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Abstract

We consider a one-phase nonlocal free boundary problem obtained
by the superposition of a fractional Dirichlet energy plus a nonlocal
perimeter functional. We prove that the minimizers are Holder con-
tinuous and the free boundary has positive density from both sides.

For this, we also introduce a new notion of fractional harmonic
replacement in the extended variables and we study its basic properties.
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1 Introduction

The recent research has payed a great attention to a class of nonlocal prob-
lems arising in both pure and applied mathematics. A natural setting in
which nonlocal questions arise is given by the class of free boundary prob-
lems. Roughly speaking, many free boundary problems are built by the
competition of two (or more) competing terms: for instance, an elastic (or
ferromagnetic) energy can be combined with a tension effect (in this setting,
the ferromagnetic energy favors the preservation of the values of a state pa-
rameter u, while the tension effect tends to make the interface given by the
level sets of u as small as possible).

In order to take into account possible long-range interactions, some non-
local energies have been considered in these types of free boundary problems.
In particular, in [12], a new energy functional was considered, as the sum
of a fractional Dirichlet energy, with fractional exponent s € (0,1), and a
fractional perimeter, with fractional exponent o € (0,1). When s — 1, and
when ¢ — 0 or ¢ — 1, the energy functional becomes the classical free
boundary energy considered in [1, 2, 3]. An intermediate problem, with a
local Dirichlet energy plus a fractional perimeter has been studied in [5].

Some results of classical flavor have been proved in [12], such as, among
the others, a monotonicity formula for the minimizers, some glueing lem-
mata, some uniform energy bounds, convergence results, a regularity theory
for the planar cones and a trivialization result for the flat case. On the
other hand, in [12] no result was proved concerning the regularity of the
minimizers and the density properties of the free boundary. These type of
results are indeed quite hard to obtain, due to the strong nonlocal feature
of the problem: for instance, differently from the classical case, the nonlocal
Dirichlet energy provides nontrivial interactions between the positivity and
negativity sets of the functions, and a local modification of the free boundary
produces global consequences in the fractional perimeter.

Goal of this paper is then to provide regularity and density results, at
least in the case of the one-phase problem (i.e. when the boundary data are
nonnegative).

The mathematical setting in which we work is the following. Let s,

€ (0,1), and © C R™ be a bounded domain with Lipschitz boundary.
Following [12], we define

2
(u, E) //Q |$_ |n+2)8| dx dy + Per,(E, ),
Q



where

Qo= (2 x QU (R"x Q) xQ)U(2x (R"xQ))

and Per, (F, Q) denotes the fractional perimeter of E in €2 (see [4] or formulas
(1.2) and (1.3) in [12]), that is

Pery(E,Q) := L(ENQ, Q\E)+L(ENQ, (R"\ E)\Q)+L(E\Q, Q\E), (1.1)

where, for any disjoint sets A, B C R",

L(A, B) // alxdy+
AxB |$_ |n a

All sets and functions are implicitly assumed to be measurable from now
on.
Let E C R™ and u : R™ — R. We say that (u, F') is an admissible pair
ifu>0ae in Fandu<0a.e inR"\E.
Also, we say that (u, E) is a minimizing pair in Q if Zq(u, F) < 400
and
Fa(u, E) < Fq(v, F)

for any admissible pair (v, F') such that:

o u—ve H*R"),

e u=vae. inR"\Q, and

e E\Q=F\Q.
Roughly speaking, a pair (u, F) is admissible if E' is the positivity set of u,
and it is minimizing if it has minimal energy among all the possible com-
peting admissible pairs that coincide outside (2.

We remark that this minimizing problem is nontrivial even in the one-
phase case, i.e. when the boundary datum w is nonnegative, since the set £

is not necessarily trivially prescribed outside 2.
In this setting, our main result is the following:

Theorem 1.1 (Density estimates and continuity for one-phase minimizers).
Assume that (u, E) is minimizing in By, with uw > 0 a.e. in R™\ By and 0 €

OF. Assume also that
[u(z)]
————dr <A, 1.2

/Rn T Jafr 2 & 2

for some A > 0.



Then, there exist ¢, K > 0, possibly depending on n, s, o and A, such
that for any r € (0,1/2],

min{|BmE|, |BT\E\} > orm (1.3)

and
[ull Lo (B, ) < K- (1.4)

In addition, if s > o /2, then, given ro € (0,1/4),

u € C*2(By,), with ||ul| . g <O, (1.5)

(Brg)
where C' > 0 possibly depends onn, s, o, rg and A.

We observe that both the growth condition (1.2) and the Hélder expo-
nent in (1.5) are compatible with the degree of homogeneity of the mini-
mizing cones, see Theorem 1.3 of [12]. It is an open problem to investigate
the optimal regularity of the solution (which could be possibly beyond the
scaling arguments) and to classify (or trivialize) the minimizing cones: see
also [5, 12] for partial results and additional comments on these problems.

The rest of the paper is organized as follows. In Section 2 we introduce
an extension problem which is useful to localize the Dirichlet energy (using
a weighted space with an additional variable). This extended problem is
different than the one considered in [12] since here the fractional perimeter
functional is not modified by the extension procedure.

In Section 3, we introduce a fractional harmonic replacement in this
weighed extended space. Fractional harmonic replacements are of course a
classical topic in harmonic analysis and they have several applications to
free boundary problems, see e.g. [3, 5] and the references therein. In the
literature, a fractional harmonic replacement was also studied in [13]. The
setting of [13] is different than the one considered in Section 3 of this paper,
since here we deal with the extended space and, in Section 4, we obtain
localized energy estimates in the extended variable. These energy estimates
play a crucial role in our subsequent density estimates (as a matter of fact,
both the replacement of [13] and the one of Section 3 here will be used in
this paper to prove density estimates from both sides).

In Section 5 we prove the density estimates. First we prove the density
of the vanishing set around free boundary points, together with a uniform
estimate on the size of the solution. Then we use this information to obtain
density estimates of the positivity set as well, which completes the proof of
the double-sided density estimate in (1.3).



By combining the density estimates with the uniform bound on the so-
lution, one also obtains continuity of the minimizers, as claimed in (1.5).

2 An extended problem

We use the following setting. We consider variables x € R" and z € R, and
we use the notation X := (z, 2) € R"*!. We consider the halfspace R*! :=
R™x (0, +00). The n-dimensional ball centered at 0 € R™ and of radius r > 0
is denoted by B,.

Given u : R" — R, for any (z, z) € R""! we define (up to multiplicative
constants that we neglect)

’ B (Jy|? 4 22)"%° R (|2 — y[2 + 22)" 2

Next result states that if (u, E') is a minimal pair, then (u, E') is minimal for
an extended problem:

Lemma 2.1. Let (u, E) be a minimizing pair in B.. Let % be a bounded and
Lipschitz domain of R*T1 that is symmetric with respect to the z-coordinate,
such that

% N{z=0} C B, x {0}.

Then

/]z\“|Vu\2dX+Pera(E,Br)§/ |2|%|V©|? dX + Per,(F, B,),
w 4

for every (0, F) such that:
e F\ B, =F\ B,
e U —u is compactly supported inside % ,
e 0(x,0) >0 ae.z€F,
e 0(2,0) <0 ae z€R"\F.

Proof. We take (u, F) and (7, F') as in the statement of Lemma 2.1 and we
define v(x) := 0(z,0), for any = € R™.

Notice that (R"\ B,) x {0} € R\ %, therefore v(z) = o(z,0) =
u(x,0) = u(z) for a.e. x € R™\ B,. In addition, v > 0 a.e. on F and v < 0



a.e. on R™\ F. Therefore, the pair (v,F’) is an admissible competitor
for (u, E') and so, by the minimality of (u, F'), we have that

// @) oWl o // Jute) — W) o,
Qs, |£L‘ _ y|n+2s Qs, |1: _ y|n+2s

=75, (v,F)— Zp (u,E) — Pery(F, B,) + Per,(E, B;)
> _Per, (F, BT) + Per, (E, B,).

(2.2)

On the other hand, by Lemma 7.2 of [4], up to a normalizing constant, we

have that
// ‘2 dx dy — // )|2 dx dy
. ’x _ ’n—l—?s . |x _ |n+25

:inf/ l2|*(|Va|* — |Val?) dX,
vz

where the infimum above is taken over all the couples (w, #') satisfying the
following properties:

e % is a bounded and Lipschitz domain of R"*! that is symmetric with
respect to the z-coordinate, such that

# N {z=0}C B, x {0},

e W — u is compactly supported inside #/,
e w(x,0) =v(x) for any z € R™.

By construction, we can take w := v and # := % as candidates in the
above infimum, and consequently

// ‘Qdd—// )’Qd dy
- ’.1‘— ’n+2s . |.CE— |n+2s
</ 12*(|VD]* — |Val?) dX.
4
This and (2.2) give that
/ 12|*(|V5|* — |Val?) dX > —Per,(F, B,) + Per,(E, B,),
4

that is the desired result. O



3 Fractional harmonic replacements in the extended
variables

Goal of this section is to introduce a notion of fractional harmonic replace-
ment in the extended variables and study its basic properties. In the classical
case, a detailed study of the harmonic replacement was performed in [3, 5].
See also [13] for the study of a related (but different) fractional harmonic
replacement.
We set
By = B% X (=r,7). (3.1)

It worth to link the norm in 4, for the extended function with the one on
the trace, as pointed out by the following result:

Lemma 3.1. Let u and w be as in (2.1). There exists C, > 0 such that

u
@l oo (z,) < Cr (HuHLoo(BT) +/R |u(y)] dy) .

mB, [y

Proof. Let (z,2) € #,. Then x € Bs% and |z| < r. Therefore, if y € R"\ B,
1
we have that

lyl , 9yl lyl 9 9r |yl
—yl =yl —|z| = = — x| =2 = - .

Hence, if y € R"\ B,,
2s 2s
B ) )], ()

(|z — g2+ 22)"5" |z —ylnt2s = 77 [ynt2s

for some C, > 0. As a consequence

2s
/ e e L L Y
R\B, (| —y|? + 22) =2 R™\ B, |y
Moreover,
2 2s u(y P 2s
[ Ry ey [ ay
B (lz —y|> +2%) 2 B (lz —y> +2%) 2

< lul] / 2 dy = C |Ju|
~ u Lee B'r n s y = u L Br )
(Br) an (’x_y|2+z2) 2 (Br)

for some C' > 0. The latter estimate and (3.2) imply the desired result, up
to renaming the constants. O



3.1 Functional spaces

Given r > 0, we denote by H*(4,) the closure of C*°(%,) with respect to

the seminorm
[vllgs(a,) == \//53 2|9 Vv[2 dX,

with a:=1—-2s € (—1,1).
We also set H§(%,) to be the closure of Cj°(%,) with respect to the

seminorm above.
Given ¢ € H?*(%A3), we define

2% :={v e H*(%) s.t. v— ¢ € H}(%)}.

Now we observe that functions in 2% possess a trace along {z = 0}. The
expert reader may skip this part and go directly to formula (3.4). To give
an elementary proof of this fact (which is rather well known in general, see
e.g. Lemma 3.1 of [18] or the references therein), we make this preliminary
observation:

Lemma 3.2. For any v € C3°(%,) and any x € Bor, we define T,(z) :=
10
v(z,0). Then, there exists C' > 0 such that

1Tl 22(Bg, 10) < Cllvllms(z,)-
Proof. For any = € Bor,
10
Ty(x)| = |v(z,0) —v(x,r)|

/|8vxz|dz /|z 2|2|2|Vu(z, 2)| dz

So, by Cauchy-Schwarz inequality, for any z € Bor,
10

2</ z|_“dz/ |z\a|Vv(a:,z)|2dz:C/ Vo (z, 2)|2 dz.
0 0 0

Hence we integrate over © € Bor and the desired result easily follows. O
10

Now, for any w € H{(%4,), we know from the definition of H(%,)
that there exists a sequence of functions wy € C§°(%4,) such that ||w —
wg||ps(,) — 0 as k — +o00. By Lemma 3.2, we have that

ka_wh(x) = wk(x70) - wh(xa 0) = T, (.CE) - Twh(x)



and so
1 Tw, = Twy | 22(By, 10) < Cllwe — whllms(,)-

This means that the sequence T, is Cauchy in L?(By, /10), hence it con-
verges to some function, denoted as T, in L?(By, /10); which we call the
trace of w along {z = 0}. Of course, the trace Ty, is defined up to sets
of zero n-dimensional Lebesgue measure, and a different approximating se-
quence does produce the same trace: to check this, take an approximating
sequence wy and use again Lemma 3.2 to see that

1Twr = Tayll£2(By, j10) < Cllwi — Wi llms(2,)
< Ollwg — wllgs(z,) + Cllwk — wllms(2,),

hence Ty, and Ty, have the same limit in L?(By, 19).

Our next goal is to show that we can trace also ¢ € H*(%2) along By 1¢.
This is not completely obvious since ¢ ¢ H(%2), so the above construction
does not apply. For this, we observe that:

Lemma 3.3. If 1, @2 € H*(%2) and o1 = p2 a.e. in HBsy, then I =
D¥2.

Proof. Let v € 29'. Then v — ¢1 € H§(%1). Hence there exists a se-
quence wy € C§°(%1) such that ||[v — 1 — wyms(z,) — 0 as bk — +oo.
Since 1 = g a.e. in Hsy, we have that [[v — 1 — willgs(z,) = v — @2 —
W || 55 (2,)- As a consequence, [[v — p2 — wi||ms(z,) — 0 as k — +oo, which
shows that v € %2,

The reverse inclusion is completely analogous. O

Now, given ¢ € H*(%s), we can take 7 € C§°(%3/2) with 7 =11in %5,
and consider ¢, := 7. By the trace construction in H{(%42), we can define
the trace T,, as a function in LZ(BQ,Q/H)). So we define the trace of ¢
in By/i9 as Ty, := Ty,,. By construction, T, € LQ(BQ/IO). Next observation
shows that this definition is independent on the particular cut-off chosen:

Lemma 3.4. If @1, p2 € Hj(%a), with o1 = 2 a.e. in By, then Ty, =

T<p2 a.e. in B9/10.

Proof. By construction, for any i € {1,2}, there are sequences ¢;j €
C5°(#2) such that ||p; — ;i ks (2,) — 0 as k — +00. So, by Lemma 2.1.3
in [10],
lim 2%/ i — pix|* dX = 0.
2

k—+oco J 5



Let © € C§°(%5/4) with © =1 in %y /1. Let also

1k = P1k + O(P2r — Q1k)-

We claim that
kEIJPoo lp1 — @1,k llms (25) = O (3.3)

To prove this, we observe that

V(o1 — 218)2 = | V(o1 — o18) + V(Olpay — o14))|
< C(\V(@l - <P1,k)’2 + ’V@m(ﬂzk — (Pl,k’2 + ’@’2\V(<P2,k — <P1,k)’2>

< C<|V(<P1 —o1p)*+ X %54\ %11 10| P2k — PLE 24 X %54V (P26 — s01,k)|2>,

up to renaming C' > 0. Hence, since p1 = o3 a.e. in Hsy,

2 2
X85, Z 1110|920 = PLIL = X, 0\ 20110020 — 02+ 01 — 014

and
X5, |V (020 — 01.0) 1 = X254 IV (21 — 2 + 1 — 1) [*-

Therefore
V(o1 — 1)l
< C(W(% — 1) % + o2k — 2* + o1 — p1ul

+V(p2n = w2 + IV (01 = 1)),

which implies (3.3) after an integration.
With this, and setting @o 1 1= @2, we have that @; , € C5°(%2), ||¢i —
Pik|ls (2,) — 0 as k — +o0, and, additionally, if X € %);/19 then

P1,6(X) = P2.1(X).
Since T, is the limit in L2(B2,(9/10)) (and so a.e. in By.(9/10), up to subse-
quences) of T, , as k — +o0, we have, for a.e. * € By/19 € %11/10N{z = 0},
Ty (x) = lim Ty ,(x) = lim @ 4(z,0)
’ k—4o00

k——+o00
- kggloo Gox(x,0) = kEToo T%,k(l‘) =Ty, (),

as desired. 0

10



Having defined T, for any w € Hj(%) and T, for any ¢ € H*(%5), we
now define the trace of any function v € Z%¥, by setting

Ty =Ty +T,.

To simplify the notation, given a set K C % N {z = 0}, we say that v =0
a.e. in K to mean that T, = 0 a.e. in K (i.e. v(z,0) =0 for a.e. z € K, in
the sense of traces). We set

9% ={veP?st. v=0ae in K}. (3.4)

In some intermediate results, we also need a slightly more general definition
in which the values attained at K are not necessarily zero. For this, given ~ :
K — R, we also define

D ={v€ PP st v=7ae inK}. (3.5)

Notice that @f(,y reduces to 25 when v = 0. The functional structure
of 77 . that is needed for our purposes is given by the following result:

Lemma 3.5. Let w; € Z§.  be such that
sup/ 2| Vw;[? dX < +oc.
JEN J %,
Then there exists w € @;@7 such that, up to a subsequence,
lim 2w — w;|*dX =0 (3.6)
J—+o0 7z

and, for any ¢ € @?7,
Tim [ |2V, - VédX = / 2"V - VX, (3.7)
J—+00 P P

Proof. First, we use Lemma 2.1.3 in [10] and we obtain that there exists w
(with finite weighted Lebesgue norm) such that (3.6) holds true. Then, by
Theorem 1.31 in [15], we obtain (3.7). It remains to show that

w E @}p(ﬁ. (3.8)

To this goal, we first observe that Hf(%;) is closed (with respect to || -
lms(,)) and convex. Hence ¥ is also closed and convex, and then so
is @}@7. Therefore (3.8) follows from (3.6), (3.7) and Theorem 1.30 in [15]

(applied here with J# := @f{ﬁ). O

11



Now we define
£(v) = / 12| Vo|? dX.
i
Then we have:

Theorem 3.6. Assume that
D, # 2. (3.9)
Then there exists a unique @f}ﬂ € 9}?7 such that

@“’(@f}ﬁ): min & (v).

2]
vG@KW

In particular, taking v = 0, we have that if Qf( # O then there exists a
unique ®%. € P} such that

&(PY,) = min &(v).

veDY
Proof. Let
t:= inf &(v).

©
1169}(77

We take a minimizing sequence w; € 2. . such that
E(w;) <t+e. (3.10)

By Lemma 3.5, up to a subsequence we have that there exists w € @}‘;7
such that

lim |2|*Vw; - Vo dX = / |2|*Vw - Vo dX,
J—+00 P B

for every ¢ € .@}? » In particular,

0 < nminf/ 1211V (w; — w)[? dX
J—too J o,

= ljminf/ z|“]ij|2dX+/ 2|4 Vw|? dX—2/ |2|*Vw; - VwdX
1@1 e@l 931

j—+oo

_ liminf/ z|a|ij|2dX—/ 121°| Vw2 dX
«%1 331

j—Foc

= liminf &(w;) — &(w).

Jj—+oo

12



By inserting this into (3.10) we obtain that

&(w) < liminf &(w;) < liminfe+ e = .

j——+oo Jj——+oo

This shows that w is the desired minimizer.

Now we show that the minimizer is unique. The proof relies on a stan-
dard convexity argument, we give the details for the facility of the reader.
Suppose that we have two minimizers w; and wa, and let w := (w; +w2)/2.
Notice that w € @f(ﬁ by the convexity of the space, hence

E(wr) = &(w2) < &(w).
Also w1 — we € H§(H1), thus
lwi — wallfe(z,) = /@ 2]V (w1 — wa)[* dX
P

= / 2% (|Vw: [* + | Vws|* — 2Vwy - Vws) dX
B

/ 24 2V + 2 Vsl — [V (wr + ws)[?) dX
K7

28 (wy) + 28 (wy) — 48 (w)
0.

N

This shows that w; = ws and so it completes the proof of the uniqueness
claim. O

From now on, we will implicitly assume that 2} # @. Then, the mini-
mizer ®% introduced in Theorem 3.6 is the fractional harmonic replacement
that we consider in this paper. Roughly speaking, it is a minimizer with
boundary datum ¢ of a fractional energy in the extended variables under
the additional condition of vanishing in the set K.

3.2 Basic properties of the fractional harmonic replacement

In this subsection, we prove some simple, but useful, properties of the frac-
tional harmonic replacement, such as symmetry and harmonicity properties
and maximum principles.

We remark that the fractional harmonic replacement is defined in a
whole (n + 1)-dimensional set. This can be translated into subset of the
halfspace Riﬂ if the boundary datum is even in z, as the forthcoming
Lemma 3.7 will point out.

13



Lemma 3.7. If (z,—2) = ¢(z,2) then f (z,—z) = L _(7,2).

Proof. We let ¥(z,z) := @} _(z,—z). Then ¥ € 5 _. Furthermore

/ 2V dX = / 2|9V, (2,—2)[2dX = / 2 VBE. (2, 2)|2 dX,
B B K

hence W is also a minimizer for & in 2} - By the uniqueness result in
Theorem 3.6, we conclude that ¥ = % . O

Now we write 29 to mean the functional space 27 when ¢ = 0. In this
notation, we have that the fractional harmonic replacement is orthogonal
to 29, as stated in the following result:

Lemma 3.8. For every ¢ € _@?{,
/ 2[*VOL - VipdX =0 (3.11)
B ’
and
E(D% £ 9) = E(P%,) + E ). (3.12)

Proof. Notice that for every € € (—1,1), we have that @?}7 +ey € 9}?’7,
therefore &(®%  +¢ev) — &(P% ) > 0 and then (3.11) follows.
Then, using (3.11),

E(OF =) - £ ) — ()

_ / 2 [[VOL 2 + [V £ 2905, - V] dX

7

- [ e Pax - [ faeivakax
P P
that establishes (3.12). O

Now we show that the fractional harmonic extension is indeed “har-
monic” outside the constrain, i.e. it satisfies a weighted elliptic equation in
the interior of #; \ K. The precise statement goes as follows:

Lemma 3.9. We have that
div (|z|“V(I>f}q) =0 (3.13)

in the interior of %1 \ K, in the distributional sense.

14



Proof. Let .# be an open set contained in #; \ K. Let ¢ € C3°(A).
Then 1 = 0 in K and so ¢ € 2%. Accordingly, by (3.11),

/,3, |2V Vi dX =0,
8

which establishes (3.13) in the distributional sense. O

The forthcoming two results in Lemmata 3.15 and 3.16 provide uniform
bounds on ®% by Maximum Principle. To this goal, we need the ancillary
observations in the following Lemmata 3.10-3.14:

Lemma 3.10. Let c € R and ¢ € H¥(%A1). Let ¢, € H*(%1) be a sequence
such that

R 16 — ks (1) = 0. (3.14)
Let v := (¢ — )" and ¢y := (¢, — ). Then, up to a subsequence,
P 1% — Y llms(z,) = 0.

Proof. First, we use Lemma 2.1.3 in [10] and we obtain that, up to a subse-
quence, ¢ — ¢ a.e. in HA1. Accordingly

Hmsup X (g, >c>9) < X{g=c} and Lmsup xygsezg,} < Xo=cp  (3:15)
k—4o00 k—+o0

a.e. in A;. Also, for any domain .#” compactly contained in % \ {z = 0},
we have that ¢ € VVILS1 (/) and so, by Stampacchia’s Theorem (see e.g.
Theorem 6.19 in [17]), it follows that V¢ = 0 a.e. in {¢ = ¢}, and so

]2\“|V¢\2X{¢>=c} =0 a.e. in %;.
Therefore, by (3.15),
. a 2
Jm 12 1VOP X g5z =0
and kEI—iI—loo |Z’a|v¢’2X{¢>C>¢k} =0.

Consequently, by the Dominated Convergence Theorem,

klnf |2|%|Ve|*dX =0
—100 ) g c
and lim 2|4V o|? dX = 0.

k—+oo Jzn{pr>c=¢}

15



Moreover, by Corollary 2.1 in [14],

1 — YullZe ) = /j 2]V — Va2 dX
1

- //5 29V (6 — )t — V(e — &) PdX

2|4V — Vor|? dX

/.%1 N{¢>ctn{dr>c}

4 / 2| Ve[? dX
Br1N{p>c2pr}

+/ 2|V p|? dX.
B0 {prp>c=o}

We also observe that
Verl? < 2(|90k — VoI + [VoP)

and therefore

= el ) < 3 [3 12|V — Vel? dX
P

+/ 2|4 Vo|? dX +2/ 2|4 Ve|* dX.
Br1N{p>c=pr} Br{p>c=0}

From this, (3.14) and (3.16), we get
. 2
im0 Gyl sy <0,
as desired. O

We need now a technical modification of Lemma 3.10. Namely, given ¢ €
H*(%1), in order to approximate ¢t in H*(%;) it is not always convenient
to consider the positive parts of the approximating sequence (as done in
Lemma 3.10), since taking positive parts may decrease the regularity of the
smooth functions. To avoid this, we introduce a smooth modification of an
approximating sequence, which still converges to the positive part in the
limit. The key step in this procedure is given by the following result:

Lemma 3.11. Let ¢ € H*(%1) and fix e > 0. Then, there exist 0., 0. €
C*(R) such that 0.(t) <tT < 0.(t) for any t € R and

16" — 0= (D) s () + 167 — (D)o (1) < e (3.17)

16



Proof. Let 7 € C*(R, [0, 1]) such that 7(¢t) = 0 for any ¢t < 1/2, and 7(¢t) = 1
for any t > 3/4. Let also ©(t) := ¢t 7(¢) and

0.(t) = c© C) .

By construction, ©(¢) < ¢ and so 6.(t) < t* for any t € R.

Moreover,
0] < C, (3.18)
for some C' > 0, and
0.(t) =tT for any [t| > e. (3.19)

Now we take a nondecreasing function p € C*°(R) such that p(t) = 0
if ¢ < —1/100, p(t) € (0,1) for any t € (—1/100,1/100) and p(t) = 1 for
any t > 1/100. Notice that

L= /100 ult)dt < —. (3.20)

For any r > 0, we define

We observe that p,(t) = 0 if ¢ < (98/100) — r, u,-(t) € (0,1) for any ¢ €
((98/100) —r,1 —r) and p,(t) =1 for any t > 1 —r.
We claim that

1
there exists r € [0, 1] such that / pr(t) dt = 1. (3.21)

—0o0

To prove this, notice that, using the change of variable t = ¢t — % + r and
recalling (3.20),

1 1 99
() dt = t— — dt
[ wta= [ n(e-5+7)
1

17



Now, if r = 0 then ¢ < 1/50, thanks to (3.20), and if » = 1 then ¢ + 1 > 1,
since ¢ > 0. So, by continuity, we obtain the claim in (3.21).

Notice that the parameter r given by (3.21) will be considered as fixed
from now on. We define

We claim that
T(t) =t* for any |t| > 1. (3.22)

Indeed, if ¢ < —1 then ¢ < (98/100) — r and so we have that T'(t) = 0 = tT,

since the integrand vanishes. Also, if ¢ > 1 then

1 t t
16) = [ wiodo+ [ wrdp=1+ [1dp=1,

—00

where (3.21) was used. This proves (3.22).
We also claim that

T(t) > t* for any t € R. (3.23)

To prove it, we notice that it is enough to consider the case t € (—1,1), in
view of (3.22). Moreover, T'(t) > 0 = t* for any ¢t < 0, so we can focus on the
case t € (0,1). For this, for any t € (0,1), we let H(t) := T(t)—t* = T(t)—t.
Then

H#t)=T#)—1=pu(t) —1<0.

Therefore, for any ¢ € (0, 1),
Tt) —tt=H@t)>H(1)=T(1)-1=0,
due to (3.22), and this completes the proof of (3.23).

Now we define ;
0-(t) :=€eT <€> :

From (3.23), we know that f.(t) > t* for any t € R. Also,
ol < C. (3.24)
for some C' > 0, and we deduce from (3.22) that

0:(t) =t for any |t| > e. (3.25)

18



Having completed the construction of §. and ., we now prove (3.17). To
this goal, by Lemma 2.1 in [14], we have that V(0.(¢)) = 0.(¢)V¢, therefore

16" = 8.y = [ |o1196" ~ (@) 0[ dx
#1

(3.26)

=/ 21| Vot — 0L(0) Ve[ dX,
B10{|g|<e}

since the other contributions cancel, thanks to (3.19).

We also use (3.18) to see that \z|“‘V¢+—Q’6(¢)V¢}2 X{|p|<e} < C 12|%|Vo|? €
LY(%,), since ¢ € H*(%,), therefore, by the Dominated Convergence The-
orem and the Theorem of Stampacchia (see e.g. Theorem 6.19 in [17]), we
have

lim |2|*| Vot —Q;(¢)v¢}2dx < 0/ 2|4V ¢|? dX = 0.
=0 /2 n{|g|<e} #1N{¢=0}
This and (3.26) give that

: + 2 _

i (|6 = 0.(6) 1= () = 0. (3.27)

In a similar way (using (3.24) and (3.25) instead of (3.18) and (3.19)), we
obtain that

: +_ 7 2 _
lim 67 — 0 ()= () = 0-
This and (3.27) give (3.17) (up to renaming ¢). O

As a consequence of Lemmata 3.10 and 3.11 we have the following smooth
approximation result for the positive part:

Corollary 3.12. Letc € R and ¢ € H*(%1). Let ¢y, € H*(H1) be a sequence
such that

1' - S( H == .
kiglooﬂﬁf? bk |lms (2,) = 0

Then, there exist sequences of functions Ok, 0, € C°(R) such that 0,(t) <
tt < Op(t) for anyt € R and

Jm 1@ =€) = 04(6k = s () = 0 (3.28)
and B
Jm [1(@ =) = Ok(dr — O)lls () = 0. (3.29)
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Proof. First we use Lemma 3.10 to say that

kgffoo (¢ — )" = (¢x — &) llms () = 0.
Now, fixed k € N, we use Lemma 3.11 to find 6, 8, € C*(R) such
that 0, (t) < tT < 0,(t) for any t € R and

16k — ) = O(dr — )l () + 1Dk — )" = Oxdk — O)lms () <™.

These considerations and the triangle inequality imply (3.28) and (3.29), as
desired. ]

With this, we can now prove the following result:
Lemma 3.13. Let g, ¢ € H*(%3) with g—¢ € H§(%1). Let also ¢ > sup .
P
Then (g —c)t € HE(%).

Proof. By construction g — ¢ € H*(%4;). Thus, by Corollary 2.1 in [14], we
have that (g —c¢)™ € H*(%1). Moreover, there exist sequences fj, € C5°(%1)
and ¢y € C°(%;) such that fi, = g—¢ and ¢, — ¢ in H*(%) as k — 400,
respectively.

Now, we define @, := ¢ — 0x(pr — ¢), where 0 is the smooth function
given by Corollary 3.12. Notice that ¢ € C*°(%1). Also, by Corollary 3.12,
we have that Ox(pr —¢) — (p —¢)T = 0 in H*(%1), therefore @, — ¢
in H*(%1), as k — +o0.

Now we define hy := 6, (fr + @k —c—e*k), where 0, is given by Corollary
3.12. Notice that hy € C*°(%;). Also, the support of hy is compactly
contained inside %1, since @ < ¢ — (pr — ¢)T = min{yg,c} < ¢ (recall
that 0 (t) > t* for any ¢ € R) and the support of f, is compactly contained
inside %;. Therefore, we have that hy € C§°(%1). Also, by Corollary 3.12,
we have that by — ((9— ) + ¢ — )" = (g — ¢)* in H*(%;). This implies
that (g — ¢) € H5(%1). O

For further reference, we point out that a statement analogous to Lemma 3.13
holds when the positive part is replaced with the negative part of the func-
tions:

Lemma 3.14. Let g, ¢ € H*(%A2) with g — ¢ € Hj(%1). Let also ¢ < g}fgo.
Z31
Then (g —c¢)~ € H§(%).
Now we establish pointwise bounds, from above and below, of the frac-

tional harmonic replacement:
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Lemma 3.15. We have that
CIJ‘%7 < max {sup o, sup*y} )
B K

Proof. Let

€ := max {sup v, supq/}
3 K

and ¢ := (%, — ¢)*. By Lemma 3.13, we know that ¢ € H(%1). Also,
a.e. in K,

b=(2%, —a)T=(r—)" =0
in the sense of traces, hence ¢ € _@?(. As a consequence, using (3.11),

0 :/ 2|°VOE - Vi dX = . 2| VL[> dX,
B ‘%10{(I>K,~y>c}

which gives the desired result. O
Lemma 3.16. If ¢ > 0 and v > 0, then @?}7 > 0.

Proof. Let ¢ := (—@?}Vﬁ = (@%7)’. By Corollary 2.1 in [14] we have
that ¢ € H%(%;), and, using Lemma 3.14 with ¢ := 0, we have that ¢ €
HS(%,). Also, a.e. in K, we have that ¢ = (@%V)* = ()~ = 0 in the trace

sense. As a consequence, 1) € 2%, thus we can use (3.11) and conclude that
0= [ fpver, vedx—- [ ppver P,
PB1 @1(7{‘1)K’,Y<0}

which gives the desired result. O

3.3 Relaxation of the functional spaces and subharmonicity
properties

The purpose of this subsection is to relax the functional prescription in
the space .@f{ by allowing approximating sequences to take also negative
values in K. This observation will be exploited to deduce subharmonicity
properties of ®%. and it will also play a role in the proof of the monotonicity
statement of Theorem 3.19. For this scope, we define

7 {ve2¥st. v<0ae in K}. (3.30)
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The reader may compare this definition with (3.4): the only difference is that
in (3.4) the function is forced to vanish on K, while in the latter setting it
can also attain negative values on K. Of course, .@}@ D) .@}@, therefore

inf &(v) < min &(v) = &(PY).

veDh Ve
We will show that in fact equality holds if ¢ > 0:

Lemma 3.17. If ¢ > 0, then

min &(v) = min &(v) = &(PY).

vEDE veDE.

Proof. Let v € 9}? Since |Vot| < |Vu|, we have that &(vT) < &(v). So,
to prove the desired result, we only have to show that

vt e 9¢. (3.31)

For this, we note that v+ € H*(%;), thanks to Corollary 2.1 in [14]. Now
we claim that
vt —p € H(%). (3.32)

For this, we use the sequences f; € C5°(#1) and ¢, € C*°(%;) that con-
verge, respectively, to v — ¢ and ¢ in H*(%4;), as k — +o0.

We define g, := fi + 0k (¢r), where 0}, is given by Corollary 3.12. Hence,
by Corollary 3.12, we know that 0x(pr) — @7 = ¢ in H*(%;). There-
fore g — (v — ) + o =v in H*(%4).

As a consequence, using again Corollary 3.12, we obtain that 0 (gx) —
vT in H¥(%).

Let now hy = 0r(gx) — 0k (0k(¢x)). We have that hy — vt — . We
also notice that f = 0 outside a compact subset % contained inside % .
Hence g; = 04 (pr) outside .#j. Therefore hy = 04 (gx) — gk(gk(gok)) =
0 (gk(gpk)) — 6, (gk(cpk)) = 0 outside .#;. This shows that hy € C§° (%)
and it completes the proof of (3.32).

Now we observe that v+ = 0 a.e. in K in the trace sense. This and (3.32)
complete the proof of (3.31) and so of Lemma 3.17. O

While Lemma 3.9 gives that the harmonic replacement is “harmonic”
apart from K, next result states that it is “subharmonic” in the whole of
the domain if the boundary datum is nonnegative:
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Lemma 3.18. If ¢ > 0, then for every 1 € H5(%1) with ¢ > 0 a.e. in %,
we have that

/ﬂ 2|°V®Y, - Vi dX < 0.
B

Proof. Given € > 0, we set ¢, := @} — etp. Since % — ¢ € H(%1)
and ¢ € H§(%1), we have that ¢, — ¢ € Hj(#1). Furthermore, a.e. in K,
we have that ¢, = —e1) < 0 in the trace sense, therefore 1. € 92}2

From this and Lemma 3.17, it follows that &'(¢.) — &(®%) > 0 and this
gives the desired result. O

3.4 A monotonicity property for the fractional harmonic re-
placement

Now we show that the fractional harmonic replacement enjoys a monotonic-
ity property with respect to its boundary data and the constrain:

Theorem 3.19. Let H*(%1) 2 w2 = ¢1 > 0. Let also Ky C K1 C Bo
10
and Ay C Ay @ Bo . Then
10

@(d((bglp(lluAl) - g(q)?l) g (gy((bngUAg) - g(q)%g)

Proof. We consider the minimization problem in %2 . In the nota-

Ky, 092

tion of Theorem 3.6, the associated minimizer will be denéicz;cf 2by @%7 52 .
We claim that

CID?1 < @‘[’é’@%UAQ (3.33)

To prove this, we let g := CI’}’?I — @féﬁw and ¢ = @1 — 3. Notice

KqUAg
that supg, ¢ < 0, thus we can use Lemma 3.13 (with ¢ := 0) and conclude
that h := g™ € H{(%,). Furthermore, in the trace sense, a.e. in K7 we have

that h = (0 — ®%*> ., )™ <0, thanks to Lemma 3.16, and so
K1’¢K22uA2

h € D, (3.34)

Consequently, for every § € (—1,1), we conclude that ®72 ., +0h €

K, CDKQUAQ

9}?2 52 and then, by the minimizing property of @fﬁ o2 o1t follows
1 K2u£22 o L ¥ KouAy
that &(® < E(D + dh).
( Kl"b}’guAg) = ( K17q>}’;22u142 )

This implies that

/ 2"V L, VhdX =0.
K ’

KpUAg
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Hence, we have

Klv‘I’KQUAQ

sh) = / V@S 87, ) VhdX
iZ
- / 29V %! - VhdX.
P, !

Thus, recalling (3.34) and (3.11), we obtain that &(h) = 0. This implies
that h vanishes and establishes (3.33).
Now we set

— PP ®
R D (3.35)

: Y2
Notice that CI)KL<I>¢2

so does 1. Moreover, a.e. in Kj, in the sense of trace, we have that n =
© © _ :
i oA, — Pioua, = 0. This says that

— 2 and ®F2 |, — @2 belong to H(A1), hence

nE Dy, (3.36)
and so we can use (3.12) (with ¢ := n here) and conclude that
E(OT o —n) = &P HP2 )+ &)

Klvq)KQuAQ K, KoUAg

Thus, from (3.35),

& = &(d*? —n) — E(P¥?
(77) ( K17q)§22uA2 77) ( KL(I)?}ZUAQ) (3 37)
_ P @ :
= (P 4,) — g((b;lvq’%wz)'
Now, since K1 O K» and Q)%UA2 =0 a.e. in Ko, we have that
w2 P2 ®2 _ ®2 _ P2
(I)Kl,éyguAQ € @Kl,qﬁng < ‘@KQ,@;?QMQ = D10 = Zis,
and so
©2 P2
éa(CI)KL‘b%qu) g 5(@[(2),
thanks to the minimality of ®72.
This and (3.37) imply that

On the other hand, from Lemma 3.17, we know that

E(PF ua,) = min  E(v).

~e1
UE@KluAl
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Therefore, calling 1 := @?1 — v, we have that

E(@R )= min  E(@F —v). (3.39)

weq:‘}’;ll_‘o)filluAl
Now we claim that 3
nePY — DR A, (3.40)
For this, we recall (3.35), and we have that

5. PPl — Pp¥2 P2
fi=0% =0 .
K1 KyUAo K17<I>K22UA2

+ 0%

From this, it follows that 7 — ¢1 € H{(%1). Also, a.e. in Kj, we have
that 7 = @féuAQ - <I>f(22uAZ 4+ 0 = 0, in the trace sense. Moreover, a.e.
in A1 C As, we have that 7 =0 — <I>f(2 . + @%1 < 0, where (3.33) has

1 ¢K2UA2

been exploited. These observations imply that 7 € ~}?1U 4,» Which in turn

implies (3.40).
From (3.39) and (3.40), we obtain that
&P ua,) < E(RF, — ). (3.41)
Moreover, by (3.36) and (3.12) (used here with 1 := 7), we have that
E(@% —n) = E(PF) +EM).
Thus, formula (3.41) becomes
E(@R,ua,) — E(OF) < E(@F, —n) = E(PF) = En).
Therefore, recalling (3.38),
E(PR La,) — E(PF) < E(PF 4,) — E(PR).

This concludes the proof of Theorem 3.19. 0

4 Energy estimates for the fractional harmonic re-
placement

The goal of this section is to prove that the energy of the fractional harmonic
replacement in K U A is controlled by the energy of the fractional harmonic
replacement in K, plus a term of the order of the n-dimensional measure of
the additional set A. The precise statement of this result goes as follows:
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Theorem 4.1. Let ¢ > 0 and p € [1/4,3/4]. Let K C % n{z = 0}
and A := B, \ K. Then

E@F0) — E@5) < C LA 9] )
for some C > 0 that depends on n and s.

In the local case of the classical harmonic replacement, a statement sim-
ilar to the one in Theorem 4.1 was obtained in Lemma 2.3 of [5]. Also, a
fractional case in a different setting was dealt with in Theorem 1.3 of [13]
(as a matter of fact, the right hand side of the estimate obtained here is
more precise than the one in [13] since it only depends on the values of ¢ in
a fixed ball, and this plays an important role in the blow-up analysis of the
problem).

To proof Theorem 4.1, we will reduce to the radial case. For this, we
will first show that a suitable radial rearrangement decreases the energy
and then estimate the energy in the radial case. An important step of the
proof is also obtained by using the monotonicity property of Theorem 3.19,
in order to reduce to the case of constant Dirichlet datum. The following
subsections contain the details of this strategy.

4.1 Symmetric rearrangements

In this subsection, we will consider the symmetric rearrangement in the
variable z € R”, for a fixed z € R. In the forthcoming Theorem 4.3 we will
show that this rearrangement decreases the energy.

To this goal, we first state a useful density property of polynomials in
the space we work with.

Lemma 4.2. Let v € H*(%;) and € > 0. Then there ezists a polynomial p.
such that

v — pellms (2, < e

Proof. By the definition of H?®(%;) given in Subsection 3.1, we have that
there exists w. € C°°(%) such that ||v — wes(5,) < €. Moreover, by the
Stone-Weierstrafl Theorem (see e.g. Lemma 2.1 in [11]), we have that there
exists a polynomial p. such that |[we: — pe|c1(z,) < €. Therefore

e = pelieay) = L (2[4 Vaw. — Vp. |2 dX
PB1

< ”ws _peuél(@l)/ |Z|adX < 052,
1

4
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for some C' > 0. As a consequence,
v _pEHHS(%) < v — weHHS(%‘l) + [Jwe — pEHHS(%’l) Se+ \@57
which implies the desired result after renaming . O

Now, given v € L*(%), and fixed any z € R, we consider the Steiner
symmetric rearrangement v (-, z) of v(-, z) (see e.g. Section 2 of [7]). With
this notation, we are ready to establish the main result of this subsection,
that states that the symmetric rearrangement in the x variables decreases
energy:

Theorem 4.3. For any v € H%(%s),
/ 27| Vo7 2 dX < / 1217 V|2 dX.
P 1

Proof. The idea of the proof is to first prove the desired claim for polynomials
using some results in [7] and then pass to the limit. The details go as follows.
By Lemma 4.2, we can take a sequence of polynomials p; such that

li — Dillms =0. 4.1
Aim v = pjlles ) =0 (4.1)
Consequently,
lim |z|anj|2dX:/ 12| Vol dX. (4.2)
J=too J Iz

Now, for any (n,() € R" x R, we set
F(0,€) = [nl” +[¢1* = |(n, Q).
Also, for any fixed z € R, we set
T ={zeR"st. (z,2) € B1}.

Notice that the Steiner symmetric rearrangement of %7 coincides with %7
itself, thanks to (3.1). By formula (4.20) in [7], we have that

/ F(Vpf) . / f(Vp;)
o (wed; s.b. (o>t [VaPIl T Jorfeess st pywz>ty [Vabil

dzx,
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for any t € R, where 0* denotes, as usual, the reduced boundary in the sense
of geometric measure theory. Thus, by the Coarea Formula,

/ Vg2 de = / F(V97) de
B B

Vo
:/ / I pi)dm Ut
R |Jor{wess s.b. p7(02)>t) |Vab]]

</ / FOVPi) ol
R |Jor{ee®s s.b. pi(az)>t) | VaDjl

= f(ij)dx:/ |ij|2d$,
#7 #;

for any fixed z € R.
Hence, we multiply by |z|* and integrate, to obtain

[ elvmsRax < [ s P ax. (4.3)
@1 %1

Our objective is now to pass to the limit (4.3). The right hand side of (4.3)
will pass to the limit thanks to (4.2), so we discuss now the left hand side.
Since the Schwarz rearrangement is nonexpansive (see e.g. Theorem 3.5
of [17]), we have that, for any fixed z € R,

[ W -pla< [ jo-pPa
%z %z

1

So, we multiply by |z|* and we integrate over z, and we see that

/ J2fl” — pI | dX < / 20 — py[2 dX.
331 c%l
This, (4.1) and Lemma 2.1.3 in [10] give that

lim |2 v — p?]Q dX =0. (4.4)

J—+oo )z,

Now, by (4.3) and (4.2), we have that

Sup/ |z|a|Vp?\2dX < +o00.
JEN J %,

28



Accordingly, by Lemma 3.5, we obtain that

lim |2|*Vp? - Vo dX = /,3 |2|*Vv? -V dX,
Z B

J—+too J oz,

for any ¢ € H*(%;). As a consequence,

J—+oo

0 < liminf/ 12| Vp] — Vo7 |?dX
K

_ Liminf/ 22 (IV2[2 + [Vo°[2 — 292 - Vo©) dX
J—+oo S,

= liminf/ |z|“|Vp3’|2dX—/ 2|4V |? dX.
i—+oo /g, %
This, (4.3) and (4.2) yield that
/ |z|a|VU”|2dX<ljminf/ |z|“|Vp3-’|2dX
B Jmree g
gnmmf/ \z|ayvpj|2dX:/ 12| Vo7 2 dX,
B P

jFoo

as desired. O

4.2 The radial case

The goal of this subsection is to prove Theorem 4.1 in the radial case, that
is when the Dirichlet datum is constant, K is a ball and A is a ring. More
precisely, we prove that:

Lemma 4.4. Let p € [1/4, 3/4], r € (0,p) and c € [0,4+00). Then
éa(q)%p> — &(®@p,) < Cc|B,\ By,
for some C > 0 that depends on n and s.

Proof. If ¢ = 0, then (IDC = 0 and ®5 = 0, in virtue of Lemmata 3.15
and 3.16. Thus we may assume that c ;é 0. In fact, by dividing by ¢ # 0,
we may assume that ¢ = 1.

We let u:= p — r and we observe that

|Bp\ Br| = [B1] (p" — ") = [Bi1| (p— ZP" Ipi=t

(4.5)
- |Bi]
4n An—1

|Bl|ﬂ

> Bl (p— 1) o e

(p—r)=
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Now we fix ¢ € C°(R""1) such that ¢ = 1 = ¢ in R*" \ %; and ¢ = 0
in B3y x{0}. We let Cp := &(¢). By construction ¢ vanishes in B, x {0} 2
B, x {0}, therefore, by the minimality properties of @CBP and ®% , we have
that

max{& (23 ), &(Pp, )} < &(¢) = Co = Coe. (4.6)

We define

11

=B -, =

t 5/6 X < 5 2)
11
and (gf = B4/5 X <—4, 4) .

By (3.1),

B, x {0} € ¢- € €y € #.

Therefore, there exists 7 € C*°(R™*1 [0, 1]) such that 7 = 1in 4¥_ and 7 = 0
in Rn+1 \ %_A'_.
For any X € R™"! we define

a(X) = <1 - ‘p%(X)) X=X- %T(X) X.

Let also 1,11 be the identity (n + 1)-dimensional matrix. Notice that X —
7(X) X is a smooth and compactly supported function, and so

IDa(X) — Lns| = % |D(7(X) X)| < Cup, (4.7)
for some C7 > 0. Accordingly
|det Da(X)| > 1 — Cap, (4.8)

as long as u is small enough.
Now we observe that

a(B, x {0}) C B, x {0}. (4.9)
Indeed, if € B,, then (z,0) € ¢_, thus 7(x,0) = 1, which gives
1 T
a(z,0)=|1—-——=) (z,0) = — (z,0),
@0 =(1-4) @0 =" @0)

proving (4.9).
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We also notice that
a(R"\ 4)) C R\ 4. (4.10)

Indeed, if X € R\ %, then in particular X € R"*!\ ¢, , which gives
that 7(X) = 0 and so (X ) = X € R**!\ %, establishing (4.10).
Now we claim that
Oé(%l) g @1. (4.11)

To prove this, let X € %. If X € %, \ €4, we have that 7(X) = 0,

thus a(X) = X € %) and we are done. If instead X € €, = By x

[—1/2, 1/2], then a(X) = 6(X) X, for some 0(X) € [0,1], thus a(X) also

lies in By /6 x [~1/2, 1/2] = €4 C %1, and this completes the proof of (4.11).
Now we observe that

e S o || _
fX = — a(X) = th <IE| < (14 Cap)l2], (4.12
i (Z,2) = a(X) = a(z, 2), then 1+ Cap 12| < (1 + Csp)lz], (4.12)

for some C3 > 0, as long as p is sufficiently small. To prove this, we observe

that
i [
Zz=(1-% T(X)> z,
( p
and this gives (4.12).

Now we define ¢*(X) := @3 (a(X)). From (4.9) and (4.10), we have
that ¢* € @gp, therefore the minimizing property of @CBP gives that

&(®p,) < E(07). (4.13)

On the other hand, by (4.7), (4.8), (4.11) and (4.12),

£(6%) = / 1212]9 (@%, (a(X)))[? dx

%1

< (1402 / 2]V, (a(X))[* dX
P

< (14 Cap) /

o

2|V, (X)[* dX
1)

< @) [ Ve, 0 X
7
= (14 Co) £(35),

for some Cy, Cs > 0, where the change of variable X := a(X) was exploited.
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Hence, recalling (4.13), we obtain that
&(Pp,) < E(¢") < (1+ Csp) £(2p,),
provided that p is small enough. As a consequence, from (4.5) and (4.6),
&(®p,) — E(Pp,) < C5uéd(P5,) < Co | B, \ B[ £(2,) < Cre|B, \ By,

for some Cg, C'7 > 0, provided that p is small enough.

This completes the proof of Lemma 4.4 for small u, say pu < ug for a
suitable pg > 0.

Conversely, when u > g, we have that

E(®5) — E(DF,) < E(®F,) < Coc < Coepy' 1< Cs ¢| By \ By,

for some Cg > 0, thanks to (4.5) and (4.6), which establishes Lemma 4.4
also when p > pp. O

Now we generalize Lemma 4.4 to the case in which the Dirichlet datum
is still constant, but the supporting sets K and A are not necessarily radially
symmetric. In this framework, we have:

Lemma 4.5. Let p € [1/4, 3/4] and ¢ € [0,+00). Let K C B, N {z = 0}
and A := B, \ K. Then

&(Pxua) — €(Pk) < CclAl
for some C > 0 that depends on n and s.

Proof. We point out that Lemma 4.5 reduces to Lemma 4.4 in the special
case in which K := B,, with r € (0,p). In the general case, we argue as
follows. We take r such that |B,| = |K|. Then

’A| = ’Bp\K’ = |Bp| - |K| = |Bp| - |Br‘ = |Bp\Br|- (4-14)

Also, we define v := ¢ — ®%.. Notice that 0 < v < ¢, due to Lemmata 3.15
and 3.16 and ¢ € Hj(%1). Thus ¢ € 9?{,(; and so its symmetric rear-
rangement 17 in the variable x € R™ (as defined in Subsection 4.1) satis-
fies Y7 € .@OT .
Let o* =c— ¥?. Then ¢* € P75 , therefore, by the minimality of ®% ,
we have that
&(®p,) < EWY) =EW7).
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On the other hand, by Theorem 4.3, we know that &(¢7) < &(¢). As a
consequence

&(Pp,) < &) = £(Pk).
Now we remark that K U A = B,, therefore

E(Pxua) = 6(P) = £(Pp,) — 6(Pk) < E(Pp,) — £(PF, ).
Then, using Lemma 4.4,
E(Pxua) — € (k) < Cc|Bp\ Br.
This and (4.14) complete the proof of Lemma 4.5. O

4.3 Completion of the proof of Theorem 4.1

With the arguments introduced till now, we can complete the proof of Theo-
rem 4.1. The idea is that, by the monotonicity property in Theorem 3.19, one
can reduce to the case of constant boundary data and then use Lemma 4.5.
The details of the proof go as follows.

Proof of Theorem 4.1. We define c* := ||¢|| o (2,), K* := K N B, and
A* = B,\K* = B,\ (KNB,) = B,\ K = A.
From Lemma 4.5, we have
E(Dfcrua) — E(Rfcr) < C A = Clpll oo (aay) 1A (4.15)

On the other hand, we see that ¢* > ¢ > 0 a.e. in #By, K* C K C By
10
and A* = A € By , therefore, by Theorem 3.19,
10

E(PRua) = E(PF) < E(@fyar) — E(P5).

Combining this with (4.15), we obtain the desired result. O

5 Density estimates

In this section, we deal with density estimates. A crucial ingredient of our
argument will be the estimate previously obtained in Theorem 4.1.
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5.1 Density estimates from one side

We start by proving a density estimate from one side and a uniform bound
on the minimizers.

Lemma 5.1. Assume that (u, E) is minimizing in By, with u > 0 a.e.
in R"\ By and 0 € OF.
Then, there exist §, K > 0, possibly depending on n, s, and o such that

|Bijp \E| =6 (5.1)

and
[ullzoo (B, ) < K. (5.2)

Proof. The proof is an appropriate modification of the one in Lemma 3.1
of [5], combined with some results in [13]. First we prove (5.1). For this, for
any r € [1/4,3/4], we define

V,:=|B,\ E| and a(r) :=""1((0B,)\ E). (5.3)

The terms V,. and a(r) play the role of volume and area terms, respectively.
We suppose, by contradiction, that

Vi <6 (5.4)

(of course we are free to choose ¢ suitably small, and then we will obtain a
contradiction for such fixed ¢). We set

A= B\ E. (5.5)
By Lemma 3.3 in [12] we have that
u>0a.e., (5.6)

hence u > 0 a.e. in E and u =0 a.e. in R"\ E.
In particular, v > 0 a.e. in EUA and v = 0 a.e. in (R"\ E)\ A =
R™\ (EU A). As a consequence, the pair (u, £ U A) is admissible.
Accordingly, from the minimality of (u, E), we obtain that .Zp, (u, F) <
Fp, (u, EUA), that is

Per, (E, By) — Per, (EU A, By) < 0. (5.7)
Also, by (1.1),
Per, (E,By) — Per, (EU A, B;) = L(A,E) — L(A,R" \ (EU A)). (5.8)

34



Hence, recalling (5.7), we conclude that
L(AR"\ A) =L(AE)+ L(A,R"\ (FUA))
=2L(A,R"\ (FUA)) + Per, (E, By) — Per, (EU A, By)
<2L(A,R"\ (FUA))
< 2L(A,R™\ B,).
(5.9)

Furthermore, using the fractional Sobolev inequality (see e.g. [8]), we have

that | AP
2 xa(x
all? o <€ [ DA iy,

for some C' > 0, which may be written as

n—o

V, " <2C L(A,R™\ A). (5.10)
From this and (5.9), possibly renaming constants, we deduce that
V, " < CL(AR"\ B,). (5.11)

Now, using polar coordinates, we see that, for any x € A C B,

dy dz too o _
/ ’.T— ’n-i—o‘ </ |Z|n+0 <CY\/ P 0d,0<0(7‘—|:1}’) 07
R7\ B, Yy RNB,._ || r—|z|

up to renaming constants. Therefore, integrating over z € A = B, \ E, we
obtain that

L(AJR"\ B,) <C (r—|z|)”7 dx
B\E

C/ (r—p)7p" tdp < C/ )~ dp.

So, we plug this into (5.11) and we conclude that

V" <C/ (r—p)~7 dp.

Now we fix ¢ € [1/4,1/2] and we integrate this estimate in r € [1/4,t]: we
conclude that

t n-o t t t
/ V, " dr<C / [/ a(p)(r—p)~° dr] dp < C’tl"/ a(p)dp < C'V,
1/4 o L/p 0

(5.12)
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again up to renaming the constants. Now we iterate this estimate by setting,
for any k > 2,

1 1
tr :Z+2—k and vy =V,

Since V,. is monotone in r, we have that

ty n—o ty n—o n—o —o
/ Vv, » dr}/ V. " dr}‘/;kfl (tp — tgr1) =27 (+1)vk+1
1/4 tk+1

Hence, if we write (5.12) with t := ¢, we obtain that

n—o

Vi1 S < Cruy,

up to renaming the constants. Also, by (5.4), vy < ¢, which is assumed to
be conveniently small. Then, it is easy to see that v, < Cn¥, for some C > 0
and 1 € (0,1) (see e.g. formula (8.18) in [9]) and so
0= kEI—iI—loo vk = Via- (5.13)

As a consequence, |B;/4 \ E| = 0, which is in contradiction with the fact
that 0 € OF (in the measure theoretic sense) and so it establishes (5.1).

Now we show the validity of (5.2). To this scope, we take r = 3/4 in (5.5)
and we consider the s-harmonic replacement of v in F'U By;y = E U A,
according to Definition 1.1 in [13] (notice that the replacement considered
in [13] is defined in a setting different than the one introduced in Section 3
in this paper; as a matter of fact, the framework introduced in Section 3
only plays a role in the forthcoming Subsection 5.2). Namely, we define wu,
the function that minimizes the fractional Dirichlet energy

// )‘2 dx dy
QBI ‘CL' _ y‘n+2s

among all the functions v : R® — R such that v — u € L*(R"), v = u a.e.
in R"\ By and v =0 a.e. in (R"\ E) \ B3y = R"\ (EU A).

The existence (and, as a matter of fact, uniqueness) of such u, is ensured
by Lemma 2.1 of [13].

We set ¢ := uy, —u. Notice that ¢ =0 a.e. in (R"\ By)U(R™\ (EUA)).
Hence, by formula (2.8) of [13] (applied here with K :=R" \ (E U A)),

‘2 // ’U* U*(y)|2
s drdy — . —dzdy
e e e vy
// by)l? dx dy
@B, |x— |n+28 '
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Also
ur = 0 a.e., (5.15)

thanks to (5.6) and Lemma 2.4 in [13]. So, since u, = 0 a.e. in R"\ (EUA),
we see that the pair (u,, £ U A) is admissible.
Therefore, by the minimality of (u, F), we have that

ygl(u, E) < yBl(U*,EUA).

This and (5.14) give that

)‘2 dz d
QB ‘x_ ‘n+28 Y
|2 |’LL* *(y)|2
//QB |x_y|n+2s dx dy s, |x_y|n+23 dx dy (5.16)

=7p,(u, F) — Zp,(ux, EUA) + Per, (EU A, By) — Per, (E, By)
< Per, (EUA, By) — Per, (E,By).

Now we recall that (—A)*u, = 0in By, € EFUA, due to Lemma 2.3 in [13].
Therefore, recalling (5.15), we can use the fractional Harnack inequality (see
e.g. Theorem 2.1 in [16]) and obtain that

sup uy < C inf uy. (5.17)
BI/Q B1/2
Now we claim that
9 2
HU*HL2(31/2\E) > Co( sup U*) ) (5.18)
By /2

for some c¢g > 0. To prove this, we use (5.17) to see that

N / 2 de
(B1/2\E) By jo\B

2 2
> ( inf u*> |Byjs \ B| > (0*1 sup u) By \ E|
By /2 By

and this proves (5.18), thanks to (5.1).
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Furthermore, since 1) = 0 a.e. in R™ \ By, we have that

2 i . 2
[T S U ST
R2n |l‘— |mt2s By |JRM\By |z — y|

2
[
Bsyy |JRM\B; |z =y (5.19)

2
/ / W(:i)zls dz| dx
Bsy | /R™\Bz |2|

= c[¥l22(5, .y

Il
o

WV

for some ¢ > 0. Then, since ¢ = u, in By \ E, we deduce from (5.18)
and (5.19) that

2
1 2
( sup u*) < ¢ HwHLQ(Buz\E)

1/2

< g 19lZe Bw

W(y)|? (5.20)
C//R |x— |"+28 e dy

C// n+22|2 dx dy,
5, va—l

for some C' > 0. Now we claim that
Ue = u a.e. in R™. (5.21)
To prove it, we set § := (u — uy) and we remark that
BT =0ae. in (R"\ B)UR™\ E). (5.22)

Thus, from formula (2.7) in [13], we have that

// (u*(x) - U*(y)) (ﬁ+(1‘) _ 'BJr(y)) dx dy = 0. (5.23)
QB

|z —y|"+>

Moreover, fixed ¢ € (0,1), we define u. := u — e3". We notice that
ue > 0 ae. in E. (5.24)

Indeed, let x € E: if 81(z) = 0 then u.(z) = u(z) > 0 (up to negligible
sets); if instead BT (x) > 0, then B (x) = u(z) — u.(z), thus u.(z) =
(1 = e)u(x) + eus(z) > 0, thanks to (5.15). This proves (5.24).
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From (5.22) and (5.24), we obtain that (u., E') is an adminissible com-
petitor for (u, F'), therefore, by the minimality of (u, E'), we see that

u(y)) (84 (2) - B (y))
//QBl \x — oyt dxdy <0
This and (5.23) give that
B) (5 (2) - B* ()
//QBI |x — y|nt2s drdy <0

On the other hand (see e.g. formula (8.10) in [9]), we have that

(B(z) — By)) (B () — B () > |8 (x) — BT (w)|*,

so we deduce that
i) — gt ()2
// e fﬂ(f)‘ dz dy < 0.
QBl ‘33 - y‘

This says that 7 = 0 a.e. in R", which in turn implies (5.21).
From (5.20) and (5.21) we obtain that

2
supu C’// n+22‘ dx dy.
Bl/g By |$—y|

By plugging this into (5.16) we conclude that

(2111/[; u>2 <C (Pero (EUA,By)— Per, (E, Bl)).

Hence, recalling (5.8), we deduce that

2
( sup u) < C <L(A, R\ (E U A)) — L(A, E))
By /2
< CL(AR"\ (EUA))
< CL(Bgjy,R"\ Bsy)
< C
up to relabeling the constants. This completes the proof of (5.2). O
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5.2 Density estimates from the other side

In Lemma 5.1, a density estimate from one side was obtained, namely we
proved that the complement of E has positive density near the free boundary.

The purpose of this subsection is to prove that also the set F has positive
density near the free boundary.

To this goal, we need to modify appropriately the argument in Lemma 5.1,
by using the machinery developed in the previous sections. With respect to
the argument developed in the proof of Lemma 5.1, in this subsection the
sets in (5.3) and (5.5) are replaced by the similar quantities in which the
intersection with E (rather than with the complement of E) is taken into
account (see (5.25) and (5.26) below).

This apparently minor difference causes a conceptual difficulty in terms
of harmonic replacements: indeed, in the proof of Lemma 5.1, the competitor
was built by extending the positivity set of the minimizer u, while, in the
case considered here, the positivity set gets reduced in the competitor, i.e.
the competitor is forced to attain zero value on a larger set, and this makes
its Dirichlet energy possibly bigger. For this reason, one needs to estimate
the error in the Dirichlet energy produced by this further constrain on the
zero set. This is the point in which Theorem 4.1 comes into play. Indeed,
for this estimate, we need to control the energy difference with a term only
involving the measure of the additional zero set and the local size of the data
(this is the reason for introducing the fractional harmonic replacement in the
extended variables in Section 3 and for considering the extended problem in
Lemma 2.1).

Lemma 5.2. Let (u, E) be a minimizing pair in Be, with u > 0 a.e. in R™\
By. Suppose that
u(y)]
— = dy <A,
/R" L Jyez Y
for some A > 0.
Assume also that 0 € OF.
Then, there exists § > 0, possibly depending on n, s, and o such that
’31/2 NE|>4.

Proof. First of all, we notice that v > 0 in the whole of R", thanks to
Lemma 3.3 of [12]. Also, for any r € [1/4,3/4], we define

V,:=|B,NE| and a(r):= 2" ((0B,) N E). (5.25)
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The desired result will follow by arguing by contradiction. Suppose that the
desired result does not hold. Then Vj/, < 4. We will find a contradiction
by taking & conveniently small. To this goal, we set

A:=B,NE. (5.26)

We let @ : R*™! — R be the extension of u, according to (2.1).

We consider the fractional harmonic replacement of u, as introduced in
Section 3, prescribing (Bg/19 \ £/) U A as supporting sets, i.e., in the notation
of Theorem 3.6, we consider <I>7(*B \E)UA? and we define, for short,

9/10

0= ®(p,  \Bua- (5.27)

Notice that o = uw in %y \ %1, so up to extending v outside Ay, we can write

0= in R\ 4. (5.28)
We also set
F:=F\ A (5.29)
We notice that
0(x,0) > 0 a.e. z € F, and 9(z,0) <0 ae. z € R"\ F. (5.30)

Indeed, u > 0 due to Lemma 3.3 in [12], hence @ > 0, in view of (2.1).
Therefore © > 0, thanks to Lemma 3.16. As a consequence o(x,0) > 0 in
the trace sense. So it only remains to prove that 0(x,0) =0 a.e. x € R"\ F.
For this, notice that

R"\ F=R"\ (E\ A4) = (R"\ E)UA.

So, if x € (By19\ E) UA, we have that @(x,0) = 0 by definition of fractional
replacement. Also, if z € (R™\ By/1g) \ E, then (z,0) € R*"!\ 4, due
0 (3.1), and so, by (5.28), in this case we have 0(z,0) = u(z,0) = u(z) =0,
since x € R™\ E. This proves (5.30).
Now we define % := %A 1 and we observe that

%ﬁ{z:O}:B%x{O}Cle{O},

due to (3.1). From this, (5.29) and (5.30), we see that the assumptions of
Lemma 2.1 are satisfied (with r := 1): so we obtain that

/|z|“|Vu|2dX+Pera(E,Bl)</ 2|4V 3|* dX + Pery(F, By).
4 K4
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Thus, using again (5.28),
/ 2|%|V@|* dX + Per, (E, By) </ |2|%|V©|? dX + Per,(F, By). (5.31)
B B

Now, by (5.29),

Per, (F, By) — Pery(E, By) = Per,(E \ A, By) — Per,(E, By)
= L(A,E\ A) — L(A,R"\ E).

By inserting this information into (5.31) and recalling (5.27) we obtain that

L(A,]R”\E)—L(A,E\A)g/ \z|“yw|2dX—/ 12| Va|? dX
Z B

75

3 (5.32)
= E(Of, \yua) — € ().

On the other hand, @ vanishes on (By,¢ \ F) x {0}, thus, by the minimality
of &Y% , we have that
By/10\E

E(@F, , \5) < E(@).
Using this inequality into (5.32) and recalling Theorem 4.1, we obtain
L(A,R"\ E) = L(A, E\ A) < &(®(p, , \pyua) — €(2p, ,\5)

)/ (5.33)
< ClA[ [l )

Also, by Lemma 3.1,
@l oo (1) < C (ullpoo s,y +A)

up to renaming C'.
From Lemma 5.1, we have a uniform bound on |[u[[ (g, ), hence we can
write
[l Lo (1) < C,

up to renaming C', where C' > 0 may now depend also on A. This and (5.33)
give

L(AJR"\ E)— L(A,E\ A) < C|A|.
Then, the argument in [5] can be repeated verbatim (see in particular from
the first formula in display after (3.2) to the fifth line below (3.4)) and one
obtains that Vj,, = 0. This contradicts the fact that 0 € 9F and so it
completes the proof of Lemma 5.2. O
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By putting together Lemmata 5.1 and 5.2 we obtain:

Corollary 5.3. Assume that (u, E) is minimizing in By, with u > 0 a.e.
in R"\ By and 0 € OF.
Then, there exist 5, K > 0, possibly depending on n, s, and o such that

min{]Bl/Q \E|, |By 2 mE|} > (5.34)

and
HUHLOO(BUQ) < K. (5.35)
5.3 Completion of the proof of Theorem 1.1

In order to end the proof of Theorem 1.1, we recall a Holder continuity
property for nonlocal solutions:

Lemma 5.4. Assume that (—A)*u = 0 in By, with u € L>(By). Then
u e CY(By)s) and

|u(z)]
lullo s, < € (Welimia + | 3 o).
for some C > 0.

Proof. First of all, by Theorem 2.6 of [6], we know that u € C%(Byy)-
Then we can apply Theorem 2.7 of [6] (say, in Bz/4) and obtain the desired
result. O

Now we can complete the proof of Theorem 1.1.

Proof of Theorem 1.1. We define, for any r > 0,

o 1
up(x) :=r2 %u(rz) and E, :=—-F (5.36)

r

and we apply Corollary 5.3 to the minimizing pair (u,, E,.), with r € (0,1/2].
Then, (1.3) follows from (5.34). Also, (1.4) is a consequence of (5.35).

Now we prove (1.5). For this, since Theorem 1.1 deals with interior
estimates, we may suppose that

the minimizing property of (u, E) holds in By instead of Bj. (5.37)
Now we assume that s > 0/2 and we fix z, y € By /5. We claim that

Ju(z) —u(y)| < Clz —y*~%. (5.38)
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Let p:= (v 4+ y)/2 and r := |z — y|. Notice that we may suppose that
< 1

r< —,

100

otherwise the fact that |u(x)—u(y)| < 2||'LL||LOO(B1/2) would give (5.38). Then,
there are three possibilities:

(5.39)

B5T‘(p> \ E =g, (5.40)
Bsr(p) \ E # @ and u(z) = u(y) =0, (5.41)
Bsr(p) \ E # @ and either u(xz) > 0 or u(y) > 0. (5.42)

If (5.41) holds true then (5.38) is obvious, therefore we consider only the
possibilities (5.40) and (5.42).

If (5.40) holds, then we use Lemma 2.3 in [13] and we obtain that (—A)%u =
0 in By (p). Accordingly, by Lemma 5.4,

s |u(z)] s
e ful) =] < O (Iolmimon + [ 7 de) la—b
Since z, y € Bs,(p), we obtain (5.38) in this case.

Now let us suppose that (5.42) holds true. Then there exist z € By, (p)\E
and n € {x,y} such that u(n) > 0. In particular n € E and so there exists ¢
on the segment joining 1 and z such that ¢ € JF. Notice that, since the
ball is convex, we have that ¢ € Bs,(p).

Hence, we have the following picture: ( € OF, = and y lie in Bs,(p)
and B1(¢) € By (where the minimization property holds, recall (5.37)
and (5.39)).

Thus, with a slight abuse of notation, we suppose, up to a translation,
that ¢ = 0. So our picture becomes that 0 € OF, x and y lie in Big,, with
our minimizing property in Bj.

So we consider the minimizing pair (u,, E,) as in (5.36), which is mini-
mizing in By, 2 Bso (recall (5.39)). In this way, we apply formula (5.35),
thus obtaining

HU’T’”L‘”(B%) < K.

Notice that 'z, 71y € By C Bas, hence
Jur (r )| + Jur (r )| < 2K.

So we obtain

-1

lu(@) = uly)| = r*" 2 |uy (r~" ) = up (r~ty)|

<2K7r575 = 2Kz — y|*” 3.
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This proves (5.38), which in turn implies (1.5), thus completing the proof of
Theorem 1.1. O

We complete this paper with a brief comment about the two-phase case
(i.e. when the function w in Theorem 1.1 is not assumed to be nonnegative
to start with). The additional difficulties in this setting arise since the frac-
tional harmonic replacements do not behave nicely with respect to the op-
eration of taking the positive part, namely the positive part of the harmonic
replacement is not necessarily harmonic in its positive set. As an example,
considering the fractional harmonic replacement introduced in [13], one can
consider the fractional harmonic function u(x) := 2% — 1 in (0, 4+00), with
fixed boundary data in (—o0,0) U (1, +00); similarly, in the case of the frac-
tional harmonic replacement introduced here in Section 3, one can consider
the case s = 1/2 and the harmonic function on R? given by u(z,y) = zy.

This difficulty arising at the level of the fractional replacements in the
two-phase problem reflects also into the proof of the density estimates here
(precisely in the computations below (5.14) and (5.27)).

For these reasons, we believe that the investigation of density estimates
and continuity properties for two-phase fractional minimizers is an interest-
ing open problem.
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