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L? REGULARIZATION OF THE NON-PARAMETRIC MINIMAL
SURFACE PROBLEM

H. ATTOUCH AND T. CHAMPION

ABsTRACT. The non-parametric minimal surface problem is an ill-posed vari-
ational problem, even in its relaxed form. Indeed, the relaxed problem is an L!
type problem, and it is not strictly convex so that it may have more than one
solution. Following [2], we use the LP regularization technique with p — 1.
Under fairly general assumptions, we show that the approximate solutions
(up)p converge strongly in W1 to a particular solution of the relaxed prob-
lem. Indeed, the so-selected solution is characterized as the unique solution of
an auxiliary variational problem involving the integrand ¢ — [t|in|t|.
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1. INTRODUCTION

In this paper, we are interested in a particular case of the minimal surface prob-
lem, namely the non-parametric minimal surface problem. This problem originated
from the Plateau problem, which consists in finding the minimal surface (i.e. the
surface of least area) bounded by a given closed curve in IR®. In the so-called non-
parametric minimal surface problem one has to determine a function u defined on
a domain Q of R whose graph is of least area among all the graphs of functions
taking the same boundary values. This problem together with the minimal surface
problem has been studied by many authors among which Rado, Douglas, De Giorgi,
Federer, Fleming... For more precise and complete historical comments, we refer to
[5]-

The non-parametric minimal surface problem (P) is an ill-posed problem in its
original statement, because it may have no solution taking the prescribed boundary
values. Anyway, the boundary constraint can be relaxed so as to obtain a problem
(P;) which admits at least one solution, which can be viewed as a generalized
solution of (P). But then (Py) is still ill-posed because in general it has more
than one solution. The aim of this paper is to provide with a way to regularize
(Py) in order to select a particular solution. This is done by defining a family
of approximating well-posed problems (P,),>1, which in our case will be the LP-
regularized problems of (P;), with the property that if we denote w, the solution
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of (P,), then (uy,), is a minimizing sequence of (P;) and converges to a particular
solution of (P;). In fact, the limit of (u,), is shown to solve an auxiliary well-posed
minimization problem related to the regularization technique employed to define

(Pp)p-
2. PRESENTATION OF THE PROBLEM AND THE LP APPROXIMATION

Throughout this paper, 2 is an open bounded connected subset of RY, with a
Lipschitz continuous boundary that we shall denote 9f).

Let ¢ € WH1(Q) NL>°(2). Then the so-called non parametric minimal surface
problem is:

(P) Inf{/Q\/H \Vu(z)]?dz : u € g+W(1)’1(Q)}

This problem is in general ill-posed in the sense that it doesn’t always have a
solution (see [3], chapter V example 2.1). In [3], Ekeland and Temam proposed a
direct study of this problem via duality arguments, and defined a notion of gener-
alized solution. In this paper, we follow De Giorgi, Giusti and Miranda (in [4]) and
consider the following relaxed form of the non parametric minimal surface problem:

(Py) Inf{J(u) = /Q V14 |Vu(x)|2dsc—|—/£m lu—g|dHy_1 : u € Wl’l(Q)}

where Hy_1 is the N — 1-dimensional Hausdorfl measure. We recall that each
function u in W11(Q) has a trace on 9 (that we still denote by u) belonging to
LY(09).

Now the set S(Py) of optimal solutions of (P;) is nonempty. This is not obvious
because one would rather expect a minimizer of J to belong to BV(£): when
applying the direct method of the calculus of variations, one is led to imbed W11(Q)
into BV(£2) and to take the lsc-closure of J on BV(Q2) (here we set J(u) = +oo for
u € BV(Q) \ WH1(Q)) so as to be able to extract a weakly convergent subsequence
from a minimizing sequence of (P;). The trick is that a solution obtained by this
method (which is also a generalized solution in the sense of [3]) is analytic in © and
belongs to W1(€), as shown in [5] (or [3]). The set S(P;) is also obviously convex,
but may not be reduced to a singleton. For a counterexample, we refer to [5],
example 15.12. Anyway, if g is continuous on 9, then (P;) has a unique optimal
solution (see [5] and the reference therein for more details). In fact, as discussed
in [3], if 41 and ug are two optimal solutions of (Py) then Vu; = Vug because the
member of J depending on the gradient is strictly convex. So S(P;) is a segment,
and two optimal solutions of (P;) differ only by a real constant. This also implies

that if u; and ug are in S(P;), then / |ug —g|dHy_1 = / lus — g| dHpy—1.
99

As explained in the introduction, the aim of this papef ?s to show that under
suitable hypotheses, we can construct a family (P,),>1 of well-posed variational
problems such that if u,, is the solution of (P,), then (u,), is a minimizing sequence
of (P1) which converges to a particular solution of (Py).

One may first think of an elliptic type regularization (see [6]), and consider the
family of problems:

(P:) Inf{JE(u) = J(u) —|—5||UH§U(Q) RTINS Hl(Q)}
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The trick is that for e > 0, (P.) is elliptic on H}(Q). Then if we denote by
u. the unique solution of (P.), and suppose that S(P;) N HY(Q) # 0, it is easy to
show that (u.)e~o converges as ¢ — 0 in H!(Q2) to the unique element @ € S(P)
which minimizes |||z, over S(P1). Anyway, the condition S(Pr) N H' () # 0
does not seem natural since problem (P;) is defined on W1(2). Moreover, when
S(Py)NH(2) = 0 the convergence of (u.).o to a particular solution of (P;) is still
an open problem. Noticing that, when N = 2 W1(Q) is continuously imbedded
in L2(Q), an alternative approach to the elliptic regularization is to consider the
following variational problem:

Inf{J(u) +elullfaq : u € wl»l(Q)}

Here, we will be interested in an other type of regularization, namely the LP
regularization, for which we can weaken the sufficient condition for the conver-
gence of the net of minimizers. Following [2], we consider the family of well-posed
approximating problems (P,) related to (P):

(P,) Inf{Jp(u)/{;(\/1+|Vu|2>pdx+/;g |ug”dHN_1:uEW1’p(Q)}

Now the functional J, that appears in problem (P,) is strictly convex, continuous
and coercive on WHP(Q) for p > 1, so (P,) has a unique solution, that we will denote
by u,.We aim to show that (u,), is a minimizing sequence for (P;), so that every
cluster point of (u,), in BV() is an optimal solution of (P;). Then, we will
provide with a sufficient condition under which the whole net (u,), converges to a
particular optimal solution. To this end, we need to define ® : IR — RU{+o0} by

+00 if r<0
O(r)=4 0 if =0 . Then ® is convex on IR" and is everywhere not less
rin(r) if r>0
than —1/e. For simplicity, we will use —1 as a lower bound for ® in the calculations.
Notice that » — ®(|r|) is not convex on IR.

The following theorem establishes that the family (P,), is a variational approx-

imation of (P):

Theorem 2.1. The sequence (uy) is a minimizing sequence of (P1) as p — 1.
Moreover,

lim J,(up,) = lim J(up) = Inf(Pr)
p—1 p—1

Proof For every positive 7, the function p — 77 is convex on IR", with derivative
p +— rP1n(r). Thus,

Vr>0 Vp>1 1P >r+4+(p—1)rin(r)

Now, let u € H'(Q2) and 1 < p < 2, then by the definition of u, and the previous
inequality
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Jp(u) > Jp(up)
> J(up) +(p—1) |:/QCD (\/1 + |Vup|2) dx + /GQ(I)OUP —g))dHy_1
> Ju) — (- 1) (La(9) + Hy_1(09))
> Inf(P1) — (p— 1) (Ln () + Hy-1(0%))

where Ln(Q) is the N — 1-dimensional Lebesgue measure of . Notice that Ly (£2)

and Hy_1(99Q) are finite by hypothesis.

As u € HY(Q), we infer lim1 Jp(u) = J(u). By taking the limsup and the liminf as
p—

p — 1 in the preceding inequalities and then taking the infimum over v in H*(£),
which is dense in WH1(Q), we easily get our claim. O

Remark In fact, we can even show that .J, epiconverges to J on Wh1(Q).

To be able to go further, we need to suppose some more regularity for the solu-
tions of (Py).

3. A SUFFICIENT CONDITION FOR THE CONVERGENCE OF (up)p

As in [2], we introduce the following subspace of WH1(Q):

Definition 3.1. We will denote WH'T(Q) = U WhP(Q)
p>1

Remark The function t — 1/1n(t) belongs to W1(0,1/2) \ WH+(0,1/2), so in
general WH1T(Q) ¢ Whi(Q).

With this in hand, we can state the main result of this paper, which is that if
the elements of S(P;) are regular enough, then the whole net (u,), converges to a
particular solution of (P;). This result may be compared to the one we stated for
the elliptic regularization in the preceding section, for which the natural hypothesis
for the convergence of (u:).>o is S(P1) NHY(Q) # 0.

Theorem 3.2. Assume that S(Py) N WHiT(Q) £ 0.
Then the net (uy), strongly converges in WH1(Q) to the unique solution
u € S(Py) of the following auzilliary minimization problem:

(Py) o [ @(u-)diy e s}

Remark Problem (P;") can be considered as the selection principle linked to the
L? regularization of (P). Indeed, the solution of (P;) selected as the limit of the
approximate solutions (u,), is characterized as being the unique solution of (P;).

Proof of theorem 3.2 As two solutions of (P;) differ only by a real constant,
S(Py) ¢ WHIT(Q). Let ¢ > 1 be such that S(P;) ¢ WH4(Q). Throughout the
proof, we will assume 1 < p < gq.

Let u € S(Py), then recalling the inequalities used in the proof of theorem 2.1, we
get forall 1l <p<gq:
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Jp(u) = Jp(up)
> J(up) +(p—1) [/Q i) <\/1 + |Vup|2) dz + /m D (|u, — g|) dHNl]
>

J(u)+(p—1) [/Q@ <\/1 + |vu,,|2> dr + /aﬂfl)(|up g)dHN_l]

where, in the last inequality, we use that u € S(P;). Let us rewrite the above
inequality as

A¢(W>dw+[)ﬂ¢(lup—gl>dHN_l < ‘W (1)
< AW IW
P

the last inequality being a consequence of the convexity of p — rP for positive r.
Since the left hand side of (1) is uniformly bounded by the right hand side of (2),
which is finite because u € S(P;) N WH4(Q), we may apply the Dunford-Pettis
theorem to (Vu,),. But as the family (u,), is also bounded in W'1(Q), we infer
that (up)p, is weakly Wh1(Q)-relatively compact. Let (upx))ren,where

p(k) — 1, be a subsequence weakly converging in W11(Q) to a function u; €
WEh(Q). As (uyk)) ke is a minimizing sequence of (P1) and J is convex continuous
on Wh(Q), we obtain u; € S(P).

Let us now show that u; is a solution of (P;"). Thanks to lemma 4.1, we know that

(,/1 + |Vup(k)|2)k weakly converges in L'(Q) to /14 |Vuq|? and (Jup) — 9))k

weakly converges in L'(9Q) to |u; — g|.
As ® is convex continuous on IR", we may pass to the liminf on the left hand side
of (1) and obtain that for all w € S(P;) and p €]1,¢|

Lo (m> ot [ @ g dityy < 2=

Applying Lebesgue’s monotone convergence theorem to the right hand side of this
inequality, we get, for all u in S(Py)

/ch (\/1 + |Vu12> dz + /m@ (Juy — g|) dHy_1
< /Q<I> <\/1 + |Vu|2> dr + /anI>(|u —g|)dHy_4
As two solutions of S(Py) only differ by a constant, this results in
Yu € S(Py) / @ (Juy — g) dHy -1 g/ @ (ju—g[)dHy
a0 a0

So uy is a solution of (P;"). We claim that such a solution is unique. Indeed, let
u and v be two optimal solutions of (P;"), then as J(u) = J(v) and Vu = Vv, we
easily get
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u—+v
2

v = gllLian) = lv = gllLian) = -9

L1(89)

As S(Py) and ® are convex, we also obtain

[ atu-dya= [ ago-ghai=[ of

Now, lemma 4.2 implies u = v in L}(9Q), so u = v in WH1(Q). This proves our
claim, and we obtain u; = u, where u is the unique solution of (Pfr)

This implies that the whole net (u,), weakly converges to @ in Wh1(Q). It remains
to show that it strongly converges to w. To this end, we use inequality (1): we
apply it with v = @ and pass to the limsup as p — 1 to get

lim sup {/ o (\/ 1+ VUPQ) d$+/ D (Jup —g|) dHn_1
Q o

p—1

g/{zq)(m)der/aQ@(ungHN—l

Now, as (u,), weakly converges to u in Wh1(Q), we apply lemmas 4.1 and 4.4 to

U+ v

— gl) dx < oo 4)

obtain
2 .. 2
<

/Q(I> (\/ 1+ |Va| > dx < hin_}{lf/ﬁfb (\/1 + [Vu,| ) dx
and

/ P (Ju—g|)dHy_1 < hrninf/ D (lup — g|) dHn—1

90 r=1 Joq

so that

: / 2\ 5 / _2
11)112/9@( 1+ |Vuy,| >d1‘/Q<I>( 14 |Val >dw

Then lemma 4.3 allows us to conclude that (uy), strongly converges to @ in WH1(Q),
thus finishing the proof. O

Remark Notice that problem (P;") always makes sense since S(P;) C L°(99)
(it is a consequence of g € L°(Q)), and (P;") is also always well-posed, even if
S(P)NWHIH(Q) = (. As shown in the previous proof, the unicity of the solution
is a consequence of lemma 4.2. The existence of an optimal solution @ of (P;") can
be easily shown by applying the direct method of the calculus of variations. Indeed,
let (u,), be a minimizing sequence of (P;"), then by the Dunford-Pettis theorem
we may extract a subsequence that weakly converges in L'(9Q) to some u, which
then belongs to S(P;). Now the same trick as the one used in the proof of lemma
4.1 shows that (|u, —g|)» also weakly converges in L (9€2) to [t — g|, so that @ is an
optimal solution of (P;") thanks to lemma 4.4. This naturally suggests the following
question: is theorem 3.2 still valid without assuming S(Py) N Whi+(Q) £ ?
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4. TECHNICAL LEMMAS
We gather here some lemmas needed in the proof of theorem 3.2.

Lemma 4.1. Suppose that (up),>1 weakly converges in WH1(Q) to u € S(Py).

Then (« /14 Vup2> weakly converges in L*(Q) to \/1+ |Vu|* and

p>1
(Jup — gl)p>1 weakly converges in L' (0Q) to |u — g|.

Proof We first notice that hm / v/ 1+ |Vup|?de = / V1 +|Vu|?dz and hm lup—
re)

gldHy_1 = |u — g|dHy_1. Indeed, this is an easy consequence of the weak

Joaq
lower semicontinuity of the functionals / \/1+|V.]* and / |. —g|dHn_1 on
Q a0

the space WH1(Q) and of theorem 2.1 which asserts that lim J(up) = Inf(Py) =
p*}

/\/1+|Vu|2dx+/ |u— gldHpy_1.

Now, let A be a Borel subset of 92, then

/|ufg|dHN_1 < liminf/ |up — gldHN_1
JA p—1 A

and

limsup/ |lup —g|dHn_1 = limsup {/ lup — g|ldHN_1
p—1 A o

p—1
—/ |up — gldH N1
aO\A

/ |u— g|dHpy—1 —hmlnf/ lup — g|ldHN_1
o0 p=1 Joo\a

so by the previous inequality, we get
limsup/ lup —gldHn_1 < / |u—gldHy_1 — / lu—g|dHn_1
A o0 o\ A

p—1 )
[ u=glaty-s
A

thus proving that lirr{/ lup — g|dHNn_1 = / |u — g|dHy—1. As this is true for
p—=1Ja A

every Borel subset A of 01, the sequence (|u, — g[),,.., weakly converges in L1(69)
to Ju — g|.
We apply the same argument for (1 /14 Vup2> . O

p>1

The three last lemmas can be stated in a more general setting, lemmas 4.3 and
4.4 being easy adaptations to the vectorial case of lemmas 6 and 7 in [7]. The
following lemma implies the uniqueness of the solution (P;").
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Lemma 4.2. Let (0, A, ) be a measure space with a positive measure [, and
U : RT — IR a strictly convex function. Let u, v belong to L' (Q) and satisfy (8°)

and (4’).

u+v
lullLi o) = [lvllLi@) = 5 (3"
L1(9)
u+v
[wtuan= [ wieha= [ w(]*57)) <o ()

Then u = v in LY(Q).
u(z) +o(@)] _ Ju(@)] + [o(z)

Proof It is easy to show that (3') implies 3 = 5 for p-

almost every = € Q (this is equivalent to say that u(z) and v(x) are of the same
sign p-almost everywhere on Q). But then, as VU is strictly convex on IR", this
and (4') imply that |u(z)|] = |v(x)| for p-almost every x € Q. As a consequence,
u(z) = v(z) for p-almost every = € Q, which is our claim. O

Lemma 4.3. Let (Q, A, 1) be a measure space with a positive finite measure u,
and C C RN be a closed convex set. Assume that (hp)new is a sequence in L(Q)
satisfying h, () C C for all n. Let us assume that (hy,), weakly converges to h in
LY(Q) and that there exists a continuous and strictly convex function ¥ : C — IR
such that

limsup/\IJOhndug / Yo hdy < 400
Q Q

n—-+oo .

Then (h,,) strongly converges to h in L1(Q).

Lemma 4.4. Let (Q, A, u) be a measure space with a positive finite measure p,
and C C RYN be a closed convex set. Let also ¥ : C — IR be a continuous convex
function.

Assume that (h,)nen 5 a sequence in LY(Q) satisfying h,(Q) C C for all n,
and weakly converging to h in L(Q). Then

/ Vo hdy <liminf [ ¥oh,dy
Q

n—-+oo Q

Remark In the proof of theorem 3.2, we apply these lemmas with C = IR" and
C=R".
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