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Abstract In this note, we establish some estimates of solutions of the scalar
Ginzburg-Landau equation and other nonlinear Laplacian equation Au = f(z,u). This
will give an estimate of the Hausdorff dimension for the free boundary of the obstacle
problem.
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1. Introduction

Recently there are many interesting results appeared in the study of mathemat-
ical theory of super-conductivity. There people considered Dirichlet and Neumann
boundary problems. There are a lot of such articles related to bifurcation and stability
properties about solutions. People also like to find multiple solutions for complex valued
Ginzburg-Landau equations. One interesting problem is the obstacle problem for the
scalar Ginzburg-Landau equation. However, the free boundary problems, in particular,
obstacle problems, are seldom considered in this theory. Such problem is nature since
the Ginzburg-Landau equation has a closed relation with the minimal surface theory.
The Obstacle problems for minimal surfaces or for constant mean curvature surfaces
have attracted a lot of people. As is well-known, the free boundary problems are very
important in science and technology, one may see the article of A. Friedman [1] for
more exposition. One such problem for linear elliptic partial differential equations is
the obstacle problem, which is considered by many famous mathematicians. In the
linear elliptic problem case, L.Caffarelli [2] proved a very beautiful result. In fact, he
can show that the solution is C™! and the free boundary is an n-1 dimensional sub-
manifold. His argument is very delicate. As he pointed out, his method can be used to
treat some nonlinear problems. Some of his results and arguments have been extended
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to p-Laplacian problems by K.Lee and H.Shahgholian [3]. One natural question is if a
similar result is true for the obstacle problem in the super-conductivity theory.

In this paper, we study the obstacle problem for the scalar Ginzburg-Landau model.
Let D C R" be a bounded smooth domain. We are now given a (smooth) bounded
function f(z) on dD ( we assume that f has an extension f € C?#(D)), and a (smooth)
function ¢(z) € C?#(D) with p(x) < f(z) for every x € dD. We study the partial
differential equation (GL),:

Au+du(l —u?) =0 in {u > ¢},

where A > 0 is a (large) constant.

Let M = |f|pec. Let up =inf{—1,—M} and u; = sup{1, M }. It is clear that ug is
a sub-solution of (GL),, and u; is a super-solution of (GL),.

We can get a solution by the direct method. Define K to be the closed convex set

K= {ue Huy < u<u,ulop = fu> ¢}

Clearly, since we can extend f on all D such that f € K, K is closed, non-empty convex
subset of H'.
Set

J(u):/D]du|2+i/D(u2—1)2

on K. Then it is easy to see that the infimum is achieved on K. In fact, the minimizer
u satisfies the Ginzburg-Landau type equation

Au+du(l—u?) =0 in {u > ¢},

where A > 0 is a (large) constant. By using a simple comparison argument, it is easy
to see that the solution is unique. Let

Q= {z;u(x) > p()}

Then we meet the question about the regularity of the solution. It is easy to see that
since this v is in L™, it is C1* o € (0,1), ( by Theorem 1 in [4]). Furthermore, by
adapting the argument in [2], we can show that u is in C1!, and smooth away from the
free boundary S := {u = ¢} (see the next section). So the key part is to understand
the regularity about the free boundary.

To understand the regularity of this minimizer near the free boundary, without loss
of generality, we need only to study the following model problem. In the unit ball of
R™ we consider a given function w with the following properties:

(a) w>0,weChH

(b) Aw = g(x) in the set Q = {w > 0};
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(¢) 0 € 99, i.e. the point 0 is on the free boundary.

Assume g(z) = —Ayp > 0, where ¢ is the obstacle function, which is assumed to be
given in the class C%>*. Hence g € C*.

Our main result is the following result, which is Theorem 5.3 at the end of of this
paper.

Theorem Given f,¢ as above. Let u be the solution of the above. Then u € C11.
Set g = —Ap — Ap(1 — ©?) and assume that g(z) > 0,7 € D.

Let Ns = {x : d(x,00) < 0} be the neighborhood of the free boundary 02. Then

|N; N B,| < Cor"L.

In particular, the free boundary has locally finite (n—1)—dimensional Hausdorff measure,
and
H"Y(00nB,) < Cr" L.

We will follow the method of L.Caffarelli [2] ( see also [5]), but we treat a little
more difficult case than that considered by L. Caffarelli. In fact, we pay more attention
to the results applicable to nonlinear elliptic problems. It is not hard to see that our
result can be extended to the generalized G-L model

Au+ du(b(z) —u?) =0 in {u> ¢},
where b(r) is a positive function on D. It is our belief that this kind of result is also
true for p-Laplacian (p > 2) operator, however, we will not consider this.

2. Regularity of the Solution

1
Let F(u) = Z(UQ —1)%
In this section, we prove by following an argument in [2] the C'! regularity of the

solution u of the obstacle problem for G-L model (GL),. We may take A = 1.
Take any £ € C3(D) and € > 0. Let € > 0. Let

ue = min{uy, u + €£}.

Then
Ue = U+ 65 - 66

where
¢° = max{0,u+ e£ —u;} > 0.

J is differentiable at u in the direction ue — u. Then, we find

0 << J'(u),ue —u>.



52 Ma Li and Su Ning Vol.17

Sending € — 0, we get 0 << J'(u),& >. This means that we have
Au+du(l —u?) <0 in D,

in H!'-sense, and
Au+du(l —u?) =0 in {u> p}.

Let V be the solution of the following problem
AV — F'(u)=0, inD
with the Dirichlet boundary condition
V=Ff inodD.

It is well-known that this V is in C?#(D).
Define U =u —V, and let a = ¢ — V on D. Then we have

AU <0 in D

and
AU =0 in{U > a},

Then we are in the situation treated by L.Caffarelli [2]. So, we have the Cl:!
regularity for U, and then for w.

From here, we may believe (as in [2]) that the free boundary S is an n-1 dimensional
CY* sub-manifold. However, we need time to verify this.

3. QGradient Estimates And Maximum Growth

In this section, in the unit ball of R™ we consider a function w in the unit ball of
R™ with the following properties:

(a) w>0,weChl;
(b) Aw = g(x) in the set Q = {w > 0};
(c) 0 €09, ie. the point 0 is on the free boundary.

Assume g(z) = —Ap > 0, where ¢ is the obstacle function, given in the class C**.
Hence g € C*. In [2], L. Caffarelli considered the special case where g = 1.

We begin with well-known estimates:
Lemma 3.1 Let Aw = g in Br(xo), then

|Vw(zo)| < ﬁosczng(x())11) + R sup g. (3.1)
R Br(zo)

By the CY' regularity of w, we have
|D*w| < C. (3.2)
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For a proof of this result, one may see [6].
Lemma 3.2 (Gradient Bound) There exists C > 0 such that

[Vw(z)| < Cy\/w(zx), =€
Proof Let 29 € Q and w(zg) = h > 0 and R = ¢vh with ¢ > 0 small enough.

Then from the estimate (3.2),Br(zo) C €.
First, let v solve the problem

—Av = g(z) in Bg(xo),
v = 0 on dBg(xp).
Since 0 < g < C, we may verify that 0 < v < C(R? — |z — z0[?).
Consider the function
u(z) = w(z) +v(z),
then u is harmonic, and positive in Bgr(xz). By the Harnack inequality
sup u < Cu(xp),
Br(zo)
and so
supw < supu < Cu(zg) < Clw(xg) + R?].

Hence it follows from (3.1)that
C
|Vw(zg)| < Ew(xg) + CR.

To conclude, we note that w(zg) = h and R = ¢v/h, which completes the proof.
Lemma 3.3 (Maximum Growth) There exists ¢ > 0 such that for every xo € )

and Ry = dist(zo, 0D N ),

sup w > cR?, 0< R < Ry.
Br(wo)
Proof Let g9 = ming. Then
9o, . 2
5, 12 = @0l

is subharmonic in Br(xo) N Q and u(zg) = w(zg) > 0. Thus u reaches a positive
maximum on 0(Bg(zo) N 2). But on Br(z) NN

Uu=w—

u= —g—olm — x0)? <0.
2n

Hence, u takes its positive maximum at some x; € dBg(z¢) N Q2 (which is nonempty).
Namely,
u(xy) = w(xy) — D p2 .
2n

Therefore,

max w > w(xry) > @RQ.
BR(LE()) 2n
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Remark 3.4 i) From the proof we may give the constants explicitly:

min g
2n

CcC =

ii) The same results are also true for a function w in the unit ball B; of R™ with
the following properties:

(a) w>0,we Cb
(b) Aw(z) —w(x) = g(x) in the set @ = {w > 0};
(c) 0 €09, ie. the point 0 is on the free boundary.

Here we assume g(z) > 0 and g € C%(Bj1). One can see [5] for more comments.

4. Nonlinear Equations
By using the standard comparison argument we have
min{—l,mrinu} <u< max{l,mrz}xu},
where I' is the boundary of the domain D. The function w = u — ¢ satisfies
Aw = - u(l —u?) — Ap(z) in {w >0} (4.1)
and a similar gradient estimate is true:
[Vw(z)| < (AC1 + Co)Jw(z), =z € Q.

The maximum growth estimates for the solution w = v — ¢ > 0 is also true near
the free boundary {w = 0} provided the right side of the equation (4.1) is positive:

Assumption g = —Ap — A\p(1 — p?) > 0 over the closure of D.

Remark This condition is nature. In fact, if —Ap > 0, and —1 < ¢ < 0, then

g=—Ap—p(l—¢*) >0

for all A > 0.
Under this assumption we may write (4.1) as

Aw = g(z) + Ap(1 — ¢*) —u(l — u?)],

and then 1
G(x,0,u) = g() + Ap(1 = ¢*) —u(l —u?)] > Sg(x) > 0

if w=wu— ¢ > 0 is small enough.
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More general nonlinearities Consider the bounded solution of the following
equation
Au= f(u,z) n {u> e},

where f is a proper function, and we impose the condition that Ay < f(¢,x). Then
we get for w = u — ¢ the equation

Aw = f(u,z) — Ap > f(u,z) — f(p,2) in {w>0}.
Note that on the free boundary {w = 0} we have
Aw > f(u,z) — f(e,z) =0.
Hence the gradient bound and the maximum growth are true for this problem.
Remark 4.1 Consider the equations of type
Au = f(Du,u,x) in {u > ¢}.

There are some difficulties, even we use f(|Dul,u,z) to replace f(Du,u,z). At this
moment, we leave this open.

5. Estimates for Free Boundaries
We derive the free boundary estimates by following L.Caffarelli’s idea [5].

Lemma 5.1 (“Gradient Strip” Estimates) Let w. = D.w be the directional deriva-
tive of w in the direction e. Assume that g € WL, Then there exists C > 0 such that

/ |Vwe|? < Chr™L.
{0<we<h} N B,

Proof Truncate w, at levels € and h: W, = min[(w, — €)™, h]. Then from Green

formula and Aw, = D.g it follows that

Vw, - Vwedx = —/ WeDegdx —|—/ We D, weds.
B, . OB,
Since € < w, < h, |D,w| < |D?*w| < C, Deg € L"(B,), we have
/ |Vwe|?dx < h/ |Degldz + h/ |Dywelds < Chr™ 1,
{e<we<h}y N B, B, B,
which leads to the conclusion by letting e — 0.
Lemma 5.2 (“Level Strip” Estimates) Let S, = {0 < w < h%}. Then there exists

C > 0 such that
|Sp N By| < Chr™ 1,
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Proof It follows from the Gradient Bound that

Sn C {[Vw| <h} C Lnj{\weil < h}.

i=1
Thus,
1
1S, 0 By < 2/ (Aw)2dz < C | D2w[2ds
ming= Js, N B, S, N B,
n
<C Z / \Vwej|2dm < Chr™ L.
i,j=1 {|wei|§h}

Theorem 5.3 Let N5 = {z : d(z,00) < §} be the neighborhood of the free boundary
0. Then
’Ng N BT’ < Corm1.

In particular, the free boundary has locally finite (n—1)—dimensional Hausdorff measure,
and
H" 100N B,) < or" L.

Proof From |D?w| < C it follows that
0 <w(x) <Cs* x€NsnQ,
that is, (Ns N Q) C Ss. Thus
INsN QN B,| <Cor™ L.

Then we get a proof of the result by the definition of Hausdorff measure.

We remark that with a little more effort, we can follow [2] to prove that the free
boundary S := {u = ¢} = 09 is an n — 1 dimensional C!"! sub-manifold in D. This
may be a very useful fact for further study related to scalar G-L models.
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