A TWO-PHASE PROBLEM WITH
A LOWER-DIMENSIONAL FREE BOUNDARY

MARK ALLEN AND ARSHAK PETROSYAN

ABSTRACT. We study minimizers of the energy functional
/ |Vu|2 + >\+X{u>0} + )‘_X{u<0} dH" 1
D DA(R"—1x{0})

without any sign restriction on the function u. The main result states that the
free boundaries
'™ =0{u(-,0) >0} and I'" = d{u( - ,0) < 0}

never touch and in dimension three they are C! regular on a dense subset.

1. INTRODUCTION

For a bounded domain D in R™ consider the problem of minimizing the energy
functional

(1.1) J(u) :/ |Vu|2 dx +/ )\+X{u>0} + /\7X{u<0} A"t
D DAR 1 x{0})

among all functions u € W2(D) with u — ug € W,*(D) for a prescribed ug. We
assume that AT and A~ are positive constants. The main objective of this paper is
to study the local properties of the free boundaries

It =T 90N D, where QF ' {+u >0} n (R x {0}).

The boundary here is defined by the topology of R"~! x {0}, so formally it is of
codimension two in R™.
This problem bears resemblance to the one of minimizing the functional

(1.2) J(u) = /D Vul + Ay guso) + A Yiuco)

studied in [2], the same paper where the renown Alt-Caffarelli-Friedman monotonic-
ity formula has been introduced. The minimizers of (1.2) are generalized solutions
of a classical two-phase free boundary problem

Au=0 in{u>0}U{u<0}

1.3
(1.3) |Vuy | = |Vu_|* =M on d{u >0} Ud{u < 0},

with M = A* — XA~. In one particular application, the problem (1.3) appears in a
simplified model for premixed equidiffusional flames, in the stationary case. More
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specifically, one considers the limits as € — 0+ of a singular perturbation problem
Au = B(u) in D,

where the nonlinearities ., € > 0, are supported in [0,€] and have a fixed total
energy [i Be(s)ds = M /2, sce e.g. [4].

When long range interactions are present, it is relevant to replace the Laplacian
by nonlocal operators, such as the fractional Laplacian. See survey papers [11] and
[3]. If one formally considers the equation

(=A% = —Bc(u) on R"H

where A, is the Laplacian on R"~! and 0 < o < 1, then in the case o = 1/2 this
equation can be rewritten as a boundary reaction problem

Au=0 inR"! x (0,00),
Op,u = Be(u) on R"™ x {0},

solutions of which can be found by minimizing a suitably smoothed version of the
energy functional (1.1) on R™. Letting ¢ — 0+, we obtain thereby that the mini-
mization problem (1.1) can be viewed as a “localized” version of the free boundary
problem (1.3) for the half Laplacian (—A,/)/2.

The one-phase version of our problem (i.e. nonnegative minimizers) has been re-
cently considered in [6]. The authors of [6], in fact, consider the analogous problem
for all fractional powers of Laplacian, by using the extension of Caffarelli and Sil-
vestre [5]. While our study of the two-phase problem is only for o = 1/2, there are
more technical tools available at our disposal (such as the Alt-Caffarelli-Friedman
monotonicity formula) which allows us to obtain richer results.

Main Results and Outline of Paper. The main results obtained in this paper
are as follows.

- Ezistence of minimizers. In Section 2 we show the existence of minimizers (The-
orem 2.1), including the maximal and minimal ones for the given boundary data
(Theorem 2.3).

- Optimal regularity. In Section 3, we show that the bounded minimizers are in
fact C'/2 regular (Theorem 3.1). This is the best regularity possible since in
fact C Re(xp_1 + i|x,|)'/? is a minimizers for appropriately chosen constant C
(Theorem 9.2).

- Conwvergence properties. Having the optimal regularity, in Section 4 we study the
convergence properties of sequences of minimizers (Theorem 4.1), including the
strong convergence in W12 (Theorem 4.2).

- Nondegeneracy. In Section b we show that the minimizers cannot decay faster
than the square root of the distance from the free boundaries, in both phases,
(Theorem 5.1), even restricted to the thin space D’ (Theorem 5.5). As a conse-
quence, we obtain that Q satisfy a H"~!-density property (Theorem 5.7), which
implies that H"~1(I'*) = 0.

- Separation of phases. In Section 6 we prove an unexpected result that that the
two phases QF and €, are separated in a sense that I'" N T'~ = (), and that
in fact the minimizers don’t change sign in solid neighborhoods of points on
I't (Theorem 6.1). This effectively reduces the two-phase problem to an one-
phase problem, at least for the study of the local properties of the free boundary.
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The proof is obtained by the application of Alt-Caffarelli-Friedman monotonicity
formula.

This result is in complete contrast with two-phase free-boundary problem (1.3),
where the two-phase points create a major complication even in the proof of the
optimal (Lipschitz in that case) regularity of solutions, see [2].

- H"3/2 measure of the free boundary In Section 7 we show that the free boundary
has H"3/2 measure zero (Theorem 7.1). This result is not optimal, but it is a
simple corollary for an estimate on H"~!-density of Au on D’ (Lemma 7.2), that
is instrumental for the remaining part of the paper.

- Monotonicity formula and blow-ups. In Section 8 we prove a Weiss-type mono-
tonicity formula (Theorem 8.1). It has an immediate corollary that the blow-ups
are homogeneous of degree 1/2, see Section 9. We then give a characterization
of so-called regular free boundary points (i.e. the points where the blow-up has a
flat free boundary) in terms of the Weiss energy functional (Theorem 9.4). The
proofs are heavily based on the use of Steiner symmetrization.

- Regularity of the free boundary in dimension n = 3. In Section 10 we prove the
main result of the paper. We restrict ourselves to dimension three, and therefore
the free boundary will be contained in R? x {0}. We use the Alexandrov reflection
technique to prove that the set of regular points is relatively open subset of the
free boundary, and is locally a C' curve (Theorem 10.1).

Notation and Terminology. Throughout the paper we will use the following
notation.

- We denote a point € R™ by (2/, x,,) where 2’ = (z1,...,Zp_1).

- For a € R, we define ax = max(+a,0), the positive and negative parts of a,
so that we have o = ay — a_.

- For any set 2 C R", we define

o an @t x {o})

We will refer to R~ x {0} as the thin space.

- The balls B = B,.(z) = {y € R" | |z — y| < r} will be often referred to as solid
balls; whereas, B’ = Bl.(z') = {y/ € R"7! | |y — 2/| < r} will be referred to as the
thin balls.

- The unit sphere in dimension n will be denoted by S™~!.

- The spherical coordinates (r, 01, ...,0,-1) € (0,00)x (0,27) x (0, 7) x - - - x (0, 7)
for a nonzero point z = (x1, 9, ...,x,) are defined by the relations

r=|z|

Ty, =708 0,1
Ty =718in6,_1sinf, _o---sinf,_rcosb,_r_1

x1 =rsind,,_1sinf,,_o---sinb;.

- We will call the sets QF e {£u > 0} N (R"~! x {0}) positive and negative
phases of u and A, & {u=0}N(R""1x{0}) the coincidence set. The free boundary
I, is the union of T’} and T, where ' Lef oNEND.
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- It is useful when studying local properties of free boundary points to consider
the rescalings at xog € T'y,.
def u(re + 0)
Uy = a2
It is easy to see that the rescalings are still minimizers of the functional J. When
we let 7 — 0, the process is known as blow-up. If for a certain subsequence r — 0,
u, converges to up (in a certain sense) we will also refer to ug as a blow-up.

2. EXISTENCE

We say that v is a minimizer of the functional J in (1.1) if
(2.1) J(u) < J(v), forveu+W,?(D).

Many of the results in this paper can be generalized also for local minimizers, for
which (2.1) is satisfied with v such that supp(u —v) € D and diam supp(u—v) < §
for some 6 > 0.

Throughout the paper we will assume that the domain D is bounded and that
the subdomains D* = DN {4z, > 0} have Lipschitz boundaries. This guarantees,
for instance, that the trace operator W2(D) — L?(D') is compact.

The next theorem establishes the existence of minimizers with a given Sobolev
trace on 0D.

Theorem 2.1 (Existence). For any ¢ € W12(D) there exists a minimizer u to the
functional J in the class & = ¢ + WOI’2 (D).

Proof. J(v) > 0, so there exists a minimizing sequence {uy}. Since ||V“kHL2(D) is
bounded, and ug|lop = ¢, we obtain
||uk||W1,2(D) is bounded.
Hence, we may extract a further subsequence s.t.
up — u in WH2(D).

It is clear that u — ¢ € I/VO1 ’2, so u € K. Furthermore, since the trace operator
v — v|ps is compact we may pass to a further subsequence to obtain

up — win L*(D'), and up —u H" 'ae. in D'
Then there exist two functions vi with 0 < 7* < 1 such that
X{u>0} =~ and X{ur <0} =

Since [}, ui (1 — X{+uz>0}) = 0, passing to the limit, we obtain [, u®(1—~%) =0,
which implies that

Xgus0} <77 Xu<oy <77 H" lae in D'
We then obtain:
/ |VU|2+/ A Xqus0r + A7 X{u<0}
D D’

< lim / |V |? —|—/ ATyt + ATy
D D’

k—o0

= kli_)H;O/DWUHZ +k1LH;O /Dl M X{ur>0r + A" X{ur<0}

Hence v is a minimizer. O
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Note that since the functional J is not convex, we may not necessarily have the
uniqueness of the solution, and in general we may not necessarily conclude that if
u and v are two minimizers with © < v on 9D, then u < v in D. Instead we have
the following lemma.

Lemma 2.2 (Lattice Property). Let u,v be two minimizers of the functional J in
a domain D with ulsp < v|op. If we define W = max{u,v} and w = min{u, v},
then W and w are minimizers of the functional J with boundary values v and u
respectively.

Proof. 1t is fairly straightforward to check that
J(wy) + J(wa) = J(u) + J(v)

Since Wlgp = v and w|gp = u, we conclude that W and w are minimizers of the
functional J. O

Theorem 2.3. For any ¢ € WH2(D) there exists a mazimal (minimal) minimizer
u* (uy) of J on D with boundary data ¢ on 0D such that v < u* (v > u.) for all
other minimizers v with v|agp = ¢.

Moreover, if u] and us are maximal minimizers corresponding to boundary data
@1 and P2 on OD and such that 1 < ¢ then ui < ub. Similar statement holds for
minimal minimizers.

Proof. The existence of u* and u, is obtained by the limiting procedure by using
the lattice property, similar to the standard Perron method.
The second part of the theorem is a direct consequence of the lattice property. [

Corollary 2.4. If D and the boundary data ¢ on 0D are symmetric about the line
(0,...,0,z,), then so will be u* and u,.

Proof. By theorem 2.3, if R is any rotation about the line (0,...,0,z,), then u*o R
is a minimizer with the same boundary data and therefore u* o R < u*. This is

possible only if u* is symmetric about (0,...,0,z,). The same proof holds for
Us . O

3. OPTIMAL REGULARITY

In this section we show the Holder-1/2 regularity of minimizers. This regularity
is suggested by the natural scaling of the problem. Namely, if u is a minimizer of J,
then u,(z) = u(rz + xo)/r'/? is still a minimizer of J with the respective boundary
data.

Theorem 3.1 (Holder-1/2 Regularity). Let u be a minimizer of J in By with
lull o,y < M. Then

lullorzs, ) < Cs
where C'is a constant depending only on n, M, and p.
Remark 3.2. In the above theorem we only need to control ||ul|;~ on the boundary
of the ball, since it is straight forward to show that if [ul e 5p,) < M, then

[ull oo (,) < M. Similarly, we note that if ulpp, >0 (< 0) then u >0 (< 0) in all
of Bl.
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To prove the above theorem, we will need a Caccioppoli inequality. Without
assuming apriori that u is continuous, we do not necessarily know that u, and u_
are subharmonic. Instead we prove the Caccioppoli inequality directly from the
fact that w is a minimizer.

Lemma 3.3. Let u be a minimizer of the functional J in Ba,.. Then

/ |Vul|? gg/ u?,
’1“2
Br B27~

where C' is a constant depending only on the dimension n.

Proof. Choose a cut-off function n € C§°(Ba,) such that

0<n<1, n=1on B,, \Vn|§&
”

and consider a competing function u¢ = u + euyn? for a small € > 0. Note that
{u® >0} = {u > 0} and {u® < 0} = {u < 0}, besides u¢ = u on 9Bsy,. Therefore,
from the minimality of u, we must have

/ Vul? < / IV (u + eusr?) 2,
Bz,- B2r

which by letting € — 0+ yields

/ VuV(uin®) <0.
Ba,

Proceeding as in the standard proof of the Caccioppoli inequality, we arrive at

C
/ [Vuy|? < 7?2/ ul.
B, Ba,

T

Similar inequality holds also for u_. This completes the proof of the lemma. O
We are now able to prove the optimal regularity of minimizers.

Proof of Theorem 3.1. Let B = B,.(y) be a ball contained in B; and v the harmonic
function such that v|gp = u. Then since J(u) < J(v) and v is harmonic,

/ V(u— o) = / Vul? — [Vof?
B B

< /B/ AT (X >0y = Xqus0y) +A™ (X{v<0} — X{u<0})
<O, AT )t

Now let M = [ull 1 (op,) and B = B;(y) with y € By/s and 0 <r < 1/16. Then
by the Caccioppoli inequality

C
/|Vu|2§ —2/ w2 < CM?*rn2
B T JoB

Since v is harmonic, we have the following well known inequality

c 1/2
sup V| < (n/ |V112>
1/2B ™ JB

and since v is harmonic, we also know

/ Vof? < / Vul?
B B
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Then we may conclude that

M
sup |Vv| < —
1/2B r

Let p = 2. Then
IVull 25,5 < IV =)l 25 () + IVOlL2(5 00

n—1 n
<Cp'z +Crn/? ||V”||L°°(Br/2(y))

< C’(pw?;1 + CMr™h

n—1

<Cp-=

Applying Morrey’s theorem, see e.g. [9] we conclude that « is Holder- 1/2. O

Remark 3.4. Now that we know that minimizers are continuous and we may use
first variation to conclude that w is harmonic on the set {u # 0} UDt U D~. In
particular, we also obtain that u; and u_ are continuous subharmonic functions in
entire D.

4. CONVERGENCE OF MINIMIZERS

In this section we have collected some results on the convergence of sequences
of minimizers, that are going to be important in blow-up analysis and compactness
type arguments throughout the paper.

Theorem 4.1 (Convergence of minimizers). Let {uy} be a sequence of minimizers
of the functional J in the domain D with |[ug||peopy < M. Then there ezists a
subsequence and a function ug such that for every open U € D

(1) wo e WH2(U) N CY2(T)

(2) up — ug in C*(U) fora <1/2
(3)  wp — ug in WHA(U)

(4)

Proof. Properties (1)—(3) follow immediately from Lemma 3.3 and Theorem 3.1.
So we will concentrate on the proof of (4). We must show J(ug) < J(ug + ) for
(NS WO1 ’2(U ). Since minimizers exist and are Holder-1/2 continuous, we only have
to show the inequality for 1) continuous. Choose a cut-off function n € C§°(D) such
that

ug s a minimizer of J in U.

0<n <1, n=1on aneighborhood of U.
For the minimizer u consider the following competing function:
v, = (uk + ¢ —en)y — (ur + 9+ en)—.
Then we have

J(ug) < J(vp)

< / IV (s + ) + / (26 Vur ||V + | Vn[2)
D s

upp n\U

—+ L, >\+X{uk+'¢'_5"7>0} + Aix{uk+w+€77<0}'
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Now since Vuy — Vu, and ug — u uniformly we obtain in the limit that

T < [ Wt 0P+ [ Xxpusso + A Ko + Ce
Letting € — 0 we obtain J(u) < J(u + ). O

Our next result strengthens the convergence given in part (4) of Theorem 4.1
from weak convergence in W12 to strong convergence, so minimizers under the
assumptions of Theorem 4.1 will be locally compact in W12,

Theorem 4.2 (Strong Convergence). Let {uy} and ug be as in Theorem 4.1. Then,
over a subsequence, uy — uqg strongly in WH2(U) for any open U € D.

To prove this theorem, we will need the following result on the structure of Au
for the minimizer w.

Lemma 4.3. Let u be a minimizer of the functional J. Then Au is a signed Radon
measure supported in A = {u =0} N D’ with the total variation |Au| satisfying

(lAul, xK) < C(n, K)|[Vul[2(p)
for any K € D. Moreover, Au is absolutely continuous with respect to H" 1|5 and

ou ou

- E 0x_p,

Ay = wH"‘1|A\p, w

or equivalently, for ¢ € C§°(D),
(Au, ¢) = / pw dH" .

A\T

In the statement of the lemma above we have used the notation

ou T ’Z,L(SC(), h) - U(Io, 0)

0z, (w0,0) = ilzlg%) h

ou _ . u(@o, —h) — u(2o,0)
or_p, (w0,0) = iyg%) —h

where h > 0, which exist at every point g € D'\ T.

Proof. The functions u4 are nonnegative, continuous, harmonic where positive.
Hence uy are subharmonic in By, implying that Au4 are nonnegative Radon mea-
sures, and consequently that Au = Auy — Au_ is a signed Radon measure. Be-
sides, we know that w is harmonic in B; \ A which implies that Aw lives on A. The
quantitative estimate on |Aul| follows from a standard argument for subharmonic
functions. Indeed, let n € C§°(B1) be a nonnegative cut-off function such that

n=1 on K, |Vn|rp) <C(n,K).
Then
(Busx) < Buw) = = [ Vuy ¥y < oK)l o)
D

and the claimed estimate follows.

For the second part of the theorem, we will essentially prove the divergence theo-
rem directly. If fact, we will need to jump ahead and use the fact that #"~(T") = 0,
see Corollary 5.8. (We just note here that the proof of Theorem 5.7 and Corol-
lary 5.8 is independent of Lemma 4.3.)
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We first break up the integral over D as follows:

/DuAgZ): D+uA¢+/DuAgz5

We now break up the Laplacian as:

/DuA¢: i 82¢+Z/ i

We now use iterated integrals as follows:

A R

(We may integrate over D' \ T' since H" 1(I') = 0). We are now able to use
integration by parts on each line to obtain

[ [ a0, o
\T 8‘T72.L - D'\T 6.’13'” 8‘7}” Dy ax%

Z/D 82925 Z/ ¢ax

Also

Then
ou o

ulA¢ = qﬁAu—i—/ —¢— —u
/D+ o pAr 9y, 0xy,

Now wu is harmonic and differentiable off the coincidence set, so when we add the
integral over D_ we get

Ju ou
ulA¢p = < + ) @. O
/D ar \0z, Oz,

We can now prove the strong convergence.

Proof of Theorem 4.2. Take a test function n € C§°(D) such that
0<n<1 n=1in a neighborhood of U.
Next, suppose that & is so large that |uy — u| < € on supp”n. Then we will have
(A = u), (we = w)n?)| < e((|Aux,n?) + (|Aul,7%)) < Ce,
where C' depends only on L? norms of Vu and Vu on D, by Lemma 4.3. Therefore
[ 196 = < Ce=2 [ a0 (i =), V)

and applying Young’s inequality, we arrive at

/ |V (up —u)|> < Ce+C (ug, — u)?.
U

supp 7
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5. NONDEGENERACY

As mentioned in the introduction, in order to study local properties of the free
boundary it is useful to study so called blow-ups. If w is a minimizer in Bj(xg),
then

() 2 20T

is a minimizer in By /.. Theorems 3.1 and 4.1 guarantee that if g is a free bound-
ary point and we let 7 — 0, we may extract a subsequence such that u, — wuyg.
This blow-up process is in essence an infinite zoom. The basic idea is to transfer
properties of ug to the free boundary of u close to xy. It is not immediately obvious
if ug could be degenerate, that is ug = 0. If ug were degenerate then we would not
be able to gain much insight for the free boundary of u near xg. Theorem 5.1 will
guarantee that ug will not be degenerate.

We now state the main theorem of this section.

Theorem 5.1 (Nondegeneracy). Fiz 0 < ¢t < 1, and let v be a minimizer of
J in B,.. There exists ¢ > 0 with € depending only on {\T, A7 t} such that if
ulop, < er'/? (ulgp, > —er'/?) then

u(z) <0 (u(z) >0) for x € By,
To prove this theorem, we will need the following estimate.

Lemma 5.2. Fiz 0 < k < 1. If u is a minimizer on By with u < M on 0B, then

/ )\+X{u>0} < MQCn,m
Bl
where Cy, . is a constant depending only on dimension n and k.
Proof. For 0 < k < 1, let ¢, be the solution to

¢H|33 :1, ¢H|B; :O, A(bk(l’) :OfOI‘l‘¢B;

We first note that the solution ¢,, exists since B \ B, is a regular domain for the
Dirichlet problem by the Wiener criterion. Let v = M ¢, and w = min{u, v}. Then
J(u) < J(w), and by grouping similar terms we find that

(5.1) [ N[ P val
D'n{v=0} Dn{u>v}

Note that we have used that u~ = w~. Now we use that u is harmonic in the open

set {u > v} so that
/ |Vul|? :/ (Vu, Vv)
{u>v} {u>v}

Substituting this into inequality (5.1) gives
/ /\+X{u>0} < / (Vo,V(v—u)) = / (Av)u = (Av, u)
D'n{v=0} {u>v} B!
Here, Av is a nonnegative Radon measure in B; whose support is {v = 0} = B/,
(see e.g. proof of Lemma 4.3). Now

<AU,U> < M2<A¢meB,".> < M2Cn,ﬁ- |

Next lemma improves the statement of Corollary 2.4 when the boundary data is
constant.
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Lemma 5.3. Let u be a minimizer of J on By such that the values of ulop, =
M > 0. Then u is symmetric about the line (0,...,0,2,), and the coincidence set
A ={u =0} N By is connected and centered at the origin.

Proof. Extend u to be a function on the cube @ with side length 2, by defining
u(xz) = M for x ¢ B;. We now apply Steiner symmetrization (as defined in [8, page
82]) to the function w = M — u on lines parallel to R"~! x {0}. If we only consider
{z | |zn| > €}, then w is Lipschitz. Then by [8, page 82], if we Steiner symmetrize
w to obtain v, we get:

/ Vul? = / Vul? > / Vo2
Bin{|zn|>€} Bin{|zn|>e€} Bin{|zn|>e€}

Equality is only achieved if w (and hence u) is already Steiner symmetric along the
lines we symmetrize. Furthermore, v will have the same boundary values as w on
OB. Then by letting ¢ — 0 we obtain

[ vl = [ vepz [ vep
B B1 By

Finally, we see that H"~!({u = 0}) is invariant under Steiner symmetrization. Then
by a limiting process, we see that u is a minimizer if and only if u is symmetric about
the line (0,...,0,z,) and {u = 0} is connected and centered at the origin. O

We are now able to prove the nondegeneracy result.

Proof of Theorem 5.1. First we note that by rescaling we only need to prove The-
orem 5.1 on the unit ball By. Also, Theorem 2.3 reduces Theorem 5.1 to proving
the theorem for the maximal minimizer u} where u}|sp = e. Lemma 5.3 proves
that {u; = 0} = B, for some p < 1. Lemma 5.2 shows

/ >‘+X{u:>0} —0ase—0

By,

Then there exists € depending only on {¢, AT} such that if u|gp, = € then
U|B£ =0

The case for which u > —e is proven similarly. O

Corollary 5.4. If u is a minimizer and 0 € T (0 € T7), then

(5.2) supu > Crl/? <inf u < Cr1/2) ,
9B, oB

where C depends only on AT, A\~ and n.

We have nondegeneracy for the solid ball. This next theorem will give us nonde-
generacy in the thin space. We will need this result to prove the positive density of
the free boundary. We note that Theorems 5.5 and 5.7 have already been proven
in [6] for the one-phase problem.

Theorem 5.5 (Nondegneracy in the thin space). Let u be a minimizer of J in B,
with |[ullc1/2(p,) < M. Then there exists C >0 and 0 < p < 1, depending only on

n, M, and \* (A7), such that if 0 € QF (0 € Qy) then

sup u > Cri/? inf < —Cri/? |,
BI\B!, BI\By,
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Proof. By rescaling, it is enough to prove the lemma for the case when r = 1.

Suppose first that 0 € Qi and u < 0 on B \B; with p < 1/4 to be chosen later.
Let ¢1/2 be as defined in Lemma 5.2. Then as before:

(53) [ o 2 M [ (@b
1/2 Bl
Now, A¢y/ is a nonnegative Radon measure, with a support in Ell /2 and in fact
a¢1/2 -1
Adyyp =2 . H" By,

!

Moreover, it is easy to see that d¢;/5/0x, < Cp on B;/4 D B,

Using also that

u < Mp'/? on B;), we can write

ﬁ// X{u>0} < CnMpl/z/l X{u>0}-

1/2 Bl/2

So by making p small enough we would obtain that u < 0 on Bl’). This would be a
contradiction since 0 € I'".
Suppose by way of contradiction that there exists a sequence {uy} of minimizers

in By with [lug|lci/2(p,) <M and 0 € Qi such that
1
ug(x’,0) < E|x’|1/2, for all (z’,0) with p < |2/| < 1.

Then u, — ug in C* for v < 1/2. Furthermore, by Theorem 4.1, ug is a minimizer of
Jin any ball B,., 0 < r < 1. Since 0 € Qi , then ug inherits the same nondegeneracy

properties of Theorem 5.1 that each uj, has. Then 0 € Q. But in the limit ug < 0
on B\ Bj,. This is a contradiction. O

The nondegeneracy in the thin space has one immediate corollary. We omit the
simple proof.

Corollary 5.6. Let {uy} and ug be as in Theorem 4.1. If x, € ka and x, — To €
D, then xg € Ffo.

We next show the positive density of the free boundary.

Theorem 5.7. Let u be a minimizer of J in By with |[ullci/2p,) < M and 0 € T'F.
Then there exists ¢ = c¢(n, M, \") > 0 such that
H QN By
(54) c < W <l-c
for every 0 < r < 1. Similar estimate holds also for Q. if 0 € I'".

Proof. Since 0 € T'", by Theorem 5.5 there exists (z’,0) such that |z'| > pr and
u(2’,0) > C|2’|'/2. By uniform Holder-regularity, u will be positive in a small ball
around (z’,0). This proves the estimate from below.

To prove the estimate from above we argue as follows. If B/, 20N 2, is nonempty,
then by the argument above show that the set Q, N B. C B.. \ Q! is large enough
and completes the proof. So it remains to consider the case when v > 0 in B/, /2
Besides, scaling if necessary, we may assume that r = 1/2. Now, if the estimate
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from above fails in this case, we can find a sequence of minimizers u; as in the
statement of the theorem such that u; > 0 in Bi /4 and

H* ' ({ur =0} N B} ;) — 0.

Let now vx be a harmonic function in By /4, with the same boundary values as u
on 0Bj/4. Then arguing as in the beginning of the proof of Theorem 3.1, we will
have
/ IV (v — ug)|* < )\+/ X{up=0} — 0.
B4 1/4

Next, passing to a subsequence, we may assume that up — ug and vy — vy uni-
formly in By /4. Clearly, vg is harmonic in Bj/4 and ug is a minimizer of J in B,
for p < 1/4, with 0 € 1";‘0. Besides, by Fatou’s lemma Vug = Vug in By 4, which
implies that ug = vo + ¢. Consequently, ug is also harmonic in B; /4. Now observe
that ug > 0 in By 4 and uo(0) = 0. By the strong maximum principle this implies
that up = 0 in By /4. However, this contradicts the fact that 0 € F;‘O. O

Corollary 5.8. The free boundaries T+ have H"~! measure zero.
Proof. Apply Lebesgue’s density theorem and use the property (5.4). O

The zero H"~! measure of the free boundaries allows to conclude the following
fact about the convergence of the positivity and negativity sets of minimizers.

Theorem 5.9. Let {uy} and ug be as in Theorem 4.1. Then, over a subsequence,
X{up>0) = X{up>0}s  X{up<0} = X{uo<oy H"' '-a.e. on D',

Proof. Without loss of generality we may assume that D is the unit ball By and

prove only that X{u, >0} = X{uo>0} H" '-a.e. on By - We will also assume that

the properties (1)—(4) in Theorem 4.1 hold.

First, if © € {up > 0} N Bi/za then from C?% convergence, ug(z) > 0 for k
sufficiently large.

Next, if ¢ € B£/2 and ug < 0 on Bj(x), then we claim that u; < 0 on B(’;/2(ac)
for k sufficiently large. Indeed, let y € Bg/z(x). By C* convergence we obtain that
lim SUPp; (o) Uk < 0 as k — oco. By Theorem 5.5 there exists C' such that if for all
z € B:s/4(y)

uk(2) < C(poj4)1/2
then y cannot be in Qiﬁk Thus, ur, < 0 on BS/Q (z) if k is large enough, as claimed.

Hence, we have established that x (., >0} = X{uo>0} everywhere on Bi/z \ FI0~

Since ’H"‘l(F;’O) = 0, this completes the proof of the theorem. O

6. SEPARATION OF PHASES

In this section we prove that the free boundaries ', '~ cannot meet and that
effectively near the free boundary we deal only with a one phase problem.

Theorem 6.1 (Separation of phases). Let u be a minimizer of J. Then TTNT~ =
0, i.e. the free boundaries Tt and '™ cannot touch. Moreover, for any o € I'T
(o € T'7) there exists an open ball By(xo) C D such that u > 0 (u < 0) in Be(xo).

As we will see, this follows from the combination of the nondegeneracy in The-
orem 5.1 and the following ACF monotonicity formula.
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Lemma 6.2 (Alt-Caffarelli-Friedman monotonicity formula). Let {ui,u_} be a
pair of nonnegative continuous subharmonic functions in By such that uy -u_ =0
in By. Then the functional

1
r—= O(rup,u_) = —4/
™ JB

is finite and nondecreasing for 0 < r < 1.

|VU+2/ [Vu_|?
B

3 |:L.|n72 a ‘x|n72

Lemma 6.2 was proven in [2].

Remark 6.3. For u, = u(rz)/r'/?, the functional ® enjoys the following rescaling
property:
(6.1) DR, (ur)+, (uy)-) = r*®(rR,uy,u_).

If we have a blow-up sequence {u,}, then for a subsequence u, — wuy with the

convergence and properties of ug as described in Theorem 4.1. The next statement
immediately follows from Lemma 6.2 and Remark 6.3.

Lemma 6.4. If u, is a blow-up sequence, and u, — v, then

Vol [V
n—2 n—2 _0’
Br 17| By |2l

for any R > 0. So either v =0 or v— =0 in entire R™.

Proof. Using the scaling and monotonicity properties of ®, we have
(I)(Rv (uT)Jm (ur)f) = TQCI)(TR, u+7u7) < 7"2<I>(1,u+,u,) —0 asr—0,

and applying Fatou’s lemma, we obtain that ®(R,v,,v_) =0 for any R > 0. This
may happen only if v4 or v_ is identically constant in R™. In fact, this implies that
one of the functions v4 must vanish identically in R™. O

Proof of Theorem 6.1. We split the proof into two steps.

1) Thin separation: TT NI~ = 0.

Suppose by way of contradiction, that 0 € T NT~. Let the blow-up u,, — uo.
Then by Theorem 5.1 for every k there exist points xj and yj, such that u,, (z) >
Cy, and u,, (yx) < —C,,. Since the convergence is in C* for av < 1/2, it means there
exist two points x and y such that up(x) > C and ug(y) < —C. Since ug will be
continuous, we notice that (ug)y and (ug)— cannot be identically zero. This is a
contradiction to Lemma 6.4. Hence, the free boundaries cannot meet.

2) Solid separation: If 0 € I'", then there exists ¢t > 0 such that u > 0 for all
S Bt-

In the previous step we have showed that u has a sign in the thin ball By for a
small ¢t. Here we show that u has a sign in the solid ball B;.

Let u,, — up be a blow-up of u at the origin. By Lemma 6.4, uy > 0. Since
each u,, (¢', z,) is harmonic in the open set {z € By, | ¥, # 0}, then uy will be
harmonic in the open set {x € R™ | x,, # 0}. We define

0 = inf ug over the set By N {|z,| > 1/2}.

We claim that 6 > 0. Indeed, otherwise by the strong minimum principle uy = 0
in R% or R, and therefore up = 0 on R"~! x {0}, which contradicts the fact
that 0 € I‘jﬂ (see Corollary 5.6). Then, by C* convergence, for large enough k,
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Ur,, (2, 25) > /2 for |x,| > 1/2 in By. Also by C® convergence, infp, u,, — 0.
Now by thin separation, for large enough k,

U, (2',0) > 0 in B}
Without loss of generality it suffices to show that w,, > 0 in BT/T Let v be the
harmonic function such that

vk|Bi = O, and Uk|an = Upy,

Then v, < uy, in all of Bf'. We show for k large enough that vx; > 0 in Bf/2. To
this end, consider two subsets F; and Ey of (B ):

Ey=0(Bf)Nn{z, >1/2}, Ey,=9(B)n{0< =, <1/2},
and there harmonic measures w; and wy with respect to the domain Bf . The latter
means that w; are harmonic functions in Bl+ satisfying
wi|a(B;f) =xg, =12

By using an explicit representation with the Poisson kernel or the boundary Harnack
inequality, one then has that

cnn <wi(z) < Cpz, in B1+/2'

for some positive dimensional constants ¢, and C,,. Now, by using the maximum
principle we then can write that in Bf'/Q
vg(x) > (6/2)wi(x) + we () inf Vg
B

1
> x,[(6/2)cn — Cn sup u, .
(8B1)*
Since u,, — 0 uniformly on compact subsets of R", we obtain that vg(z) > 0 in
Bfr/Q for large k. This completes the proof. O

7. H"3/2 MEASURE OF THE FREE BOUNDARY

For the remainder of the paper we will consider local properties of the free
boundary. Using the results of the previous section, it will suffice to assume unless
otherwise stated that we now consider minimizers of the functional

J(v) = / Vol + / -
D D’

where v € & = {w € W'? | w|sp = ¢} and ¢ > 0. Since there is no negative
phase, it will be natural to denote the free boundary '} simply by T,,.
We start with an improvement on Corollary 5.8.

Theorem 7.1. Let u be a minimizer of J. Then
7—[”73/2@) =0.

This result is far from being optimal, indeed, one would expect the free boundary
to have locally finite 4"~ 2 measure. We state it partially because its proof uses
and estimate on the measure Awu that we will apply more than once throughout
this paper.
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Lemma 7.2. Letu be a minimizer with ||ul|c1/2(py < M. For any compact K € D,
there exist two positive constants c,C depending only on n, M and K such that if
u(z’,0) =0 and (¢/,0) € K\ T, then

# < aiu(x’ 0) < L
dist(«/,T) ~ Ozn =’ /dist(z/,T)’

Proof. Suppose by way of contradiction that there exists a sequence of minimizers
{ur} and points xy, € {u, = 0} \ I'y, with [Jug| ez < M such that

8uk 1
() € s
Oxp k+/dist(zg, Tk)
By rescaling with
2d
(o) = AT+ )

Vedy

where y;, € Ty, and dy, = dist(xg, ') = |2 —yx|, we obtain that {dy} is a uniformly
bounded family of minimizers in By with 0 € 4. Then by Theorem 4.1, we may
extract a subsequence u; — u, where u is a minimizer on every ball B,, r < 1.
Also, if we denote & = (xx —yx)/2d) then |£;] = 1/2 and we may also assume that
we get that £ — & with |€y] = 1/2. Furthermore, since @y, is harmonic in B;“/4(§k)
and G () = 0 for z € By (&), we get that u is harmonic in BT/4(§0) and u(z) =0
for z € By / 4(&). By C' convergence up to the boundary for harmonic functions
we obtain that

5.7%(50) =0

This is a violation of the Hopf principle, and therefore we obtain a contradiction.
The proof of the estimate from above is similar. Only this time we suppose that

Ouy, 1
S (k) > b
Oxy dist(xg,T)
This time, in the limit we obtain that
O
0xy,

which is of course a contradiction. This completes the proof. O

(o) = 0

We are now able to prove Theorem 7.1.

Proof. Without loss of generality we will assume that w is a minimizer on B; and
show that H"3/2(' N Bij;) = 0. By lemmas 4.3 and 7.2, we know that as a
measure for 2’ € {u =0}

- ° ﬂ(x/70) n ﬂ(ﬂﬁ) < N
dist(z,T)  Ozp 0x_p dist(z,T)

Let Ac = {2’ € {u =0} | 0 < dist(2',T") < €}. Then

(7.1) H'HA) < ce'/?(Au, A,)

Let B = By /5, and take a cover of I' N B by a collection thin balls B; of radius e
centered on the free boundary with the property that at most N balls intersect. NV
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is dependent only on dimension. We get

1
Z |Bi| < 3 Z |B. N A (from positive density)

IA

%|B NnA|

< (Au, BN A)Ncel/?

B B

< (Au, ByNce'/?

B B
This shows that the H™ 3/2 measure of I' N B is finite. To show that actually
H"3/2(I'N B) = 0, we just notice that

(Au,BNA)—0 ase—0

due to the fact that Au is a Radon measure and B N A, \ 0. |

8. MONOTONICITY FORMULA

In this section we establish a Weiss type monotonicity formula. This formula
will prove that all blow-ups are homogeneous of degree 1/2. We prove this formula
for minimizers without a sign restriction; although, it’s application will be to prove
local properties of the free boundary.

Theorem 8.1. Let u be a minimizer of J as in (1.1) in Br(xo), xo € R"™! x {0}.
Define the Weiss energy

1 _
W, 0) = o ( /| IACE /B,( Axpsop A X{u<0}>
»(ZTo »(Zo

12 / .2
™ JoB,(z0)

for 0 < r < R. Then W(r,u,xzq) is monotone increasing in r. Furthermore, if
r1 < o, then W(ry,u,xo) = W(re,u,x9) if and only if u is homogeneous of degree
1/2 with respect to xg on the ring 11 < |x — zg| < 7.

(8.1)

Remark 8.2. Although, we may choose xy to be any point, it will be most useful
to choose zy € I'. We will also use a short-cut notation W (r,u) when zy = 0.

Remark 8.3. The Weiss energy is essentially a normalized and boundary adjusted
version of J. The normalization is chosen so that it is preserved under the scaling
up(z) = u(rz)/r*/? in a sense that W(r,u) = W(1,u,).

Proof. The proof is along the lines of that given by G. Weiss in [10]. Without loss
of generality we may assume xg = 0. Let 7.(z) = = + engx, where

Nk (z) = max (O, min(1, 7“—ka:|)) :
Then n;(z) = 0 outside of B,.(0), and

() = XB,(0) as k — 0.
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Notice that 7.(x) = (1 + eng(x)) leaves R"~1 x {0} invariant. We will also denote
by 7/ the restriction of 7. to R"~! x {0}. Now

—X
Vi(z) = WXBT\BT%

and
Dre(z) = I + € (mx(z)I + 2Vni(x)) + o(e)
Now let u, (7¢(x)) = u(z) and y = 7c(z). Then

1
L Jue) = Iw) >0
€
and
T =00 = [ [VaF + [ N x4 <o
- / Vu(z)[? - / A X gus0) + A Yquco).
D D’
Now

det D7 (z) = 1 + etrace D(ng(z)z) + o(e)
trace D(ny (z)z) = div(ng(z)z)
D77t =1 — eD(mp(z)x) + ofe)

Then substituting these into the equality above we get:
J(ue) — J(u) = / |Vu(z)(Dr(x)) "t * det D7,
D
+ /D/ AT X {us0y + A" X{u<oy] det D7/(z)
- / [Vul? - / M X {us0y T A7 X{u<0}
D D’
= / [[Vul? = 2eVuD(ny,(z)z)Vu] [1 + ediv(n,(z)z)] 4 o(e)
D
+ / [/\+X{u>0} + )‘_X{u<0}] 1+ ediv(n(z",0)z")] + o(e)
_/ |vu|2 _/ )‘+X{u>0} +)\_X{u<0}
D D’
= / €|Vul? div g (2)r — 2eVuD (g (z)2) Vu + o(e)
D
[ I X0+ A e lediv(ai @', 002)] + of0)

Now we may let € be both positive and negative, so

lim 1 [J(ue) — J(u)] = 0.

c—0 €
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Then we obtain the following equality:

0= / |Vu|? div g (x)2 — 2VuD (ng (z)2) Vu
D

+ /, A X{us0} + A X{u<oy] div(ng (2, 0)2").

Now 2
. T
i (o)) = (o) — S,
and
. N —ca
div (mx(z",0)2") = (n — L)my, — T XBOBL -
Then
2 1 2 xT 2
0=(n—2) [Vul*m, — — |z] [|[Vu|* —2( Vu—
B, k \Br_g 2|
+ (n—1) /B’ AT X a0y + A X{u<o}] Th
1 s ~
Tk 2] AT Xqus03 + A7 Xqu<0} )
BIAB]_,
so as k — 0,
0= (n—2)/ \VU\Q—T/ |Vul? - 2(u,)?
. OB,

+(n—1) /B, A X qus01 + A" X{u<o} — 7"/83, A X qus0r + A7 X fu<o}

_ (n—l)/ \vu\2—r/ Vul?
B, oB,

T

+(n—-1) /B/ A X a0y + AT X (u<0} — 7"/83/ A X (us0} + A7 X{u<o}

—/ |Vu|2+2r/ u?.
B, oB

T r

Now for smooth v
/ qu/H—/ (Y, V) :/ .
B, B dB,

T

We let ¢ to be a standard mollification of u, i.e. ¥ = 1. *u, and let € — 0 to obtain

/ uAu—l—/ |Vu|2:/ Uy
B B, oB

T r

Now, as a measure, uAu = 0, so

0= (n—l)/ \Vu\Q—r/ |Vul?
B OB

r s

+(n—-1) /B/ A X(us0p + A7 X{u<o} — 7‘/83 A X (us0y + A7 X{u<o}

T 4

— / uu, + 2r / u?.
8B, 4B,
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Now multiply both sides of the equation by —r~" to obtain
1 ' 1 '
= |:7’n1 / |V“|2] tm / A Xqu0) + A_X{u<0}1
B, Bl

[ L] L (G ve)

Thus, W’ > 0, and W’ = 0 on the interval r{ < r < ry if and only if u is
homogeneous of degree 1/2 on the ring r < |z| < ro. O

9. BLOW-UPS AND REGULAR POINTS

To study the local properties of the free boundary, it becomes useful to use the
so called blow-up process. This is accomplished by rescaling. Recall that if u is
a minimizer in By, then u,(z) = u(rz)/r'/? is a minimizer in By . If we pick a
sequence 7 — 0, then by Theorem 4.1 we know that there exists a subsequence
such that u,, — up and g is a minimizer in every open U € R". We call limiting
solutions blow-ups. When we let 1, — 0 we are in effect doing an infinite zoom. If
in the limiting solution the free boundary is flat, then intuitively we would like to
say that the origin is a regular (or differentiable) point of the free boundary of wu.
(By translation we may assume the free boundary point we are considering to be
the origin.) The main difficulty in studying blow-ups is that apriori it is not clear
if different subsequences converge to different blow-up solutions. i.e. if r; and r;
are two subsequences going to zero and u,, — ui and wu,; — ug, is it true that
u1 = ug? A partial answer will be given in this section by classifying points on
the free boundary in terms of what we will define as the Weiss energy. A more
complete answer will then be furnished in Section 10.

When studying blow-ups, one of the first questions that one may ask is, “what
type of solutions may arise as blow-ups?” It is immediate that blow-ups are defined
and minimizers in all of R™; that is they are minimizers in all compact subsets of
R™. One of the most important uses of Weiss-type monotonicity formulas is the
ability to prove the following result about all blow-ups.

Corollary 9.1. If ug is any blow-up, then ug is homogeneous of degree 1/2.

Proof. By Theorem 4.2, if u,, — ug, over a subsequence r = r; — 0 then

/ |Vug|?> = lim |V, |?
By

r=rp—0 B
Also, by Theorem 5.9
X{ur, >0} 7 X{uo>0} H* ! — ae on R*!

SO

r=r;—0

/ X{up>0} = lim X {u,>0}
By By
Then for any p > 0,
Wi(p,uo) = lim Wi(p,u,) = lim W(pr,u)=W(0+,u),
rT=Tr—

T=T—>

where we have used the strong convergence of u,, to ug in B, see Theorem 4.2.
Thus, W (r,up) is constant; consequently, uq is homogeneous of degree 1/2. [
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Now that we know all blow-ups are homogeneous of degree 1/2, we may find
what we will term our half plane solution. Also, we will be able to define what we
will call the regular points of the free boundary.

Theorem 9.2. The function

=+/2/7Re/z +iy = w =/2/m7r/? cos(0/2)

is a minimizer on any U € R2.

Proof. Blow-ups are minimizers and homogeneous of degree 1/2. In the plane
the only harmonic function (up to rotation) that is homogeneous of degree 1/2 is
c¢Re /2. So we only need to find the constant out in front. This will be accomplished
by using variational techniques similar to the proof of Theorem 8.1. This time we
choose 7.(z,y) = (x,y) + en(x, y) where n(z,y) = (7(z)¥(y),0). Now following the
same ideas as in [1] and the proof of Theorem 8.1, we obtain

(9.1) / div (|Vul®n — 2(n - Vu)Vu) = —/
{u>0} Rx{y=0})n{u>0}

Now let u = cRe/z and ¢ =1 and v = 1 on By for some small §. Then the right
hand side is equal to 1 by the fundamental theorem of calculus. For the left hand
side we approximate by doing the following:

»(0) divy

/ div (|Vul?n — 2(n - Vu)Vu) = lim div (|Vul?n — 2(n - Vu)Vu)
{u>0} €20 J{u>01\B.

Now we use the divergence theorem and knowledge of how we have chosen u to
obtain that on the coincidence set {u = 0}:

<VU,’I7> = <(O7uy)’ (’Wp’ 0)> =0

SO

lim div (|Vul?n — 2(n - Vu)Vu) = lim —\Vu|2f — 2ugu,
e—0 {u>0}\B e—0 OB, €

Explicit computations of u = ¢Re /2 show that

0 1
|VU|2 - i and Uy = Uy = C M
4r 8r
Then
— cos(f 0)+1
lim [ Va2t~ 2u,u, = ¢ / cos(9) , ,cos(6) +
0 Jon. € op. A€ 8r
2
4 OB1
— 2T
Thus ¢?7/2 = 1, so ¢ = \/2/7. -

It is fairly straight forward to show that any minimizer in dimension n is a mini-
mizer in dimension n+k by defining @(z1, ..., Tn, Tntt, - Tntk) = W(T1, ..., Tp).
We now define our half plane solution to be

(9.2) 2/mRe\/Tn_1 +ixy.
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Definition 9.3. Let v be a minimizer and = € I'. We call x a regular point if there
exists a blow-up v of u at g such that v is a rotation (in the first n — 1 variables)
of the half-plane solution.

This next theorem will give a classification of regular points in terms of the Weiss
energy. If xg € T', then the Weiss energy of u at xq is defined by W(0+, u, xo).

Theorem 9.4. Let u be a minimizer and xqg € I', then
W(0+,u,xq) > |B’'|/2
and equality holds if and only if xg is a reqular point.
Henceforth we will use a shorthand notation |B’| = H*~1(BNR"™1).

To prove Theorem 9.4 we will use the following two lemmas.

Lemma 9.5. Let {f1,91, f2, 92} be functions defined on the interval [0, 7] satisfying
the following

(1) fit) +g1(t) < fa(t) + g2(t)  for a.e. t €[0,7]
(2) 1) < fa(t) for a.e. t €0, ]
Then for any a € R

/ " (1) sin 2 (t) + g1 (8) sin (1) dt < / " () sin 2 (1) + go(t) sin® (£) dt
0 0

Proof. By property (1) we know that

(f1(t) + 91(2)) sin®(t) < (fa(t) + g2(t)) sin®(¢) for a.e. ¢
By property (2) we may add (sin® 2(t) — sin®(t)) f1 to the left hand side of the
inequality above and add (sin®”?(t) — sin®(t))fz to the right hand side and the
inequality will be preserved. We then integrate. (]
Lemma 9.6. Let f : S ! — R be Lipschitz. By using spherical coordinates we

may consider f : R — R where R & (0,2m) x (0,7) x --- x (0,7). If we Steiner
symmetrize f in the 61 variable to obtain f*, then

(93 [owerrs [ e

(94) foare= e

Equality holds in (9.3) if and only if f is already Steiner symmetric in the 6,
variable.

Proof. The spherical gradient of f on S”~! in local coordinates is given by

(9.5) Vof = ( I, )

sinf,_1---sinf;;q

so that

n—1 f2
(9.6) VoflP =" Z

o sin2 Qn_l ce sin2 91‘4_1

We now use Steiner symmetrization on f in the same way as in described in Section
5. If we assume that f in local coordinates is Lipschitz on R, and that f is periodic
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in the 6; variable, i.e. f(0,0q,...,0,_1) = f(27,02,...,0,_1) (which is the case
since f : S™1 — R), then by [8], if we Steiner symmetrize in the ; variable to

obtain f*, then
*\2 __ 2
|-
and

(9.7) /R VR < /R V12

and equality holds in (9.7) if and only if f is already Steiner symmetric in the
f; variable. (The gradient in inequality (9.7) is the regular Euclidean gradient.)
We may actually deduce more than just inequality (9.7). By fixing the variables
(Ok,...,0,_1) for k > 1 we have reduced ourselves to a lower dimension, and so we
obtain

(9.8) 2/---/@;)2 d91...d9k1§§/-~-/f§i doy ...dO_ 4

Since in (9.8) k > 1, we may restrict 6;_1 to any interval contained in [0, 7], then
we may further deduce that for almost every fixed (0x—1,...,0,-1)

k—1 k—1
(9.9) o [ (f5)? dOy .. dO_o < o | f7dfy . dfy—
;/ /9, 1 k—2 ;/ /9, 1 k—2
‘We now define
n—2
J1(On-1) = o [ (f5)? dOy .. dO,—
71(0n_r) =/~-~/(f§n71)2 iy ... dbhy s
n—2
f2(0n—1) = o [ f3 dOy . df,
92(0n—1) :/m/fgn_l dby ...do, -

By inequalities (9.8) and (9.9) we notice that {f1, g1, f2, g2} satisfy the hypotheses
of Lemma 9.5. We may then pick a = n — 2 and integrate over 8,,_; to obtain

(9.10) / niﬁ +(fy )?|sin" 26
' r\ = sin6,,_1 On—1 nt
n—2 f2
< / (Z —0 4 fgn_l> sin" 20,4
R

i—1 sin2 Qn_l
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We continue in the inductive process by noting that as before, we may let the
interval of integration for 6, _s in (9.10) vary, so we obtain the inequality

(0-11) / /( + (/s 1)2> sin""26, 1 df; ...d0, 3d6,
sin? Gn 1 "

/ /( + o > n""%0,_1 dby ...d0, 3db, 1
sin Hn 1
We now define

On—2) Z/ /fe sin" "% 0,1 dby ... d0,_3d0), 1

(Ons) = /.../(f(;‘n_2)251n"‘4 O+ (f5 )2sin™ 20 df; ... d6,_sd6,_

n—3
OEESY / / 3 sin" 40,y d6y...d6, sdb, .
i=1

92(62) = / / f3 s 40, 4 f2 sin"20.d6; ... d0, 3d0, .

Multiply both sides of inequality (9.8) (with k = n—2) by sin”~*#,,_; and integrate
over 0,1 to find that f1(0,—2) < fo(0h—2). Now we may apply inequality (9.11)
to notice that again {f1, g1, f2, g2} satisfy the hypotheses of Lemma 9.5. We may
then pick a = n — 3 and integrate over 6, _o to obtain

(9.12)

n—3 * )2 *
/R<Z 5 (fei). 3 + (.fe;,z) + (fo, 1)) n" 30, _osin""26,_,

7 sin 0p,_osin“f,_1 sin“6,_1

-3 2 2
K fgi fen—Q n" 3 n—2
S Z ) ) + .2 +f0 6n QSIH an 1
r \iZ sin 0p—osin“0,_1 sin“6,_1

=1

We then proceed in the same inductive manner to obtain

(9.13) sin""26,_;...sin@
Z/Rsm 0,—1...sin 91+1 m ! bz

< Z / sin""26,,_1 ...sin 6y

sin®6,_1 ...sin 91+1

We now recognize that inequality (9.13) is the local coordinate version of inequality
(9.3). From the manner of our proof we see that equality holds in (9.3) if and only
if equality holds in (9.7) if and only if f is already Steiner symmetric in the 6;
variable. (|

We may now prove Theorem 9.4.

Proof. Let u be a minimizer and xy € I'. Let v be a blow-up of u at xy. Since v
is homogeneous of degree 1/2 and harmonic when positive, restricted to the unit
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sphere S™1, v satisfies the differential equation
Agn-1v = =\ whenever v > 0,

where ) ) 5 5
n—

Since v is nonnegative, we conclude that v is the principle eigenfunction associated

with its coincidence set. We now consider v in the place of f in Lemma 9.6. If for

€ > 0, we restrict ourselves to R. where

R. e {0€eR|0,1¢(7/2—¢€m/2+¢€)}

Then v will be both periodic in 87 and Lipschitz on R, so we obtain every inequality

for v* over R, that we had for f* over R. In particular, we obtain the analog of

inequality (9.13) for v* over R.. We now let € — 0, to find that v* satisfies inequality

(9.13) and hence v* also satisfies inequality (9.3) and equality is achieved in (9.3)

if and only if v is already symmetric in the #; variable. It is clear that

/Sn_1 (v*)? = /Sn_1 v2

And
/ X{v->0y dH" 7% = / X{v>oy dH"
(S’nfl)/ (Snfl)/

Then

o Jora VU Jous [V0F

Jona ()2 7 fgnav?

Equality is achieved if and only if v is already Steiner symmetric in the 6; variable.
By making orthogonal transformations on the first n—2 angles, and using a limiting
procedure with Steiner symmetrization, we obtain the principle eigenfunction v*
whose coincidence set is a spherical cap on (S"71)" ie. {v* = 0} = {(2/,0) |
Tn_1 > t} for some t. The coincidence set of v* on S"~! has the same H" 2
measure as the coincidence set of v. v* is the principle eigenfunction associated
with its coincidence set, and also v is the principle eigenfunction associated with
its own coincidence set. We recall that the eigenvalue A\, of v is a fixed constant
depending on dimension n. Inequality (9.14) shows that the eigenvalue A* of v is
such that
AT <\

Increasing the radius of the coincidence set of v* (which is a spherical cap) will
increase the eigenvalue of v*; consequently, the upper bound on the eigenvalue
A* < A\, gives an upper bound on the measure of the coincidence set of v*. By
considering the halfspace solution, we are able to conclude

H' 7 ({v" > 0}) > [B]/2
If equality above is achieved above, then
(1) v* must be a rotation of the half plane solution
(2) A=A,

(1) is obtained by recalling that principle eigenfunction is unique. (1) immediately
implies (2) since the eigenvalues of v and of the half plane solution are a fixed
constant depending on n.
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If \* = )\, then equality is achieved in inequality (9.14), and so v is invariant
under our Steiner symmetrization. Then necessarily the coincidence sets of v and
v* coincide, and since principle eigenfunctions are unique, we conclude that v = v*.
Then v is a rotation of the half plane solution, and so xg is a regular point. This
concludes the proof. O

Corollary 9.7. If x € T and x is a regular point, then all blow-ups at x are a
rotation of the half-plane solution.

Corollary 9.7 states that all blow-ups of a regular point are some rotation of the
half-plane solution. Corollary 9.7 is the partial answer to the question posed in the
beginning of this section. Although each blow-up at a regular point is a half-plane
solution, it is not immediately clear that the blow-ups have to coincide. They could,
in principle, be rotations of each other. In Section 10 we show that this is not the
case for minimizers in three dimensions.

This next theorem will be useful in Section 10. We present the proof here because
the ideas are similar to those presented in the proof of Theorem 9.4.

Theorem 9.8. Let n = 3, so that the free boundary is contained in R? x {0}. Let
u be a minimizer with 0 € I', and suppose that in a small enough ball B,, the free
boundary of u can be represented as a graph of the x1 variable. Then every free
boundary point of u in B, is a regular point.

We will need the following lemma for the proof of Theorem 9.8.

Lemma 9.9. Assume the same hypotheses as given in Theorem 9.8. If xg € I'NB,,
and v is a blow-up of u at xg, then the coincidence set of v consists of a single
connected cone.

Remark 9.10. The coincidence set of a blow-up is always connected topologically.
When we say that the coincidence set consists of a single connected cone, we mean
that {v =0} \ {0} is connected.

Proof. Without loss of generality assume that {v > 0} lies above I'. Since blow-ups
are homogeneous it is clear that the coincidence set of v is a cone. Let y € {v = 0}°
(the interior here is given by the topology of R"~! x {0}). We claim that

v(t,y2,0) =0 for all t <y

Suppose by way of contradiction that v(t,y2,0) > 0 for some ¢t < y;. Let u,,
be the blow-up sequence converging to v. By C'® convergence we know that for
large enough k, u,, is strictly positive in a small neighborhood of (¢, y2,0). From
Theorem 5.9 we know that for large enough k, u,, = 0 in a small thin ball around
(y1,92,0). Since I' can be represented as a graph with the positivity set lying above
T" this is a contradiction and thus the claim is proven. The claim along with the
fact that the coincidence set is a cone proves the lemma. [

Proof of Theorem 9.8. Let xo € I' N B,. Let v be a blow-up of u at xo. Then v is
homogeneous of degree 1/2 and harmonic off the coincidence set. We also obtain
on S?

Ag2 v =—3/4v.
Here 3/4 = A3 is the dimensional constant that is a result of v being homogeneous
of degree 1/2. Since the free boundary of u can be represented as a graph, by
Lemma 9.9 we know that the coincidence set of v consists of a single connected
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cone. v, which is nonnegative, must then be the principle eigenfunction on 52
associated with its coincidence set. We now utilize the fact that our minimizer is
in dimension three. Specifically, I' N (S2)’ must be a spherical cap (since it is a
1-dimensional curve). Since the eigenvalue of v is fixed at 3/4, the aperture of the
coincidence set which is a cone must be fixed at 7. Then

H2({v > 0) = | B'|/2

By Theorem 9.4, we conclude that z( is a regular point. O

10. REGULARITY OF THE FREE BOUNDARY IN DIMENSION THREE

In this section we prove that in three dimensions the free boundary is locally a
C' graph near regular points.

Theorem 10.1. Let n = 3. The set of reqular points is dense and relatively open
in T'. Furthermore, the set of reqular points is locally a C* graph in R? x {0}.

We start with a technical lemma on the growth of minimizers away from the
plane R"~! x {0}.

Lemma 10.2 (Linear growth). Let u be a minimizer with ||ullc1/2(p,) < M, and
let € > 0. There exists a constant ¢ = cp pr > 0 depending only on n and M such
that if @' € By ,, dist(2',I') < e and |v,] <€, then

/ clzn|
wx', xy) = —F—
(@', an) = e
Proof. Throughout this proof ¢ and C will be constants depending only on dimen-
sion and on M. Also, without loss of generality we may consider only the case
T, > 0. We consider the three cases:

2 € {u=0}\T, 2 €T, u(z’,0) > 0.
If 2/ € T', then we may use a compactness argument similar to the one used in

Lemma 7.2, to conclude:
CTy

w(a', xn) > /Ty = - in By(2',0)
So, in particular,
u(x', zy) > I for z, < €

Ve
If 2/ ¢ T, then let dist(2’,T") = 6 <e. If 2’ € {u = 0}, then by Lemma 7.2

c < ﬁ(w’ﬂ) < c
dist(2/,T) = Ozn

— y/dist(a’,T)
Then we may compare u to the harmonic function f(z) = x,, and by the boundary
Harnack principle [7],
cx
10.1 — = <2, x,) in Bs(z',0
If 2, > /2, then let ¢’ be the closest point on the free boundary to z’. As stated
earlier,

cy
w(y' yn) > —=

z T
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For t > ¢, we can connect (y,t) to (2, ) by five balls of radius §/4. Then by using
the Harnack inequality on this Harnack chain, we obtain that for §/2 <t < e:

5t Pt

Q

(10.2) u(a',t) >

Y

<
5

o

We now consider the last case when u(a’,0) >
a Harnack chain and obtain as in Equation (10.

. For 6 <t < e we may again use

u(z', t) >

But now since u is harmonic in the tube Bj§ X (—¢, €), we may continue a chain of
three more Harnack balls of radius §/2, and we obtain for 0 < ¢ < §

Thus the estimate is shown. O

For the remainder of this section we will be working in dimension three, so the
free boundary will be contained in R? x {0}. Accordingly our functional J will be

J(’U) = / |VU|2 +/ X{v(wl,w2,0)>0} dH2
R3 R2x {0}
and our half plane solution will be

(10.3) v 2/mRe Vg + ixs.

To prove that the free boundary is differentiable we will use the Alexandrov Re-
flection technique. Accordingly, we will need the following Lemma.

Lemma 10.3 (Reflection principle). Define the tube T,.(xo) = Bl(x¢) X (—1,1).

Let u be a minimizer in T, = T,.(0) such that for every y € 0T, with ya > 0,
u(y1,Y2,Y3) > u(y1, —y2,Y3)-

Also, suppose that there exists at least one point z € 0T, such that zo > 0 and

u(z1, 22, 23) > u(z1, —22, 23).
Then for every x € T, with x4 >0
u(zy, o, x3) > u(xy, —x2, T3).

Proof. Define a(y1,y2,y3) = w(y1, —y2,y3). Then uw and @ are both minimizers
in the set UT, = {x € T} | xzo2 > 0}. (The upper half tube with respect to the
variable z3). By Theorem 2.2 we obtain that w = max{u, 4} is a minimizer. Since
u, @, w are all harmonic when nonzero in UT, and w = max{u, %}, we obtain that
if 4(z) < u(z) for some point z € O(UT,.), then @& < w in all of UT,. O

Theorem 10.4. Let {uy} be a sequence of minimizers in the ball By converging to
the minimizer ug, where ug is the half-plane solution as defined in (10.3). Then for
every 0 > 0, there exists € = €5 and ks, such that if k > ks, y € (—=1,1) X (—e,€),
lz3| <1,0<7r <1, 06¢€(0,r) then

> T _ 3 I —
(10.4) Sy, 7,0, 0, 23, up) {_ 0, we (i, 5 —0)U (5 +9,2m — )
2

Soa wE( +557T75)U(7T+5737ﬂ75)a
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where

(,ZS(y, r,w, 07 s, ”U,) = u(yl +r COS(w + 0)3 Y2+ Sin(w + 9)3 13)
—u(y1 + rcos(w — 6),y2 + rsin(w — 0), x3).
Proof. We only prove the theorem for the case w € (6, 7/2 —§) U (37/2 + §, 7 — 9),
the other case being similar.

Let ¢ = €5 > 0 be a small constant to be specified due course. Then split Bs
into the following four regions

Uy ={z € By | |x3] <€, and x5 > 2¢},
Us ={x € Bz | |z3] <€, and |z2| < 2¢},
Us ={x € B2 | |z3] <€, and x5 < —2¢},
Uy ={z € By | |x3] > €}.
We also define the following two regions
Uy ={x € By ||zs] <e, and x5 > §/2},
Us={z € By | |z3| <€, and x5 < —5/2}.
We note that U; C Uy and Us C Us.

1) Consider first the case |x3| > 1. Take a unit vector e = (ey,es,0) such
that(0,1,0) - ¢ > sind. Then a direct computation show that

Oyug > cs >0 in Uy.
If k is large enough so that uj, — ug is small in C' norm in Uy, then
(10.5) Ootg, >0 in Uy,
and it is easy to see that this implies estimate (10.4) if |z3| > e.
2) Let now |z3] < e. We claim that
(10.6) oy, L,w,0,t,u,) >0 for [t| <e.

By the same arguments as in the proof of Theorem 4.2, we may choose k large
enough such that
I'N By(0) C {|z2| < €} N B4(0).
We then consider several subcases, depending whether |y, + sin(w £ 6)| < € or not.
In this regard, we note that if w € (§,7/2 — ) U (37/2+ §,2m — J) and 0 € (0, 7),
then
[sin(w+0)| < |sind] = |sin(w F )| > |sind|.
Hence, if we choose € < (sind)/4, and take y € (—1,1) x (—e¢, €), then
ly2 +sin(w £ 0)| <2 = |y +sin(w F )| > /2.

Also notice that yo +sin(w 4 6) > yo + sin(w — 6) in the considered ranges of w and
6.

Then we have the following subcases.

2a) |y2 + sin(w — 0)| < e and consequently yo + sin(w + 0) > §/2. Let € be so
small that

1
supug < Cve < \/d/4m = iipfuo.
U2 Ul
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Then, using L* convergence of uy to ug on Uy, we can guarantee that

sup ug < inf ug,
U2 Ul
if k is large enough. This implies (10.6).
2b) |y2 +sin(w +0)| < e and consequently ys + sin(w — 0) < —4/2. We can make
€ even smaller to have

%|9§3| > 2ug(w1, z2,23) for xo < —§/2, and |x3| <€,

for the constant c as given in Lemma 10.2. Then by Lemma 10.2 we obtain that
for z € Uy and z € Uz with z3 = x3

ug(z) > 2up(x).

For z = (2/,0) € Us, we know that for large k, ug(2’,0) = 0, so we may use C
convergence of harmonic functions up to the set {z3 = 0} and we obtain that

(10.7) up(z) > up(x), for z € Uy and z € Us with 23 = x3.

Therefore inequality (10.6) also follows in this case.
2¢) yo +sin(w + 0) > 2¢ and ys + sin(w — ) < —2¢. In this case, we may use L™
convergence of uy — ug again to obtain
sup ug < inf ug,
Us Ux
which implies (10.6).
2d) Both ya + sin(w & ) > 2¢. Similar to the case 1), if z € Uy, we may use C*
convergence to obtain that for unit vectors e = (e, eg,0) with (0,1,0)-e > sind we
have

(10.8) Ocur, >0 in Uy.

Hence inequality (10.6) is true also in this case.

2e) Both ys + sin(w £ 0) < —2e. This is our only remaining concern. Without
loss of generality we may further assume x5 > 0. On Us we know that 0,,0.ug > c.
(This constant ¢ will depend on § and €). On Uz we may use C? convergence up to
the boundary {z5 = 0} to obtain that for large enough k

Oz, 0cur, >0 in Us
Since Q.ug(x1,x2,0) = 0 for 9 < —e we obtain
(10.9) Oeup >0 in Us

This implies (10.6).

Thus, we have considered all cases, so we may conclude that inequality (10.6) is
true for large enough k.

Now that we have inequalities (10.6) and (10.5) , we know that for y € (—1,1) x
(e,€), u and its mirror reflection with respect to the plane —sinw(xz; — y1) +
cosw(xg — y2) = 0 satisfy the hypotheses of Lemma 10.3 on the cylindrical tube
T1(y). Therefore, we may utilize Lemma 10.3 to conclude that inequality (10.4) is
true for all 0 < r < 1. O

The technical details of the previous proof would have been simpler if instead
of letting y € (—1,1) x (—¢,¢€), we had only considered y = 0. The usefulness of
allowing y to vary in the rectangular region (—1,1) X (—¢, €) is seen in the following
corollary.
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s and

Corollary 10.5. Let {ux}, uo, 9, €, ks be as in Theorem 10.4. If k > k
,€)x{0},

w € (0, m/2—0)U(m /246, m—0), then in the rectangular region (—1,1)x (—
u is monotone in the direction (cosw,sinw).

Proof. We are allowed to vary the point y € (—1,1) x (—¢,¢€). Suppose by way of
contradiction that u(xy,z2,0) > u(x; + rcosw, x5 + rsinw, 0), then pick y to be
the midpoint, so that y = (z1 + r/2cosw, x3 + r/2sinw,0). By Theorem 10.4 we
obtain:

u(xy + 7 cosw, xe + rsinw, 0)
=u(y; +r/2cos(37/2 + w+ 7/2),y2 + r/2sin(37/2 + w + 7/2),0)
> u(yr +r/2cos(3n/2 +w —7/2),y2 + 1/2sin(37/2 + w — 7/2),0)
= u(z1, 22,0).
This is a contradiction, and hence the corollary is proven. ([

Corollary 10.6. Let {uy}, ug, 8, € = €5, ks be as in Theorem 10.4. If k > ks,
then the free boundary in Bj is a graph.

Proof. This is a direct consequence of the directional monotonicity proven in Corol-
lary 10.5 and the fact that TN B C (—1,1) x (—¢,e€). O

Corollary 10.7. Let {ux}, ug, 9, €, ks be as in Theorem 10.4. If k > ko and
y € I'N By, then y is a regular point.

Proof. By Corollary 10.7 we know the free boundary can be represented by a graph.
Recalling that we are in dimension three, by Theorem 9.8 we conclude that every
free boundary point is regular. (I

Remark 10.8. The previous corollary shows that the set of regular points is rela-
tively open in the free boundary I'. This is seen by letting u, — ug be a blow up
of w a minimizer at zy a regular point. We may apply Corollary 10.7 to u, for r
small enough and then rescale backwards.

We also note that the set of regular points is relatively dense in I'. This is seen by
noting that free boundary points that have tangent balls from one side (as defined
in [6]) are dense in I'. It has been shown in [6] that free boundary points that have
a tangent ball are regular.

Corollary 10.9 (Differentiability). If zo is a reqular point, then the blow-up at g
1S unique.

Proof. Let uy and vg be two blow-ups of u at x¢. By Corollary 9.7, we know that ug
and vy are both half plane solutions. If we use polar coordinates for variables z; and
X9, we may write ug(x1, 2, t) = ug(r,0,t). If ug # vg, then v(r,0,t) = u(r, 0+, t).
By Corollary 10.5, u will obtain directional monotonicity from both ug and wvyg.
Specifically, in a small enough ball, © will be monotone in in the angular direction

we@@+a,m/2—0+a)U(m/24+6+a,m—d+ )

Then ug will inherit monotonicity in the same angular direction, and this will be a
contradiction for ug. O

We now prove the main result of the paper Theorem 10.1. We only state what
remains to be proven.
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Theorem 10.10 (C! Regularity). Let u be a nonnegative bounded minimizer of J
in By in dimenston n = 3 and let the origin be a regular point. Then there exists
p > 0 small enough such that ' N B, is a Ct graph.

Proof. Let u, — ug be a blow-up, and fix 4 > 0. By using Corollary 10.6 and
rescaling backward we obtain that there is a small enough p such that I' N B, is a

gr

aph. Furthermore, I' N B;) C Sy, and by Corollary 10.5 u is monotone in S, in

the w direction for w € (§,7/2 — &) U (7/2 4 6,7 — ). By Corollary 10.7, we know
that for all y € I' N B,, y is a regular point. By Corollary 10.9 we know that if vy

is

a blow-up at y, then vy is unique. Also, vy will inherit monotonicity in the w

direction for w € (6, 7/2 — ) U (w/2+ 0, m — ). Then vo(r,0,t) = uo(r, 0 + a, t) for

|

10.

11.

| < 6. This proves the C! regularity. O
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