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Journées Equations auz dérivées partielles
Obernai, 11-15 juin 2018
GDR 2434 (CNRS)

Free boundary regularity in obstacle problems

Alessio Figalli

Abstract

These notes record and expand the lectures for the “Journées Equations aux Dérivées Partielles
2018” held by the author during the week of June 11-15, 2018. The aim is to give a overview of the
classical theory for the obstacle problem, and then present some recent developments on the regularity
of the free boundary.

1. Introduction: the obstacle problem

The classical obstacle problem aims to describe the shape of an elastic membrane lying above an
obstacle.

Mathematically, this problem can be described as follows: given a domain 2 C R", a function
» : © — R (the obstacle), and a function f : 9Q — R satisfying f > ¢|gq (the boundary condition),
one wants to minimize the Dirichlet integral among all functions that coincide with f on 02 and
lie above the obstacle ¢ (see Figure 1.1).

Figure 1.1: An elastic membrane lying above an obstacle.

Hence, one is lead to minimize

2
mind [ B55 < olon = 1,02 0}, (11)
v o 2

Vol
2

where the Dirichlet integral [,
to the graph of v.

The main goal consists in understanding the regularity properties of the minimizer, as well as
the structure of the contact set between the minimizer and the obstacle. In the next section we
shall describe all these questions in detail.

represents the elastic energy of the membrane corresponding
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2. The functional setting: existence and uniqueness

The proof of existence and uniqueness of minimizers is very similar to the one for the classical
Dirichlet problem without obstacle. Since our focus will be in understanding how the obstacle
influence the solution, instead of working under minimal regularity assumptions, we shall assume
that all the data are smooth in order to emphasize the main ideas. Hence, we assume that 2 is a
bounded domain of class C!, ¢ : Q@ — R is of class C!, and that f : 9Q — R is C' as well. Note
that, because of these hypotheses, one can extend f to a C' function F : Q — R. Recall that, by
assumption, ¢|go < f.
Under these hypotheses, we can show existence and uniqueness of minimizers in W12(Q).

Proposition 2.1. There exists a unique minimizer u € W12(Q) for the minimization prob-

lem (1.1).

Proof. The existence follows by observing that (1.1) corresponds to minimizing the Dirichlet func-
tional among all functions v that belong to the convex set

Ky ={veWh(Q) : vjga = f, v > ¢},

where the relation v|pqg = f must be intended in the sense of traces of Sobolev functions. Note that
K is closed in the strong W2 topology, hence it is also closed for the weak W12 topology (as a
consequence of Hanh-Banach separation theorem). Thus, to find a minimizer of (1.1) it suffices to
argue as in the case of the classical Dirichlet problem.

More precisely, consider a minimizing sequence {vj}r>1, namely a sequence of functions

{vi}r>1 C Ky such that
2 2
[T om e [ .
Q 2 vek, Jo 2

Also, fix a Lipschitz function V' € K, (for instance, one can define V' := max{y, F'}, where F'is a

C! extension of f as explained above).

2
Note that « is finite since o < [, % < 00. Thus, thanks to (2.1), there exists ko > 0 such

that
2
/@ga—&—l Yk > ko. (2.2)
Q

Furthermore, by Poincaré inequality applied to the function vy — V € VVO1 ’Q(Q),
||’U;€ — V”Lz(Q) < CQ”VUk — VVHLZ(Q) (2.3)
Hence, combining (2.2) and (2.3), for all k > ko we get
lvellzz@) + [IVorll2@) < llve = Viizz@) + 1V IIe2@) + Vel 22 o)
< Ca| Vg = VV||r2) + [IVIz2) + Vokll L2 (o)

< (Ca+ 1D)V2(a+1) + [[VLz@) + CalVV] L2(0)-

This proves that the functions vy are uniformly bounded in W12(Q), hence there exists a subse-
quence vy, that converges weakly to a function u € W?(Q). Since vi, € Ky, and the set K, is
weakly closed (by the discussion above), it follows that u € K. Finally, since the L? norm is lower
semicontinuous under weak convergence,

Vul? Vo, |
/ﬂghmmf Voe,” _
Q 2 j—o0 Q 2

which proves that u is a minimizer.
For the uniqueness, it suffices to observe that if u;,us € K, then

2
1
/ S(/ IVu1|2+/ IVU2|2)7
Q 2 Q Q

Vu, + Vuy
2




with equality if and only if Vu; = Vus. In particular, if u; and us are two minimizers then equality
must hold (otherwise “17;“2 would have strictly less Dirichlet energy), therefore

V(up —uz) =01in Q, u; — ug = 0 on 0N.

By Poincaré inequality this implies that u; — us = 0, as desired. g

3. Euler—Lagrange equation and consequences

It is a well-known fact that minimizers of the Dirichlet energy are harmonic. However, in our case,
the presence of the obstacle ¢ plays an important role.

Proposition 3.1. Let u: Q — R be the minimizer of (1.1). Then Au < 0 inside €.
Proof. Let ¢ € C°(€2) be nonnegative, and for € > 0 consider the function u. := u + €. Since

¥ > 0 it follows that u. > u > ¢. Also, because 1) is compactly supported in Q, uc|oq = ulsq = f.
This shows that u. is admissible in the minimization problem (1.1), thus (by the minimality of )

/|Vu|2 </ Vu€|2_/ |Vu + eVip|?
o 2 “Ja 2 Ja 2

Vul|? V|2
:/ﬂ—ke/VU-Vz/H—eQ/ﬂ.
o 2 Q o 2

from the first and last expression, and then dividing by €, we obtain

2
OS/Vu-Vw—&-e/M.
Q o 2

0< Vu~Vw=—/Auw,
Q Q

where the last equality must be intended in the sense of distribution. Since % is an arbitrary
nonnegative smooth function, the inequality above implies that —Awu > 0, as desired. (|

[Vul®
2

Simplifying the term [,

Thus, letting € — 07 we get

As a consequence of the previous result, we can find a “nice” representative for w.

Corollary 3.2. Let u : Q — R be the minimizer of (1.1). Then, up to changing u in a set of
measure zero, u is lower semicontinuous.

Proof. By the mean value formula for superharmonic functions

Au <0 inQ = re ][ u is decreasing on (0, R,), (3.1)
B, (x)
where R, := dist(z, 02). Define the function
(z) :== lim u Vel
r—0 BT(:E)

(note that the limit exists thanks to (3.1)). Then 4(x) = u(z) whenever z is a Lebesgue point for
u, therefore 4 = u a.e.
Also, if x, — T then, using (3.1) again, we get
][ u= lim u < liminf 4(xy) Vre(0,Rs./2),
Br(mx)

k—o0 Br(zk) k—o0

where the first equality follows by the Lebesgue dominated convergence theorem noticing that

1
][ u = 7/ UXBr(Ik) and UXBT(J%) — uXBT»(:L’OC) a.e.
Br(xk) |B:| Ja

Letting » — 0 we obtain

U(rs) < liminf 4(zy),
k—o0

as desired. O



From now on we will implicitly assume that u coincides with its lower semicontinuous represen-
tative 4. In particular, u is pointwise defined at every point.
An important consequence of the previous result is the following:

Corollary 3.3. Let u: Q — R be the minimizer of (1.1). Then
the set  {u>¢@}NQ s open.
Proof. This is a direct consequence of the fact that, since u is lower semicontinuous and ¢ is C*

(hence continuous), then also u — ¢ is lower semicontinuous inside . Hence, if z, — 2o, € Q and
zp € {u—¢ <0} NQ, then

(u— @) (o) < likminf(u —¢)(z) <0.
— o0
This proves that the set {u < ¢} is closed inside €, thus the set {u > ¢} N is open. O

Thanks to the previous result, we can now show that wu is harmonic away from the contact set
{u= ¢}
Corollary 3.4. Let u: Q — R be the minimizer of (1.1). Then
Au=0 inside {u > @} NQ.

Proof. Fix a ball B,(z¢) CC {u > ¢} N, and consider ¢ € C°(B,(x0)). For € > 0, define the
function u, := u + €.

Since B,(z9) CC {u > ¢} NQ and u — ¢ is lower semicontinuous, it must attain a positive
minimum inside B, (zg), namely

min (u—¢) =:cog >0
Br(xo)

Hence, if € > 0 is small enough (the smallness depending on ¢z (B, (z,))), it follows that

ue(r) 2 u(e) = elYllLe b @) = ¢@) + o = €lldllLeB. @) = ¢l@) Yz € Bp(wo).

Since u. = u outside B;(zg), this shows that . is admissible in the minimization problem (1.1).
Thus, arguing as in the proof of Proposition 3.1 we obtain

og/ﬂvu-wz—/gmup, (3.2)

where the last equality must be intended in the sense of distribution. Since now ¥ is arbitrary, we
can replace ¢ by — in (3.2) to obtain

0<— [ Au(-

Combining this inequality with (3.2) we conclude that
/Auw—O Vp € C°(Br (o)),

which implies that Au = 0 inside B, (z).
Since B,(xo) was an arbitrary ball compactly contained inside {u > ¢} N, this proves that
Au = 0 inside {u > ¢} N Q, as desired. O

4. Optimal regularity

In this section we prove the optimal regularity of u, namely u € Cllocl(Q) This result was first
obtained in [17] (see also [3, 5]). As we shall discuss later, the C1:! regularity of u is optimal.
Consider the function
vi=u— ¢, v:Q—R.
Note that, thanks to Proposition 3.1 and Corollary 3.4,

v >0, Av < —Agp in Q, Av=—-Ayp in{v>0}NQ. (4.1)
Theorem 4.1. Let v = u— @, where u is the minimizer of (1.1). Assume that o € C**(Q). Then
v € Cige (9).

I1-4



Of course, since ¢ € C11(Q) by assumption, the theorem above implies that also u belongs to
()}

loc
To prove the result, we first show that v grows at most quadratically away from the contact set.

Lemma 4.2. Let v = u — ¢, where u is the minimizer of (1.1). Assume that Ap € L>(Q2). Then
there exists a constant C', depending only on n and |Ag||p~(q), such that

0 < w(x) < O dist(z, 0{v > 0})? (4.2)
for all points x € {v> 0} NQ such that dist(z,d{v > 0}) < % dist(z, 00).

Proof. To simplify the notation set Cy := [[Ap|[~(n). We begin by recalling the mean value
formula for (super/sub)harmonic functions:
Aw <0 in Bg(z) = w(x) > ][ w Vre(0,R), (4.3)
B, (x)
Aw >0 in Bg(x) = w(z) < ][ w Vre(0,R). (4.4)
By (x)

Since Av < —Agp inside 2 (see (4.1)), we can apply (4.3) to the function w(y) := v(y) — CO%
to obtain

—yl? 2
v(x) > f (v(y) — Cow) dy > ][ v— COT— whenever B, (z) C . (4.5)
B, (2) 2n B, (2) 2n

To simplify the notation, set C; := 20—12 Then (4.5) can be rewritten as
v(x) > ][ v — Cyr? Y r e (0,dist(x, 09)). (4.6)
B, (x)

On the other hand, since Av = —Agp inside {v > 0} N Q (see (4.1)), we can apply (4.4) to the

function w(y) := v(y) + Co\z;iylz to get

n

v(z) < ][ v+ Cyr? whenever B.(z) C {v >0} NQ. (4.7)
Br ()

Now, given a point Z € {v > 0} N Q2 such that dist(z, 0{v > 0}) < % dist(z, 91), we set
7 = dist(z, 0{v > 0}), y := 0Br(z) N 0{v > 0}.
In this way |y — x| = 7, and we can apply (4.6) at y with r» = 27 to get

0=v(y) > ][ v — 4Cy 7. (4.8)
Bar (7))

(note that, since dist(z,0{v > 0}) < & dist(z,9Q), Bar(y) C Q). On the other hand, it follows
by (4.7) applied at z with » = 7 that

u@gf v+ C17°. (4.9)
B ()

Hence, since v > 0 and Bz(Z) C B2#(y), combining (4.8) and (4.9) we get
1

v(i)—01772§][ v = v < v
B () |B| JB,(z) 1Br| /B2 ()
Bar
= | Bor| v = 2”][ v < 2"F200 2.
1Br| B (3) Bar ()
Recalling the definition of 7, this proves (4.2). |

Proof of Theorem 4.1. We begin by recalling the interior estimates for harmonic functions (see for
instance [12, Chapter 2.2.3, Theorem 7)): if Aw = 0 inside B,(z), then

rIVw(@)] + 21 D%w(@)| < Cm) ], w)- (4.10)
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Let z € {v > 0} N, assume that dist(z, 9{v > 0}) < dist(x, 9N), and set r := dist(x, d{v > 0}).
Consider the function

w(y) :==u(y) — ¢(x) = Veo(z) - (y —x)
and note that Aw = 0 inside B,(x) (see Corollary 3.4). Also, since ¢ € C11(Q),

[w(y) —v(y)| = le(y) — p(x) = V() - (y — 2)|

1 1
§Z;Mﬂﬂ&x+(1—ﬂwdﬂy—wﬁ (4.11)

IN

IN

1
§||D2S0||L°°(Q)T2 Vy € B(x).
Hence, applying (4.10) to w inside B,(x), using (4.2) and (4.11) we obtain
Vuw(z 1
AL p2uto)] < o) (H10%6lumey + €' )
provided r = dist(z,0{v > 0}) < % dist(z, 09). Noticing that Vv(z) = Vw(x) and that D?v =
D?w — D?p, this yields

Vo(x 1 A
L 1D20(o)] < C0) (G10%0lumiey + €' ) + 1Dl = €. (412

Hence, if we set

Q, = {x e{v>0}NQ : dist(z,0{v >0}) <7 dist(m,@Q)},

QO = {x € Q : dist(z, {v =0}) <7 dist(z, 39)} =0, U ({v=0}nQ),

then (4.12) proves that the function

Vi) e 1)

= Tt o s op TP

is uniformly bounded inside Ql /3 by a constant C.
To conclude the proof, we note that the boundedness of V" and (4.2) imply that
lu(z)] < C'dist(z,d{v > 0})®> and |Vu(z)| < C dist(z,d{v > 0}) Ve Ql/g,
therefore
v(z) =0 and Vo(z) =0 as dist(z,0{v > 0}) — 0.
Thus, both v and Vv extend continuously to zero inside the set {v = 0}, therefore v € C (¢} /3)-
We now prove that Vv is locally Lipschitz.

To this aim, we consider x,y € Q) . If 2,y € {v = 0} then Vv(z) = Vo(y) = 0 and the result
is trivially true. So we can assume that at least one of the two points belongs to {v > 0}, and that
(with no loss of generality)

dist(x, 0{v > 0}) > dist(y, d{v > 0}). (4.13)

We distinguish two cases.

Case 1: |z —y| < dist(z,0{v > 0}). If we set r := |z — y|, since = € Qll/G it follows that B, (x) C

Ql/g. Thus, recalling that |[D?v] <V < C inside (21 /3, we can estimate
1
Vola) = Vo) < [ |D3ul(te + (1= ) dt o~ y] < Cla — .
0

Case 2: |z —y| > dist(z, 0{v > 0}). Recalling (4.13), we can use again the boundedness of V' to
deduce that

[Vo(z) — Vou(y)| < [Vo(z)| + |Vu(y)| < C’(dist(x, d{v > 0}) + dist(y, 0{v > 0}))

< < <2C.
|z — y| |z -y |z -y
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This proves that Vv € Co’l(fl’l/G), thus v € Cl’l(Q'l/6). On the other hand, because Au = 0 inside

{v >0} and ¢ € CHY(Q), v € CLLQ\ {v = 0}). Since 0/1/6 U(Q\ {v =0}) = Q, the result

follows. 0

5. A new formulation of the obstacle problem

In the previous section we proved that v = u — ¢ € Cll_gcl (Q) provided the obstacle ¢ is of class
CU'. For now on we will always make this assumption.

We now observe that, for a C'! function w, it holds?
D?>w=0  a.e. inside {w = 0}.
Applying this result to v we deduce that Av = tr(D?*v) = 0 a.e. inside {v = 0}, so recalling (4.1)
we obtain that v solves
Av = (—Ap)X{v>0} a.e. inside €. (5.1)
Note that, since Av < —Ap (see (4.1)), we also have
0< -Ap on {v =0}.

In particular, if we assume that —A¢p > 0 then it follows by (5.1) that Aw is discontinuous across
the free boundary 9{v > 0}, which implies that v cannot be C? even if ¢ is smooth. This shows
that, in general, the C1+! regularity of v is optimal.

From now on our goal is to study the regularity of the free boundary. We note that, for this
purpose, it is necessary to make some extra assumptions on ¢. To understand this, one can make
the following observation: fix a ball B,.(z) CC {u > ¢}, consider K C B,(x) a compact set, and
let 1 € C°°(B,.(x)) be a nonnegative function such that 0 <1 < 1, K = {1 = 1}, and D%*|x = 0.
Then, consider the function

¢ := (1 — ) + ug
(see Figure 5.1).

2

Figure 5.1: One can modify the obstacle away from the contact set so that the
new contact set is very irregular.

Note that, since v is harmonic in the region {u > ¢}, the function ¢ is as smooth as ¢ (up to
C™> regularity). Also, since ¢ < ¢ < u, it holds?

uE/C(ﬁC/CLP.

Hence, since u minimizes the Dirichlet integral in Ky, so it does in Ky, proving that u solves the
obstacle problem with obstacle ¢.

ITo prove this, one can apply [13, Corollary 1, Chapter 3.1.2] to the Lipschitz functions w and Vw to deduce
that
D?>w =0 ae. inside {Vw = 0} and Vw =0 a.e. inside {w = 0}.
Hence
D%w=0 a.e. inside {Vw = 0} N {w = 0} and H{w=0}\{Vw =0} =0,
which implies the result.
2Recall the notation

Ky :={veWh2(Q) : v|pq = f, v > ¢}, Ky :={v e Wh2(Q) : vjga = f, v> ¢}



We now notice that
{fu=9¢} ={u=¢}UK,

where K was an arbitrary compact set, showing that in general one cannot hope to prove any
regularity of the free boundary. However, if one analyses the example above, we note that on the
set K the obstacle ¢ has Laplacian 0. Hence, this example would be ruled out if we assumed that
the obstacle has negative Laplacian, at least in a neighborhood of the free boundary.

For this reason, we shall assume that ¢ is smooth and that Ay < 0. Actually, as noticed
in [5, 20, 21, 25], from the point of view of the local structure of the free boundary it suffices to
understand the model case Ay = —1. Thus, from now on we shall focus on the equation

Av = X{U>0}7 v 0.

Noticing that v|gq = ulsg — ¢ = f — ¢, up to replacing v by u and f — ¢ by f, our problem
becomes to investigate the regularity of {u > 0} for a function u € 012; (Q) satisfying

Au = X{y>0} in

u>0 in Q, (5.2)
u=f on 012,
see Figure 5.2.
Vu =20
Au=1
u>0

Figure 5.2: A new formulation of the obstacle problem.

6. Non-degeneracy of solutions

As shown in Lemma 4.2, u grows at most quadratically away from the free boundary. Here we
state (and prove) the result in a slightly different form:

Lemma 6.1. Let u solve (5.2), let ' CC Q, let zg € O{u > 0}, and assume that B,.(xg) C .
Then there exists C = C(Q) such that

sup u < C'r2.
Br(mo)

Proof. Given x € B,.(z), we can write u(z) using the Taylor formula centered at zg :

u(z) = u(xg) + Vu(zg) - (x — x0) + /o (1 — t)D*u(zo + tx — z0))[x — 0,7 — o] dt.

Since u(zg) = 0 and Vu(zg) = 0, setting C := || D?ul| 1 (o) we get

as desired. O

As shown in [4, 5], the upper bound is optimal.

Proposition 6.2. Let u solve (5.2), let xo € 0{u > 0}, and assume that B,(xo) C Q. Then there
exists a dimensional constant ¢ = c(n) > 0 such that

sup u > cr?.
B,«(ibo)

I1-8



Proof. Assume first that z¢o € {u > 0}, and set

|z — z0|?
hao(x) == u(z) — —n
Note that

Ahyy=Au—1=0 inside B, (xq) N {u > 0},
and that hy,(z9) = u(zg) > 0. Hence, by the maximum principle for harmonic functions,

0< hyg, (xg) < sup hy, = max Ry, . 6.1
o(0) By (z0)n{u>0}  O(Br(zo)n{u>0}) (6.1)

Since 0 (B,(xo) N {u > 0}) = (0B, (x¢) N {u > 0}) U (B(z9) N d{u > 0}) and
hyo <u=0 on B,.(x9) No{u > 0}

it follows that the maximum in (6.1) is attained on B, (xo) N {u > 0}, that is

max hag-
9B, (z0)N{u>0}

Since
hay = u — ;— on 9B, (zg) N{u > 0},
this yields

— < max u < sup u,
2n OB, (zo)N{u>0} B, (z0)
proving the result whenever zo € {u > 0}.
Now, if 2y € 9{u > 0}, consider a sequence of point {zj}r>1 C {u > 0} such that ), — o,
and set 1, 1= r — |2 — xo|. Since By, (z) C By(xo) C  we get
2

"k
sup u 2> -,
Bv‘k (k) 2n

and the result follows letting k — oo. (|

7. Blow-up analysis and Caffarelli’s dichotomy

Thanks to Corollary 6.1 and Proposition 6.2, we know that

sup u o~ r? YV xo € 0{u > 0} with B,.(zq) C Q.
BT(IO)
This suggests the following rescaling: for g € 9{u > 0} and r > 0 small, we define the family of
functions
u(rg +re
Ugy r(2) 1= ulzo + 1) 07"2 ) (7.1)
In this way, since u € CL!(Q), if we take p < dist (o, Q) we get (see Figure 7.1):

loc

® g, (0) =0, SUpp, Ugy,r ~ 1 V1 e (0,p);
o |D?uy, | (z) = |D?u|(xo + 12) < C Ve B,-1,(0).

Note that, by Ascoli-Arzeld Theorem, the family of functions {us, }»>0 are compact in C{_.
So, one can consider a possible limit (up to subsequences) as r — 0. Such a limit is usually called
a “blow-up”. Observe that, since the function wug, . is defined in the ball B,-1,(0), any blow-up is
defined in the whole R™.

The first goal is to classify the possible blow-ups, since they give us an idea of the infinitesimal
behavior of u near xy. We begin by considering two possible natural type of blow-ups that one
may find.



Figure 7.1: By scaling, we look at functions of size 1 defined inside Bj.

Figure 7.2: Performing a blow-up near a “thick” free boundary points.

7.1. Regular free boundary points

Let us first imagine that the free boundary is smooth near xg, with « > 0 on one side and u = 0
on the other side. In this case, as we rescale u around xg, we expect in the limit to see a one
dimensional “half-parabola”, see Figure 7.2.

This motivates the following:

Definition 7.1. A free boundary point xg € 9{u > 0} is called a regular point if, up to a
subsequence of radii,
u(xo + 1)

2 [(e-z)4]? asr — 0"

N =

for some unit vector e € S"7 L.

7.2. Singular free boundary points

Suppose now that the contact set is very narrow near xg. Since Au = 1 outside of the contact
set, as we rescale u around xg we expect to see in the limit a function that has Laplacian equal
to 1 almost everywhere. In dimension two, a natural behavior that one may expect to observe is
represented in Figure 7.3.

Se-x)?

/e'

Figure 7.3: Performing a blow-up near a “thin” free boundary points.

More in general, since any nonnegative quadratic polynomial with Laplacian 1 solves (5.2), one
introduces the following:

Definition 7.2. A free boundary point xqg € O{u > 0} is called a singular point if, up to a
subsequence of radii,
1
—u(azo —21— re) = (z):= 5(/13:,:1}) asr — 0t
r

11-10



for some nonnegative definite matriz A € R™*™ with tr(A) = 1.

Note the form of the polynomial p is strictly related to the shape of the contact set near 0. For
instance, if n = 3 and p(z) = 3(e - z)? for some unit vector e € S?, then the contact set is close to

the 2-dimensional plane {e -z = 0}, see Figure 7.4.

Figure 7.4: A singular point in dimension 3 where the contact set is close to a plane.

On the other hand, one may also expect to see points where the contact set is close to a line,
that could correspond for instance to a polynomial of the form p(z) = 1(2% 4 23), see Figure 7.5.

Figure 7.5: A singular point in dimension 3 where the contact set is close to a line.

7.3. Caffarelli’s dichotomy theorem

Note that a priori the definitions of regular and singular points may not be mutually exclusive.
Indeed, a free boundary point could potentially be regular along some sequence of radii and singular
along a different sequence. Also, it is not clear that regular and singular points should exhaust the
whole free boundary.

These highly nontrivial and deep issues have been answered by Caffarelli in [4]:

Theorem 7.3. Let u solve (5.2), and let xo € O{u > 0} N Q. Then one of these two alternatives
hold (see Figure 7.6):

(1) either xq is regular, and there exists a radius ro > 0 such that O{u > 0} N By, (xg) s an
analytic hypersurface consisting only of reqular points;

(2) or xq is singular, in which case for any r > 0 small there exists a unit vector e, € S*~!

such that 0{u > 0} N B.(x0) C {z : |e, - (x —x0)| < o(r)}.

Idea of the proof. The first key ingredient is a semiconvexity estimate of the following form: given
x € {u >0} NQset r, := dist(z, 0{u > 0}). Then, for any unit vector e € S,

aeeu(l') Z _W(Tx)v
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Figure 7.6: A regular (left) and a singular (right) free boundary point.

where w : RT — RT is a continuous increasing function such that w(0) = 0 (see for instance [5,
Theorem 3] for a proof).

This fundamental bound allows one to show that blow-ups are convex. Indeed, if 2o € 9{u > 0}
and B,(xo) C 2, we can define vz, : B,-1,(0) = R as in (7.1). Then

Oeelzy,r () = Oeet(zo + 1) > —W(re) V&€ B,-1,(0),Vr>0.
In particular, if we let 7 — 07 and u,, : R" — R denotes a possible limit point, then
Oeellz, () >0 VzeR",

hence u,, > 0 is convex. One now distinguishes between two cases, depending on the properties of
the contact set {u,, = 0}. More precisely:

Case 1: The contact set {uy, = 0} has positive measure. In this case, since 0 € d{uy, > 0} and
the set {ug, = 0} is convex, it must contain a ball B, () disjoint from the origin (see Figure 7.7).

Consider set of directions w € S"~! of the form w = —n With v € By /o(2).

Figure 7.7: The contact set of u,, when it has positive measure.

We claim that
Owlg, () >0 V€ B,s(0).
Indeed, given any point x € B, 5(0), consider v € B, /5(2) and define the point
Yp =T +V E By (2).

Note that, by the convexity of u,,, it follows that
d d?
anuxo (y: +tw) = 22 Uao (yz +tw) >0 Vit>0.

Hence, since Owuy, (yz) = 0 (because y, € B, (%) C {ugy, = 0}) we get Owtg, () = Owliz, (Ys +
|viw) > 0, as desired.
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Observe now that the function dwuy, is harmonic inside the set {uy, > 0}. In particular, unless
it is identically zero it must be strictly positive there, by the strong maximum principle. Thanks
to this consideration and to the fact that Au,, =1 inside {u,, > 0}, one easily concludes that

Owlig, () >0 V€ B,a(0) N {ug, >0} (7.2)
Observe now that
0< Ow g, () _ Vg, () w
T Vg, ()] Vg, ()]
Vug, ()

and that Vo @] coincides with the normal to the level sets of u,,. Hence, recalling the definition
zQ

of w, (7.2) implies that the normal to the level sets of u,, inside B, 5(0) belongs to the cone
C={resS*':v.v<0 VveB,;#)}
see Figure 7.8.

Vug,(z)
Vg, ()]

Figure 7.8: Monotonicity of u,, and Lipschitz regularity of its level sets.

Thus, if one looks at the level sets {u,, = A} x>0 as graphs with respect to the hyperplane or-
thogonal to Z, it follows that these graphs have a bounded slope, or equivalently they are uniformly
Lipschitz. In particular, since d{u,, > 0} = limy_,o+{uy, = A}, the free boundary is Lipschitz
continuous inside B, /2(0).?

Thanks to this fact, we see that the functions Owu,, are harmonic, strictly positive inside
B /2(0)N{uz, > 0}, and vanish on the Lipschitz hypersurface d{u,, > 0}. Hence, by the boundary
Harnack inequality for harmonic functions in Lipschitz domains (see for instance [8, Theorem 11.6])
it follows that

Ow, Uz,

v; R
€ Coya(BU/ZL(O) N {u:co > 0}) Vw; = _ﬁa Vi € Ba/?(z)'

Owy Uz

In particular, choosing

~ 4+ 2
Wy = _i, Wy = — Qf ge with e € S"~! arbitrary,
|| |+ Zel
we get
vuﬂfo(z) 0
——= e C"*(B,/4(0)N > 0}).
Vi ()] &€ Fora @0 {0 > 0D
Vg, (z)

Since e coincides with the normal to the level sets of wu,,, we deduce that the level sets
z0

of ug, are uniformly C*, thus d{ug, > 0} is of class C1* inside B, 4(0). In particular, up to
reducing the size of o, {uz, > 0} is arbitrarily close to a half-space H inside B, /4(0).

30ne may note that the Lipschitz regularity of &{us, > 0} is also an immediate consequence of the convexity of
the contact set. However, as the reader will see in the sequel of Case 1, this argument can be generalized to prove
the Lipschitz regularity of d{uz,,» > 0} for r small enough.
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To transfer the informations back to our solution u, one argues as follows: given € > 0 small,
we can choose a radius 7 = re > 0 small enough so that [ug,, — Uz,llc1(p,) < € This implies
that (7.2) almost holds for wy, ,: more precisely, since (7.2) holds uniformly away from the free
boundary, we deduce that

Owly g, () >0 Vo€ B,p(0)NH st dist(z,0H) > dco,

where §. — 0 as € — 0.

Exploiting the fact that Owu,. 4, is harmonic inside its positivity set, and that the set {u, 5, >
0} N B,/ is very close to B, /2(0) N H, a maximum principle argument (see [5, Lemma 11]) shows
that, if € is sufficiently small,

Owlr zo(z) >0 V& € Byya(0) N {4, > 0}

Exactly as before, this implies first that the level sets of u,. 5, are Lipschitz, and then they are C'*®
inside B, /6(0) by the boundary Harnack inequality. Finally, elliptic PDEs techniques yield higher
order regularity and analyticity of d{u, ., > 0} N B,/3(0) [19]. Since d{u,,», > 0} N B,/5(0) is a
dilate and translate of {u > 0} N B, /s(0)), this proves the analiticity of the free boundary of u
in a neighborhood of .

Case 2: The contact set {ugy, = 0} has measure 0. In this case, since Aug, = 1 outside the contact
set we deduce that Au,, =1 a.e. in R”, and by elliptic regularity Au,, = 1. Thus

0= aee1 = aee(Au:co) = A(aeeumo)a

which implies that Jeettz, > 0 is a nonnegative harmonic function in the whole R"™. Recall now
the classical Harnack inequality for nonnegative harmonic functions:
Aw=0 and w>0 1in By = sup w < C,, inf w, (7.3)
Bry/2 Bry2
for some dimensional constant C,, > 0.
Defining me := infgn Qeelis,, it follows by (7.3) applied to w = Jeelty, — Me that

SUp (Qeetlzy — Me) < Cp inf (Deetiz, — Me) VR >0.
Bry» Bry2

Letting R — oo the right hand side tends to 0, therefore

Sup(Qeellz, — Me) = 0,
R"'L

which proves that Oeetts, is constant.

Since e € S"~! was arbitrary, this proves that all the pure second derivatives of u,, are constant,
hence uz, is a homogeneous quadratic polynomial (recall that wu,,(0) = 0 and uy, > 0). Thus, xg
is a singular point.

We now observe that u,, = limy_, o g, for some sequence of radii r, converging to 0. Now,
if we consider a different sequence of radii 74/ converging to 0 and u/, is a limit point, then again
the contact set {u}, = 0} must have measure zero. Indeed, if not, then by Case 1 the point xg
would be regular. Thus, the set {ug,, = 0} would be close to a half-ball for all » > 0 small, in
contradiction with the fact that the set {ug, r, = 0} should converge to {uy, = 0}, which is of
measure zero.

Finally, the inclusion 9{u > 0} N B, (zg) C {x : |e, - (z —x0)| < o(r)} follows from the fact that

%((8{u > 0} 1 B, (20)) — #0) = O{utay » > 0} 11 By,

and that any limit point of uz, , has a contact set which is a convex set of measure zero, hence
contained in a hyperplane.

We refer the interested reader to [5] and to the book [21, Chapters 4.1, 6.1, 6.2, and 6.4] for
more details and specific references. O

Observe that, as a consequence of Theorem 7.3, a free boundary point can only be either regular
or singular. Also, if it is regular then the free boundary is smooth in a neighborhood and all points
nearby are regular as well. From this we deduce that the convergence in Definition 7.1 holds without
the need of taking a subsequence of radii.
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While Theorem 7.31 gives a complete answer to the structure of regular points, Theorem 7.32
is still not conclusive. Indeed, first of all the vector e, may depend on r. Also, the o(r) appearing
in the statement comes from a compactness argument, so it is not quantified.

Hence, from now on we shall only focus on the study of singular points. To simplify the notation
we denote

Y. := {singular points} C d{u > 0}.
Since the set of regular points is relatively open inside the free boundary (as a consequence of
Theorem 7.31), we deduce that ¥ is a closed set.

8. Uniqueness of blow-up at singular points

As observed in the previous section, a priori the vector e, appearing in the statement of Theo-
rem 7.32 may depend on r. This fact is essentially related to whether the convergence in Defi-
nition 7.2 holds only up to subsequence or not: indeed, if one could prove that the convergence
to a polynomial p holds without passing to a subsequence, then one could easily deduce that
A{u > 0} N B(zg) C {x : dist(z — zo, {p = 0}) < o(r)}.

The complete answer to this questions has again been given by Caffarelli in [5], after some
previous results in the two dimensional case [7, 22, 23].

From now on we use the notation

1
P = {(x) = §<Ax,x> : A € R™™ symmetric nonnegative definite, with tr(A) = 1}.

Theorem 8.1. Let u solve (5.2), and let xg € ¥. Then there exists ps 4, € P such that

lim M = D,z (T).
In addition, the map
Y3z DPs,xq
1s locally uniformly continuous.
For convenience of the reader we present here the proof of this result given few years later by
Monneau [20]. To this aim, we shall first need to prove the following monotonicity formula due to
Weiss [25].

Proposition 8.2. Let 0 € 0{u > 0}, assume that B,(0) C Q, and for r € (0, p) define the function
1 2 2 2

d
— > .
er(r, u) >0 Vre(0,p)

Then

In addition, if 0 € X then
W (0", u) = W(r,p) VpeP,Vr>0.

Proof. Set u,(z) := r~2u(rz), so that W (r,u) = W(1,u,). Then, integrating by parts,

d
EW(L Up) = 2/ (Vur -V(0ru,) + 8rur) — 4/ Uy Optly

By 0B,
o[ o002 [ 20,
By 0B,

Noticing that Au, = 1 in the region where {u, > 0}, and that
Opup =771 (x -Vu, — 2ur),
it follows that either —Aw,. + 1 or d,u, vanishes, and that d,u, = r~1(0,u, — 2u,) on dB;. Thus
(—Au, 4+ 1)0,u, =0, and
d d 2

—W(1 =—w( == —2u,)% > 0.
W) = W (L) r/aBl(a,,ur )? >0
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This proves the monotonicity of W.
Now, if 0 is a singular point and p € P is the limit of u,, along some sequence 7, — 0, then

lim W(r,u) = klim W(rg,u) = klim W(1,ur,) =WI(1,p),
— 00 — 00

r—0
where the first equality follows from the fact that W (r,«) has a limit as » — 0 because of mono-
tonicity. Finally, a direct computation shows that there exists a dimensional constant ¢, > 0 such
that W(r,p) = W(l,p) = ¢, for all p € P and r > 0. ]

We shall also need the following observation:
Remark 8.3. Let p € P. Since Au = Ap =1 in {u > 0}, we have
wAW — 0 in {u > 0}
pAp=p>0  in{u=0}.
Equivalently,
wAW = pXu=o} = 0 VpeP. (8.1)
We can now prove the so-called Monneau’s monotonicity formula.

Lemma 8.4. Let 0 € X, p € P, assume that B,(0) C Q, and for r € (0,p) define

1
M (r,u,p) = m/@B (U_P)Q-

T

Then

d
@M(T,U,]?) >0 Vre (pr)

Proof. For simplicity of notation we set w := u — p.
Since W (r,u) > W (0T, u) = W(r,p) for all r € (0, p) (see Proposition 8.2) and Ap = 1, we have

1 2
0< W) W) = i [ (|Vu|2+zu—|Vp|2—2p 3/03 (u2 - 1?)

1
- Vwl? + 2Vw - Vp + 2w) — / 2 )

1
= m/ <|Vw|2+2dlv(wVp r"+3 /OB <w2 + 2w )
1 2
=— Vuw|* - / / -Vp—2
Tn+2 Lr| w| 7“"+3 9B 7“"+3 9B.. w z p p)

1 2
= — Vw|? — w?
rnt2 B, | | rnt+3 9B )

r

where we used that © = rv on 9B, and that p is 2-homogeneous (hence x - Vp = 2p). This proves

that . 5
WL |Vw|2 Z T‘n+3 /aB ’lU2 Vre (07p) (82)

r

1 , 1 1
THH/;T|V’U)| :7’”"’2/; WAw+Tn+3LB wx'erU7

thanks to (8.2) and (8.1) we obtain

1 1
— Vw —2w) > —— Aw >0 v re(0,)p).
o /aBy‘w(x w w)*r"”/B wAw > r € (0,p)

r

Now, since

2

Hence, setting w,(z) := r~?w(rz) and noticing that d,w,(z) = r~1(x - Vw, — 2w,.), we obtain

d d 1 d
7M 2 - 2
dr (r.wp) = dr (T”+3 /am v ) dr </631 w,)

2 2
:f/ wy (- Vw, — 2w,) = +4/ w(z - Vw — 2w) > 0,
r T
8B, 9B,

as desired. O
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We can now prove the uniqueness and the continuity of blow-ups at singular points:

Proof of Theorem 8.1. We first prove the existence of the limit.

Assume with no loss of generality that 2o = 0, set u,(z) := r~2u(rz), and let p; and ps be two
different limits obtained along two sequences rj ; and 712 both converging to zero. Up to taking
a subsequence of 7 2 and relabeling the indices, we can assume that 7,2 < 71 for all k. Thus,
thanks to Lemma 8.4, we have

/ (urkJ - p1)2 = M(Tk,la u,pl) Z M(’I‘k,g,u,pl) = / (uTk,z - p1)2 v k7
Bl Bl

2

and letting £k — oo we obtain
T 2 . 2 _ 2
0= lim [ (up,, —p1)” > lim [ (up,—p1) —/ (p2 —p1)°.
k—o0 B k—o0 B B,

This proves that there is a unique possible limit for u, as — 0, which implies that the limit exists.
From now on, given a singular point xg, we shall denote this limit by ps 4, .

We now prove the continuity of the map xg — p. 5, at 0 € £. Fix € > 0, and consider a sequence
z € ¥ with z; — 0. Since u, — py o, there exists a small radius r. > 0 such that

/;Bl

Also, applying Lemma 8.4 at z;, with p = p, o, we deduce that

2

u(rez) <e. (8.3)

2
re

—p*70(a:)

2
9 ) u(xy + rx)
. — =1 — =
/881 IPre = Puol "0 9B, r? Prol®)
2
u(rg +rex
< / ( 2 = ) 7p*,0(-r)
831 TE
Hence, letting k — oo and recalling (8.3) we obtain
2

. . w(xg +rex
lim sup/ Dy, —p*’o|2 < lim w —peo(z)| <e.
k—oco JoB, k—oo JoB, Te

Since € > 0 is arbitrary, this proves the continuity at 0.
Because ¥ is locally compact (recall that ¥ is closed), this actually implies that the map

2D Xo  Duyzo

is locally uniformly continuous. 0

9. Stratification and C' regularity of the singular set

With Theorem 8.1 at hand, we can now investigate the regularity of ¥. Note that singular points
may look very different depending on the dimension of the set {p. ,, = 0}, see Figures 7.4 and 7.5.
This suggests to stratify the set of singular points according to this dimension.

More precisely, given xy € ¥ we set

ks, := dim(ker D?p, ) = dim({p«.., = 0}).
Then, given m € {0,...,n — 1} we define
Y i={zo €X : kyy =m}.
Note that, with this definition, the point in Figure 7.4 belongs to ¥s, while the point in Figure 7.5
belongs to Xj.
More in general, 3 consists of isolated points, while the other strata X, should correspond to

the m-dimensional part of 3, see Figure 9.1.
This intuition is confirmed by the following result due to Caffarelli [5]:

Theorem 9.1. For anym € {0,...,n— 1}, X, is locally contained in a m-dimensional manifold

of class C*.
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Figure 9.1: A possible example of contact set in 3 dimensions.

Idea of the proof. Recalling that u = Vu = 0 on the contact set {u = 0} (see Figure 5.2), we have
in particular that u|y,, = Vu|g, = 0. Also, by Theorem 8.1,

w(@0 + ) = Peao (y) + ol|y[*)-

Hence, at least formally, this means that p, ;, corresponds to the second order term in the Taylor

expansion of u, namely “p, ., (y) = 3 D?u(z0)[y, y]"

Since the map ¥ 3 g — Ps 4, (y) is continuous, one can apply Whitney’s extension theorem to
find a map F : R® — R” of class C' such that

F(zo) = Vu(zg) =0 and VF(z0) = D*ps 2, YV zo € .

Noticing that dim(ker VF(z¢)) = dim(ker D?p.. ,,,) = m on ¥,,, it follows by the Implicit Function
Theorem that

S = {F =0} N3,

is locally contained in a C'' m-dimensional manifold, as desired. O

Remark 9.2. The proof above shows that the estimate
[u(@o + ) = Praoll L= (B,) = 0(r?), (9.1)

with a bound o(r?) independent of x¢, implies that ¥,, is locally contained in a C'' m-dimensional
manifold.
More in general, if one could prove that

[u(zo + ) = PaaollL=(s,) < Cr?H® (9.2)

for some constant C' independent of xg, then by applying Whitney’s extension theorem in Holder
spaces one would conclude that ¥,, is contained in a m-dimensional manifold of class C'®.

Remark 9.3. The fact that 3, is only contained in a manifold (and does not necessarily coincide
with it) is optimal: one can build examples in n = 2 where ¥ coincides with a Cantor set contained
in a line [24].

10. Recent developments

In 1999, using Proposition 8.2 combined with a “epiperimetric approach”, Weiss proved the fol-
lowing result [25]:

Theorem 10.1. Let n = 2 and xg € X. Then there exists a constant o« > 0 such that
[u(zo + ) = PuaollLe(m,) < Cr°te

where C > 0 is locally independent of xq. In particular ¥, C CY® curve.

I1-18



Weiss’ proof was restricted to two dimensions because of some delicate technical arguments in
some steps of the proof. Still, one could have hoped to push his argument to higher dimensions.
This was achieved last year by Colombo, Spolaor, and Velichkov [9], where the authors introduced
a quantitative argument to avoid a compactness step in Weiss’ proof. However, the price to pay
for working in higher dimensions is that they can only get a logarithmic improvement in the
convergence of u to py z,:

Theorem 10.2. Let n > 3 and xg € X. Then exists a dimensional constant € > 0 such that
[u(zo + ) = Pyl oo (,) < Cr?[log(r)]~¢
where C > 0 is locally independent of xqo. In particular ¥, C CY1°8" m-dim manifold.

In other words, in dimension n > 3 one can improve the C' regularity of Caffarelli to a quan-
titative one, with a logarithmic modulus of continuity. This result raises the question of whether
one may hope to improve such an estimate, or if this logarithmic bound is optimal.

In a recent paper with Serra [15] we showed that, up to the presence of some “anomalous” points
of higher codimension where (9.2) is false for any a > 0, one can actually prove that (9.2) holds with
a = 1 at most points (these points will be called “generic”). In particular, up to a small set, singular
points can be covered by C*! (and in some cases C2) manifolds. As we shall discuss in Remark 10.4
below, this result provides the optimal decay estimate for the contact set. In addition, we can
prove that anomalous points may exist and our bound on their Hausdorff dimension is optimal. In
particular, the existence of anomalous points implies that also Theorem 10.2 is optimal.

Before stating our result we note that, as a consequence of Theorem 8.1, points in Y are isolated
and wu is strictly positive in a neighborhood of them. In particular u solves the equation Au =1 in
a neighborhood of ¥y, hence it is analytic there. Thus, it is enough to understand the structure of
Ymform=1,...,n—1.

Here and in the sequel, dimy (E) denotes the Hausdorff dimension of a set E. The main result
in [15] the following:

Theorem 10.3. Let X := Uzl;loEm denote the set of singular points. Then:
(n=2) X is locally contained in a C? curve.

(n>3) (a) The higher dimensional stratum ¥,,_1 can be written as the disjoint union of “generic

points” X9 | and “anomalous points” % _,, where:

o %9 . is locally contained in a CY' (n — 1)-dimensional manifold;
o X% is a relatively open subset of ¥p_1 satisfying dimy (X¢_,) < n—3 (actually,
¥ is discrete whenn = 3).
Furthermore, the whole stratum X,,_1 can be locally covered by a C1*0 (n—1)-dimens-
ional manifold, for some dimensional exponent gy > 0.
(b) For allm=1,...,n—2 we can write X, = X9, U ¢, where:
e 39 can be locally covered by a C** m-dimensional manifold;
o X% is a relatively open subset of X, satisfying dimy (X%) < m—1 (actually, 3¢,
is discrete when m =1).
In addition, the whole stratum X, can be locally covered by a CV1°8° m-dimensional
manifold, for some dimensional exponent ey > 0.
This result needs several comments.

Remark 10.4. We first discuss the optimality of the theorem above.

(1) Our CY! regularity provides the optimal control on the contact set in terms of the density
decay. Indeed our result implies that, at all singular points up to a (n — 3)-dimensional set
(in particular at all singular points when n = 2, and at all singular points up to a discrete
set when n = 3), the following bound holds:
[{u =0} N B, ()|
| Br (o)

In view of the two dimensional Example 1 in [24, Section 1], this estimate is optimal.

<(Cr Yr>0.
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(2) The possible presence of anomalous points comes from different reasons depending on the

dimension of the stratum.

(a) The possible presence of points in ¥%_; comes from the potential existence, in di-
mension n > 3, of \-homogeneous solutions to the so-called Signorini problem with
A € (2,3). More precisely, it follows by our proof that the following result holds:

Let q € Wl’Q(Rk) satisfy:

loc
e q is \.-homogeneous, namely q(ox) = 0™ q(x) for all o > 0;
e Ag<0,qAq=0, ql{z,—0y > 0;
e Ag =0 inside R* \ {x}, = 0}.
Let k be the smallest dimension for which there exists a nontrivial solution to the
problem above with A, € (2,3). Then dimy(X2_;) <n —k.
Because k > 3 is the best lower bound currently known on k (see for instance [16]),
we get dimy (22_,) <n—3.
(b) For m < n—2, the anomalous points in the strata X%, come from the possibility that,
around a singular point g, the function (u — px z,)|B, (z,) behaves as e,.q, where:
e ¢, € RT is infinitesimal as r — 0T, but &, > 7% for any a > 0;
e ¢ is a nontrivial second order harmonic polynomial.
Although this behavior may look strange (we are saying that, after one removes from
u its second order Taylor expansion, one still sees a second order polynomial), this

can actually happen and our estimate on the size of ¢, is optimal. Indeed, we can
construct examples of solutions for which dim(X%,) =m — 1.

We now make some general observations on Theorem 10.3.

Remark 10.5.

(1)

(2)

3)

Our result extends Theorem 10.1 to the highest dimensional stratum in every dimension,
and improves it when n = 2.

The last part of the statement in the case (n > 3)-(b) corresponds to Theorem 10.2. In [15]
we obtain this result as a simple consequence of our analysis.

The set of generic points is not open inside the singular set. In particular, anomalous
points can accumulate at generic points even in dimension 3 (where anomalous points are
discrete).

In [22, 23], Sakai proved very strong structural results for the free boundary in dimension
n = 2. However, his results are very specific to the two dimensional case with analytic
right hand side, as they rely on complex analysis techniques. On the other hand, all the
results mentioned before [4, 5, 9, 25] are very robust and apply to more general right hand
sides. Analogously, also our techniques are robust and can be extended to general right
hand sides.

Strategy of the proof of Theorem 10.3

The idea of the proof is the following: as mentioned before, to obtain C'*! regularity of the singular
set we would like to show that (9.2) holds with o > 1.

So, let 0 be a singular free boundary point. Using Weiss’ and Monneau’s motononicity formulae,
we are able to prove that the so-called Almgren frequency function is monotone on w := u — p.
More precisely, if we set

() = ———
@) = TG eeomn

w(rz)
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then we can show
d o 2 2 N

avaran(Bl) Z ; (/B ’U}TAIUT> Z O, (101)
see [15, Proposition 2.4 and Equation (2.20)].

Note that, as a consequence of (10.1), it follows that ||V, z2(p,) < (V01| z2(B,) for all 7 < 1,
which allows us to perform blow-ups around 0 by considering weak W2 limits of @, as r — 0.

Set A, = lim,_, ||V1DTH%2(31). Using (10.1) again we can prove that, up to a subsequence,
w,—q in W12(By), where:

e ¢ is \.-homogeneous and ¢Aq = 0;*
e Ag <0, and Aq is supported on L = {p, o = 0};°

In addition, by a variant of the argument in the proof of Lemma 8.4 we can prove that

d 1 ,
i (e [, ) 20
1 1/2 1/2
R
rm oB, B,

from which we are able to deduce that (9.2) holds at zp = 0 with 2 + o = A.. Hence our problem
is reduced to understanding the possible values of A, and more precisely in proving (if possible)
that A, > 3.

Although it is not difficult to prove that A, > 2 (this follows from the fact that | V@, H%Q(Bl) > 2,
see (8.2)), it is actually unclear how to exclude that A, = 2. Note that, in the latter case, we would
get no new information with respect to what was already known!

Recalling that m = dim(L), we need to distinguish between the two cases m = n — 1 and
m < n — 2. We begin with the latter.

This implies that

The case m < n — 2. Because ¢ € W2(B;) and its Laplacian is concentrated on L which has
dimension at most n — 2, it follows by a classical capacity argument that Ag must be identically
zero, so ¢ is harmonic. In particular

A €4{2,3,4,...}.

Hence, we only need to exclude that A, = 2 (this would correspond to the point 0 being
“anomalous”). Unfortunately, as already mentioned before, anomalous points may exists in dimen-
sion n > 3. To circumvent this difficulty, a key ingredient in our analysis comes from the following
fundamental relation, that we prove as a consequence of Lemma 8.4:

/ qlp« —p) >0  forallpeP. (10.2)
0B,

Thanks to this inequality we can show that, whenever A, = 2, some very strong relation between
p« and ¢ holds (see [15, Proposition 2.10]). Thus, our goal becomes proving that (10.2) cannot be
true at “too many” singular points.

One of our key results shows that, when n = 3 and m = 1, then (10.2) implies that ¢|;, < 0
outside of the origin. Then we show that this is incompatible with having a sequence of singular
points z converging to 0 (the reason for this incompatibility is that these points would force ¢ to
being nonnegative on L). Hence we conclude that anomalous points are isolated for n = 3.

4Indeed, one can prove that g satisfies
q(rz)

lla(r )lrzam))
(see the proof of [15, Proposition 2.10]). Then, it follows from (10.1) and its proof that g is A«-homogeneous with
Av = HV‘]HQLz(Bl) = lim, 0 HVzI;THQLz(Bl), and that gAg = 0.

5The fact that Ag < 0 follows by noticing that Aw = X{u>0} — 1 <0, thus Aw, <0 for all 7 > 0.

For the second part, note that Aw = 0 inside {u > 0}. Therefore Aw, = 0 inside the set %({u > 0} N By), which
converges to By \ {p«,0 =0} as r — 0.

d N .
a”v{]r"iQ(Bl) =0 where QT(x) =
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Once this result is proved, by a Federer-type dimension reduction principle we handle the case
n > 4 and prove that dimy (3%) < m — 1. Note that Federer dimension reduction principle is not
standard in this setting, the reason being that if x¢ and x; are two different singular points then
the blow-ups at such points come from different functions, namely © — ps 2, and u — Dy 4, .

Finally, the C11°2" regularity of ¥,, comes as a simple consequence of our analysis combined
with Caffarelli’s asymptotic convexity estimate [4].

The case m =n — 1. In this case we observe the following: since u — p, o = u > 0 on L, then
Wy|r, > 0 for any r > 0. Hence, since dim(L) = n — 1, by a trace inequality we deduce that ¢ > 0
on L. Thus we have obtained that:

e ¢ is A\.-homogeneous;
e Ag<0,qAg=0,4q|L 2 0;
e Ag is supported on L.

We now note that this system is simply the PDE characterization of global homogeneous
solutions to the so-called Signorini problem, also known as thin obstacle problem (see for in-
stance [1, 2, 16, 18]). In particular, since all global homogeneous solutions are classified when
n = 2, we deduce that in two dimensions

Ao€{2,3,4,. }U {4_ %,6— %,8— ;}
Also, using again (10.2) and the fact that now ¢|, > 0, we can rule out A\, = 2. This proves
that A\, > 3 for n = 2. Then the higher dimensional case is handled using again a Federer-type
dimension reduction principle.
Furthermore, to show that ¥,_; is contained in a C®0-manifolds, we prove that A, > 24ag > 2
in every dimension.

Finally, the C? regularity in two-dimensions requires a further argument based on a new mono-
tonicy formula of Monneau-type.

11. Future directions

Although the results presented in the previous sections provide a very good understanding of the
free boundary regularity in the classical obstacle problem, there are still several directions that are
worth being investigated.

First of all, Theorem 10.3 shows that if xg € X% with m < n — 2, then the expansion (9.1) is
optimal. On the other hand, we have seen that (9.2) holds with @ = 1 at generic points. Hence
a natural question is whether, at a generic point x(, there exists a unique third order harmonic
polynomial ps ;, such that

[u(zo + ) = Pewy = P3aollLov(8,) = 0(r?).

As shown in [15], this is true at almost every generic point. So one may ask whether one can further
improve the error o(r?) to O(r*), and more in general whether one can prove a Taylor expansion
up to every order (at least at most points). Motivated by applications to the Schaeffer’s conjecture
(which states that, for generic obstacles, the set of singular points should be empty [24]), in [14]
we prove such an expansion up to order 5. Then, as a corollary, we obtain the validity of Schaffer’s
conjecture in dimension 3 (the two dimensional case had already been proved by Monneau in [20]).

An important direction related to the discussion above is whether an expansion holds up to
every order. More in general, given a positive function h of class C* and a solution of Au =
hX {u>0} (this corresponds to the obstacle being of class C*+% see (5.1)), one may ask whether
an expansion of order k 4 2 holds at most singular points.

On a different direction, we may note that all the results obtained up to now concern only the
structure of regular and singular points when seen as “disjoint sets”. For instance, Theorem 7.3 does
not say anything about the regularity of regular points as they approach the singular set. Using
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complex variable techniques, an answer to this problem has been given for analytic obstacles when
n = 2 [22, 23] (see also [6, 20] for some results in the case of smooth obstacles). It would already
be very interesting to have a complete description of the free boundary in the two dimensional
case for obstacles that are smooth (say C'°°) but not analytic.

Finally, all these questions can be asked in the parabolic version of the obstacle problem, namely
when u solves®

Ou — Au = —X{u>0}, u >0, Owu > 0.

In [14] we generalize Theorem 10.3 to this setting and, as a consequence, for n < 3 we prove that
the free boundary is smooth outside of a closed set of “singular times” of dimension at most 1/2.
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