C. R. Acad. Sci. Paris, Ser. I 353 (2015) 483-487

Contents lists available at ScienceDirect

C. R. Acad. Sci. Paris, Ser. |

www.sciencedirect.com

Mathematical analysis

Superposition with subunitary powers in Sobolev spaces @CmssMark
Superposition avec des puissances sous-unitaires dans les espaces de

Sobolev

Petru Mironescu

Université de Lyon, Université Lyon-1, CNRS UMR 5208, Institut Camille-Jordan, 43, bd du 11-Novembre-1918, 69622 Villeurbanne cedex,
France

ARTICLE INFO ABSTRACT
Article history: Let 0 <a <1 and set ®(t) = |t|? VteR. Let 1 < p <oo and n > 1. We prove that the
Received 29 September 2014 superposition operator u > ®(u) maps the Sobolev space W1-P(R") into the fractional

Accepted 9 March 2015

€ ! ] Sobolev space W®P/%(R"). We also investigate the case of more general nonlinearities.
Available online 24 April 2015

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
Presented by Haim Brézis

RESUME

Pour 0 <a < 1, soit ®(t) = |t|% Vt € R. Soient 1 < p < oo et n > 1. Nous montrons que
I'opérateur de superposition u — ®(u) envoie I'espace de Sobolev W!-P(R") dans I'espace
de Sobolev fractionnaire W®P/2(R"). Nous examinons aussi la superposition avec des non-
linéarités plus générales.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction
Let 0 <a <1 and set
o) =t]%, VteR. (M
We consider the superposition operator
U du), Yue WHPRM),

and investigate its mapping properties. This question, natural in the context of the analysis of singularities of supercritical
viscous Hamilton-Jacobi equations [3], was asked to me by L. Véron.
Our main result is the following

Theorem 1.1. Let 1 < p < oo and n > 1. The superposition operator u — ®(u) maps WP (R") into W%P/2(R™M).
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As we will see, the above theorem does not hold when p = 1.
An immediate consequence of Theorem 1.1 is the answer to the original question in [3].

Corollary 1.2. [et 0 <a < 1,1 <p <ooand n > 1. Let d(t) = |t sgnt, YVt € R. The superposition operator u D) maps
W1P(R") into W%P/2(RM).

The heart of the proof of Theorem 1.1 consists in establishing the estimate

/ |®u(y) — @ )P/

ly — x|ntp dXdy§/|Vu(X)|p dx, Yu e WHP(RD). o
RN

R" R"
Estimate (2) is a special case of a family of inequalities involving more general even nonlinearities ® which are non-
decreasing on [0, o). Assume that, on [0, co), we may write:
® = ¢ + g, with ¢ continuous concave non decreasing

such that ¢(0) = 0 and with g non increasing. 3)

This assumption is satisfied, e.g., when, on [0, co0), the function ® is non decreasing and either (a) continuous and concave
or (b) Lipschitz continuous. If (3) holds, then it is always possible to choose in (3) a function ¢ such that in addition

¢ : [0, 00) — [0, 00) is a concave homeomorphism (4)

and

the restriction to (0, o) of the inverse map W = ¢ ~!is C? and W (t) > 0, Vt > 0. (5)

[Indeed, every concave function ¢ as in (3) is dominated by a concave continuous function E: [0, 00) — [0, o0) such that
£(0)=0,7 € C®((0,00)), £'(t) >0, 2"(t) <0, ¥t > 0 and lim;_, o £ (t) = co. Any such ¢ satisfies (4) and (5). In addition, if
we define §=g+¢ —¢, then u=7 +§ and g is non increasing.]

Note that when & is given by (1), we may take g =0 and ¢ to be the restriction of ® to [0, co). The same holds when
@ is even and the restriction ¢ : [0, c0) — [0, c0) of ® is a concave homeomorphism whose inverse satisfies (5).

Define
t p

F(t):/ /[w’(r)]l‘”p[w”(r)]l/”dr ds, V& >0. (6)
0 0

We have the following.

Theorem 1.3. Let ® : R — R be even and non decreasing on [0, 0o0), and satisfy (3)-(5). Let F be given by (6). We have
/' /' F(|Pu(y)) — ®uX))))

ly —x|"+P

dxdy§/|Vu(x)|de, VYue WLP(RY. (7)
Rﬂ

Rm R7

The reader may check that, when @ is as in (1) and ¢ is the restriction of ® to [0, c0), we have F(t) = Cp,atp/a, and
thus (7) includes (2) as a special case.

2. Proofs

The key estimate is the following special case of (7):

//F(@(V(Y))—CD(V(X))I)
R R

ly —x|1+p

dxdy§/|v’(x)|pdx, Vv eCP[R), Vp e (1,00). (8)
R

Assuming (8) established for the moment, we proceed to the proof of Theorems 1.1 and 1.3, and of Corollary 1.2.

Proof of Theorems 1.1 and 1.3, and of Corollary 1.2.
1. We start from the following calculation, valid for every measurable function f :R" x R" — [0, cc].
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//f(X,J/)dXdyZ%/ / /|r|”*1f(x,x+ra))drdswdx

Rn Rn R gi-1 R
1
=5 / ///|r|”‘1 f&X +sw, X + (r +s)w)drdsdx ds,,
-1l R R
1
=3 / ///|r—s|”_1f(x’—i—sa),x’+rw)drdsdx/dsw. (9)
-1l R R

Let I denote the left-hand side of (7) and let u € C°(R™). If we take, in (9),
F(1Pu(y) — @)D

|y —x|"+P

fxy) =

and apply (8) with v(r) = u(x’ +rw), Vr € R, we obtain that

1< / //|Vu(x/+ra))~a)|pdrdx/dsw§ / //|Vu(x/+ra))|pdrdx/dsw

sn—14L R s-1pl R

= |S””|/|Vu(x)|f’dx,
]Rn

i.e., (7) holds for u € C(R").
2. By a standard argument, (7) holds for u € W1-P(R"). In particular, (2) holds.

3. Next, Theorem 1.1 is a consequence of (2) and of the identity ||<I>(u)||f,{7a(Rn)

4, Corollary 1.2 follows from Theorem 1.1 combined with the identity 5(u) =®wt) — &™) and with the fact that u* e
W1.P(R") whenever u e WHP(RY). O

= ||U||fp(Rn) (with @ as in (1)).

We next proceed to the proof of (8).

Proof of (8).
1. Starting from the inequality
S N
0< / (' (VP ()P dr < f [V (1) + W"(1)]dT = W(s) + W'(s), Vs >0,
0 0

we find that F € C1([0, 00)) and that

t p
F'(t) = /[\y/(s)]H/P[\p”(s)]W ds| >0, vt>0, while F'(0)=0. (10)
0
The identity
[F'O1"PIF" (01 = Cp[W' O (), Ve >0, (11)

is a consequence of (10) combined with the formula of F”(t) obtained by differentiating (10).
Integrating (11), we obtain

t
f[F’(s)]‘—P[F”(s)]P ds = C,[¥'()]P, Vt > 0. (12)
0

If we let, in (12), t = ¢(7), and take into account the fact that £ = ¥~! on (0, 00), we find that
¢(m)
/ [F'(5)I'"P[F"(s)]P ds (/)P = CI’D, vVt >0. (13)
0

2. We next note the following Hardy type inequality. If U C R is a bounded open set and if w € C(U) N C1(U) satisfies
w =0 on dU, then
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lw(o)|P ,
/ ly — x|1+P dx dySCpf|w *)|Pdx, Vp e (1,o00). (14)
R\U \U U

Indeed, by the subadditivity of (14) with respect to U, it suffices to prove (14) when U = (a,b), and in that case
integration in y and Hardy’s inequality in x lead to

Wi , [ o [
————dx|dy=<C —————dx<C P dx.
[ 5 e =6 [ Gamp =6 [ wr o
R\U \U i} U

[The idea of using Hardy-type inequalities in the study of superposition operators originates in [1].]

3. ® being even, it suffices to establish (8) when v is replaced by |v|. By a standard argument, it then suffices to establish
(8) when v € C°(R) and v > 0. Moreover, by (3), the monotonicity of ® on [0, c0) and the fact that F is non decreasing,
we have

F(I®(t) = @) < F(L®) = ¢G)D), Vs, t eRT,

and therefore it suffices to establish (8) when @ is replaced by ¢. In conclusion, it suffices to establish the estimate

/f FE ) — £ (vix)) dxdy§[|v’(x)|pdx, VveC®@®,RY), Vpe(l,00). (15)
Y=
R R

R
with ¢ satisfying (4) and (5).
4. With v € C2°(R,R™) and x, y € R such that v(y) < v(x), we have
FSv(y) —¢(vx)) = F(E(v(x) — £ (v(¥)))

t=v(x) v

=/mmwm (16)
v(y)

=—-F( ) =)

t=v(y)

where

d 1/p
&%) = [—E[F(E(V(X)) - C(t))]]

= ['O1/PIF ¢ (v(®) — ¢ )1VP, VX €R, ¥t € (0, v(X)]. (17)
5. Integrating (16), we find that the left-hand side J of (15) is given by

o0

p
j=2[ / / %dx dy | dt. (18)

0 viy)<t \v(x)>t

6. Let (with t > 0 fixed) U = {x; v(x) > t}. Note that U is bounded. By (17) and the last assertion in (10), we have g =0 on
oU, and thus we may apply (14) to x+— g:(x), Vx e U.

7. Combining (14) (applied with U = {x; v(x) > t} and with w = g;) with (18) and using the change of variables ¢(v(x)) —
Z(t) =s, we find that

v(x)
JS/ /C'(f)[F’(ﬁ(V(X))—C(t))]lf”[F”@(V(X))—§(t))]pdt [ ()P IV (0P dx
R 0
C(v(x))
2/ f [F'()1'PLF" ()1 ds | [/ (ve)IP |V ()P dx. (19)
R 0

Next (13) (applied with T = v(x)) combined with (19) leads to (15). The proof of (8) is complete. O

We conclude this note by proving that Theorem 1.1 does not hold when p = 1. The key observation is that ® given by
(1) does not satisfy the estimate

/ [®(v(y)) — P(v(x)|/a
ly —x|?

dxdyg/lv’(x)ldx, Vv eCOR). (20)
R R R
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Indeed, argue by contradiction and assume that (20) holds. By a standard limiting argument, (20) still holds for v €
BV(R). However, if we take v =1 1), then v € BV(R) and the reader may check that the left-hand side of (20) is infinite.
Thus (20) does not hold, as claimed.

Using the fact that (20) does not hold and the invariance of the estimate (20) by scaling and translations, we may find a
sequence (v;)j>1 C C°(R) such that

. 1
suppv; C (j,j+1), /Iv;»(X)Idx:j—z, (21)
R
and
j+1j+1q) ) B i( 1/a ,
Vi — Vi(X
/ [P(vi(y) 2; I dxdy > L. (22)
/) ly —xl j
J ]
Note that
1
/IVj(X)Idxs/IV}(X)IdX=.—2. (23)
J
R R

Set v:=)";.;vj. Using (21), (22) and (23), we find that v € W1 1(R) and, in addition,

JH1j+1
_ 1/a _ 1/a
/ |q>(V(J/)|)y_<I;|(2V(X))I dxdyzZ/ f |d>(V(y)|)y_q)>(|(2V(X))| dxdy
i>1 f
R R N
J+1j+1 ;
—Z/ / [P (vj(y) — P(v;(X))] /“d B
= 5 xdy = oo.
j=1 % f |y—x|
=N

Thus v ¢ W®1/4(R), i.e., Theorem 1.1 does not hold when p=1 and n=1.

The case where p =1 and n > 2 is straightforward. Let v be as above and let ¢ € C?O(]R"q), £ #0. Set u(x,x,) =
c(X)v(xy), VX € R™1, Vx, € R. Then clearly u € WI1(R"). However, we claim that u ¢ W%1/9(R"). Indeed, argue by
contradiction and assume that u € W®1/¢(R"). By the Fubini property of the space W%1/4(R") [2, Section 2.5.13, Theorem
p. 115], for a.e. ¥ € R™! we have u(x,-) € W%/9(R). In particular, we have v € W%1/4(R), which is a contradiction.
Therefore, when p =1 and n > 1, Theorem 1.1 does not hold.
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