by (59),
this yields |V5u|(0£2) = 0.

By , we deduce for the approximately continuous representative V%u, which is well-
defined H!'-a.e. on 012, that

Viu-v = khm Vup-v = Vy-v H'-almost everywhere on 9. (63)
— 00
This proves the attainment of the second Dirichlet boundary datum.
From now on we will work in the original domain 2. We observe that g, := ;3/ ? and

e = U Q,:gﬂ satisfy

2
3
Oigr, = 75 (Ojug) (0;0;ur) Q) 72
=1

l\')
<.

er = (Oyur) ,;3/2—721%6%) (0;0m) Q1.
7j=1

Using the diameter bound and we infer that the sequences (gi)ren and (ex)ren are
bounded in H'(£2). After passing to suitable subsequences and possibly enlarging the set E, we
obtain in addition to f that

gr — g, ex—e in H'(Q), (64)
gk — g, € —¢ in Q \ E7 CapS/Q(E) = Oa (65>

and that ¢ = (Q%)~%/? and e = ug hold almost everywhere in Q.
We next claim that H'-almost everywhere on 02 the traces of e, g, u, which are well-defined by

[EG92, Theorem 5.3.1], satisfy e = ug. In fact, H!'-almost all zg € 9 are by [AFPQO0, Theorem
3.87] Lebesgue boundary points,

lim |u(z) — u(zo)|dz = 0,

™40 J B, (20)n62

lim lg(z) — g(z0)|dz = 0, lim le(z) — e(xo)|dx = 0.
40 J B, (z0)nQ2 740 J B, (z0)nQ2
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Using these properties we deduce

le(zo) — u(zo)g(zo)|

F o)~ ula)g(ao)| do
By (zo)NQ2

IN

£ (lela) = el + fuan) (o) — g(a))| + o) u(zo) ~ u(e))]) do
By (zo)NQ2

tfJele) — ulw)gla)]| do
By (z0)NQ2
=0 (rl0),
since the last integral is zero and since u, g are uniformly bounded. This shows
ug = e H!-almost everywhere on 9. (66)

We further obtain from ¢ = ¢3/5 in H L(Q) that g = ¢*/® holds H!'-almost everywhere on 9Q for
the corresponding traces. Furthermore the sets of Lebesgue boundary points of ¢ and Lebesgue
boundary points of g on 92 are the same, since

][ 1% — (o) da < ][ 1 — qlao) 5 da < ][ I — q(zo)| da,
B (z9)N2 By (z0)NQ2 By (z0)NQ2

)
Foolamaallde < f @ Gl e < f 2 - g(a0)* ] da,
B, LU())QQ Br(mo)ﬂﬂ Br(.ro)ﬁQ

where we have used |g| < 1. In particular, this implies
{g>0}N(N\ B) = {g>0n @2\ B) for some B C 90 with H'(B) =0, (67)
and by
g >0 H!-almost everywhere on 5. (68)

By and since uy, satisfies the first Dirichlet boundary condition we find that in L?(99) and
H!-almost everywhere on 052

e = lim e, = lim @gr = g
k—oo k—o0

holds. This yields by , that u = ¢ is satisfied H'-almost everywhere on 9. Together with
this proves that the Dirichlet boundary data are attained. O

Since by construction the lower semicontinuous relaxation is lower semicontinuous and by the
compactness property from Theorem [3| we obtain the existence of a minimiser for W, which is even
bounded and has finite surface area.

Theorem 5. There ezists a function u € BV (Q2) N L>°(Q) such that
Vo e LNQ) : W(u) < W (v).

Proof. We consider
o :=inf{W(v):ve LY ()} < oo

and a minimising sequence (uy)ken C LY(9), thus o = limy_, W (uy). Thanks to the definition of
W we may achieve that even (ug)ren C M. According to Theorem || we have W (uy) = Wo(ug),
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hence a = limg_,oo Wo(uz). Theorem 3| yields that for a subsequence u, — w in L'(€) and that
u € BV () N L>(Q). Due to the definition of W it follows that

W(u) < lim Wy(ug) = a.
k—oo

The reverse inequality o < W (u) follows from the definition of o as an infimum. To conclude we
have u € BV (2) N L*°(Q) and it satisfies

W(u) = a=inf{W(v): v € BV(Q)}.
O

The preceding arguments show that the infimum in the definition of W is in fact a minimum
and that
inf{W(v) : v e LY(Q)} = inf{W(v) : v € M} = inf{Wy(v) : v € M}.

5.2 Navier boundary conditions

In what follows we always assume {2 C R? to be a bounded C3-smooth domain and fix a boundary
datum ¢ € C3(Q).
In order to model the so called Navier boundary conditions

u=¢ and H =2yky on I
we consider the set
M = {ve HXQ) v — ¢ € H)(Q)}. (69)

As explained in the introduction one can formulate only the first Navier datum via a suitable subset
of H?(£2) while the second datum is only obtained via a minimising property and, when compared
with the Dirichlet setting, the larger set of admissible testing functions.

In contrast to Dirichlet boundary conditions the total Gaufl curvature is not determined just by
the Navier condition and is not constant on M. Thus, we now consider the generalised Willmore
functional W, from .

We define as above the L!(£2)-lower semicontinuous relaxation of the Willmore functional:

ny : LY(Q) = [0, 00], /W,Y(u) = inf{likminf W, (ug,) : M 3 up — uin LY(Q)}.
—00

We remark that again such approximating sequences always exist and that the set {ny < oo} will
be strictly smaller than L(Q).

Similarly to Theorem [] we also obtain for - the Navier boundary problem that the relaxation of
W, coincides with the original functional in M:

Theorem 6. For u € M one has Wv(u) = W, (u).

Proof. The inequality W, (u) > WV(U) follows immediately from the definition. To prove the oppo-
site inequality take any sequence (uy)reny C M with up — win L'(Q) and lim infj,_,o W, (ug) < oc.
By Lemma [2 also (Wy(ug))ken is bounded. Therefore all properties shown in Theorem |3 hold and
since u € H?(Q) we deduce that Wy(u) < liminfj_,o Wo(uz). Since the total Gaufl curvature is
continuous by Proposition [I] we therefore also obtain

< liminf
Wv(u) = %gg WW(uk)a

o~

which implies W, (u) < W, (u). O
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Remark 3. As in the Dirichlet case we would like to characterise properties of the subset of L!(Q)
where W, is finite. The key difficulty here is to identify a suitable generalisation of the total Gaufl
curvature for a sufficiently large subclass of functions u € L'(Q2) \ H?(2). We consider here for

u € BV(Q) with Gt € H(div,Q) and (Q*)~" € BV(Q)

Ve 02 / K
‘v T ds — — ds, 70
o0 Q* 1+ (0rp)? aa Q° (70)

where 7, k denote a unit tangent field and the scalar curvature (taken nonnegative for convex parts)
of 00, respectively, see Remark

Since YQG(L" € H(div,Q) by [TemO1l, Theorem I.1.2] we have VQaa“ v € H-Y2(0Q) and the first
boundary integral, which more precisely has to be understood as a H~Y2(99Q)-HY?(99) duality
product, is well-defined. Furthermore (Q%)~! € BV (Q) ensures by [EG92, Theorem 5.3.1] that the

second boundary integral is well-defined. Note also that by [Tem01, Theorem I.1.2]

Ea(u) == 2mx(Q) +

a
Ea(u) = 2mx(Q) —i—/H“(ac)a(m) da:—i—/ Viu, Vadx—/ ids, (71)
Q o Q° a0 Q°
where H* := V - VQaa“ and where a € C1(Q) is any differentiable function satisfying a|gn =

2¢

T 02

Our choice of the functional £z is motivated by Proposition |1} and . In fact, the latter
proposition shows that £g(u) coincides with [, KQdx for v € H 2(Q) with boundary values ¢.
Moreover, for all C' > 0 the functional & is continuous with respect to L!-convergence in H?(2) N
{Wy < C}. We do not claim that our choice of £z is a reasonable representation for arbitrary
u € LY() \ H*(Q). However, at least for minimising sequences in M we expect that limit points
enjoy additional good properties such that their total Gaufl curvature might already be described
by &q.

Using this modified total Gaufl curvature we can define a generalised Willmore functional (or
rather the non-singular part of the latter) as

Wiu) = Wg(u) +vEa(u)

for w € BV(Q) with G2 € H(div,Q) and (Q*)~' € BV(Q).

The next proposition shows that for u € L'(Q) with Wy(u) < oo the functional WY is well-
defined and satisfies an upper estimate. In addition, at the non-vertical part of the boundary the
first Navier boundary datum is attained.

Proposition 3. Consider u € L'(Q) with Wv(u) < 00. Then u € BV(Q) N L>*(Q), ana“ €
H(div,Q) and (Q*)~! € BV(Q) holds and we have
W3i(u) < Wy(u). (72)

Moreover, H'-almost everywhere on {(Q*)~' > 0} N N the trace of u on O satisfies the first
Navier boundary condition u = .

Proof. There exists a sequence (uy)gen C M such that

—

up —u  in LY(9), Wy (u) = lim W, (uyg).

k—o0
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Thanks to Lemma[2|and since (W, (ux))ken is bounded also (Wy(uy))ren is bounded. So, most argu-
ments of the proofs of Theorem [3|and Proposition |2 carry over, but the convergence of fQ KiQrdx
and the attainment of the boundary condition need to be carefully discussed.

As in the proofs of Theorem [3] and Proposition [2] we obtain, after passing to a subsequence and

recalling gx = Qk , €k = ULk,

g — g, er—e in H'(Q),

gk — g, ek —e in Q\ E, Capg(E) =0, (73)
Vup — V% a.e. in €, (74)

Hy —~ H =V an“ in L2(), (75)

and that ¢ = (Q%)~%/? and e = ug holds almost everywhere in Q. Moreover Q* € L'(Q), ana“ €
H(div, Q) and

W§(u) < likminf Wo(ug). (76)
—00

Since 0 < (Q)~! <1 for all k € N and further

vieo " =~ pruvu, [ v@o < ([ ettt ([ )’

(Qx)~ ! is uniformly bounded in W11(Q). By the BV compactness theorem and since (Qy)~! —
(Q")~!in LY(Q) we deduce that (Q*)~! € BV (Q).

We next show the convergence of the total Gauf§ curvature. Here it is convenient to fix any
a € C*(€2) as above and to use the representation (71]). By we deduce that g, — g in L?(09)
and, possibly passing to a subsequence, H!-almost everywhere on 95). Since gj, g are bounded we
deduce that we also have

_ 2/3
@) =g = g =@
strongly in L1(9Q), where in the last equahty we have used that ¢%/% = (Q*)~! in BV(Q) and
therefore in L'(9€2). Furthermore, from (74]) and since |VZ"\ <1 we obtam
a
Vue _, VU L),
Qrk Q°

Equation , the convergence properties just derived, and yield for k — oo

Vg Vadx—/ ids
Q o0 Qk
— 2mx(Q /H“ da:—i—/

Qk
—ds = &
Q /asz Q° olu)-
Recalling we conclude that ( . ) holds.

Following the proof of 1n Proposition I we obtain H'-almost everywhere e = ug on 0f).
Moreover we deduce from (Q%)~! = = ¢?/3 similarly as in @ that

Ea(ug) = 2mx (2 /Hk x)dx +

{g>0}n 02\ B) = {(Q")' >0}n(8Q\ B) for some B C 90 with H'(B) =0,

and further by the first Navier boundary condition that e = limj_,o er = g holds H'-almost
everywhere on 9. This implies that u = ¢ is satisfied H'-almost everywhere on the set 9 N

{1~ >0} H
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Remark 4. As before we obtain as a corrollary the existence of a minimiser for /W, which is even
bounded and has finite surface area: There exists a function v € BV (2) N L>(2) such that

Yoe LYQ) : W, (u) < Wy (v).

The proof follows closely that of Theorem |5l To obtain the respective compactness property for the
generalised Willmore functional W, we in addition use that by Lemma [2| a bound on W, implies
a bound for Wy. We expect that the first Navier boundary data are not necessarily attained in
a pointwise sense if vertical parts of the graph are present in the limit. Such a deviation will be
charged by contributions to the energy from the singular part. In particular in such cases we expect
that Wi (u) < W, (u).

Remark 5. Most of the results for the functional W, also apply to more general Canham-Helfrich-
type functionals [Hel73) [Can70]

Wa,Ho (0 /\/1+\Vu|2dx—|— /H Ho)* \/1+|Vul2de — v /K\/1+|Vu2da:

The physical meaningful range of parameter values is described by the conditions o > 0,0 < v < 1,
YHE < 4a(1—7), see [Hel73, Nit93]. These restrictions ensure pointwise nonnegativity of the whole
integrand o + +(H — Ho)? — 7K.

Here we can consider arbitrary fixed a > 0 and Hp, . For given ¢ € C?(2) we prescribe the
boundary condition ulpo = ¢|aq. Then the term + [ K /14 |[Vu|? dzx is uniformly bounded by
the data, see the proof of Lemma [2| Hence, bounds for W, - p, immediately yield bounds for the
area and so for Wy. Diameter bounds follow directly by Theorem

In order to extend Proposition |3| one observes that the area term is L'-lower semicontinuous.
Moreover, the proof of Theorem [3| yields that (v/Qp)ren is bounded in L?(Q2) and /Qr — Q%
holds almost everywhere in . Vitali’s theorem implies that v/Qr — +/Q® in L*(Q2). We conclude
further from that (Hy, — Ho)v/Qr — (H* — Hp)v/Q% in L?(Q2). Hence the proof of Proposition [3]
can be extended to the Helfrich case.

If we assume only « > 0, but further that a > EHg for some € > 0, then bounds for W, - m,
imply bounds for Wy that are uniform in a. Diameter and area bounds follow by Theorem [2 The
corresponding results to Proposition 3| can the be proved as indicated above.

Acknowledgement. The authors are grateful to Gerhard Huisken for very fruitful and helpful
discussions and suggestions.
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