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Abstract. We present a new class of averaging lemmas directly motivated
by the question of regularity for different nonlinear equations or variational
problems which admit a kinetic formulation. In particular they improve the
known regularity for systems like v = 3 in isentropic gas dynamics or in some
variational problems arising in thin micromagnetic films. They also allow to
obtain directly the best known regularizing effect in multidimensional scalar
conservation laws.

The new ingredient here is to use velocity regularity for the solution to the
transport equation under consideration. The method of proof is based on a
decomposition of the density in Fourier space, combined with the K-method
of real interpolation.
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1 Introduction

Kinetic formulations allow to consider nonlinear problems (balance laws or
variational problems) and, using a nonlinear function f of the unknown, to



transform these problems in a singular linear transport equation on f. The
simplest example is that of the entropy solution u € C(R*; L}(R?)) to a
multidimensional scalar conservation law

Owu(t, z) + divA(u) = 0, t>0, z€RY (1.1)
;S (u(t,z)) + divn®(u) <0, '

for all convex function S(-) with S(0) = 0 and using the notations n°(u) =
Jo S'(Da(:), a = A" : R — R% Then, we define, for v € R, the ‘equilibrium’
function f(t,z,v) thanks to

+1, for 0<wv <u(tx),
flt,z,v)=<¢ =1, for u(t,x) <v <0, (1.2)
0, otherwise.

The theory of kinetic formulations states that (1.1) is equivalent to write the
kinetic equation on f

O f +a(v)-V,f =0,m(t,z,v), (1.3)

for some unknown nonnegative bounded measure m. The derivation is ob-
tained by integrating (1.3) against S’(v), and since we have

S = [ S st vd. *w= [ S@a) ft.o.0)do
R R
the kinetic formulation turns out to provide the inequalities

S (u(t,z)) + divy®(u) = — / S"(v) m(t, z,v) dv.

R

Therefore the inequalities in the second equation of (1.1) are equivalent to the
positivity of m. Also a control of the total mass of the measure is obtained
using S(v) = v?/2 in the above equality

o0 1
/ / m(t,x,v)dtdvdr < —||uOH2Lz(Rd).
0 RxR4 2

This method turns out to provide a tool for studying regularizing effects
for the hyperbolic equation (1.1), when a non-degeneracy condition on the
fluxes A is satisfied. Indeed, averaging lemmas may be applied to the linear
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transport equation (1.3) and provide regularity in low order Sobolev spaces
(it is known that BV regularity is the best that can be expected) for averages
like (1.5) below.

Several other examples of such a kinetic formulation, and of related regular-
izing effects, have been derived and are recalled below.

The purpose of this paper is to show that the known regularizing effects
for these examples can be improved using an additional information on the
function f, namely its v regularity. This motivates to first study a new class
of averaging lemmas.

In the end of this introduction, we first state our averaging results and then
we give three examples of applications to regularizing effects.

In the second and third sections, we prove the results and in a last section
we treat cases (higher v derivability on f) which require another method of
proof.

1.1 The averaging results
We consider the following equation
v-fo:Ajjmg, reRY veRL (1.4)

Now we choose any ¢ € C>°(R?) and define

plx) = » f(z,v)¢(v)dv. (1.5)
Assume that

ge (RS WPPRY), 1<p<2 G,

1 1 (1.6)
fe YR, Wr(RY)), 1<¢<2 1- p <7<y
We also point out that the results and proofs extend in the same way for
exponents p or ¢ larger than 2. Then, we have to replace p and ¢ by min(p, p)
and min(q, ¢) in formula (1.7) below (p denotes here the conjugate exponent
to p). It is also possible to deal with exponents 3 or v larger than 1/2 but
the question is more delicate. We restrict ourselves to 3, v < 1/2 for the
moment and leave the other cases to the last section of the paper.
As usual for averaging lemmas, we state that the average p is in fact more
regular than f itself. This can be quantified as follows



Theorem 1.1 (Case 0 < a < 1) Let f, g satisfy (1.4) and (1.6), then we
have for 8" < s=0(1 — «) andr’<rwith%:%+%’

ol < C (9l g + 11 zgwgs)

1+~v-1/q
l+y—p+1/p—1/q¢

with 6= (1.7)

Remark 1.1 1. The constant C' appearing in Theorem 1.1 depends on the
size of the domain on which we estimate p, on the size of the support of ¢
and on its regularity.

2. Forv =0, <0, we are in a case included in standard averaging lemmas
(see in particular [11]). However our result is a bit weaker since it is known
in this case that p € W with s and r given by the formulas of Theorem 1.1.

The fact that we do not reach s = s and ' = r is due to a choice in
our method of proof. We decided, for the sake of simplicity, to reduce it to
classical interpolation between L? and WP through Lions-Peetre K-method.
This looses a little compared to a dyadic decomposition. Nevertheless when
p = q, the previous theorem may be precised and we obtain p in a Besov
space but still not the optimal Sobolev space

Theorem 1.2 (Case 0 < a <1, p=q) Let f, g satisfy (1.4) and (1.6) with
p=gq. Assume 3, v < 0 or q =p = 2, then for s = 0(1 — «), 0 given by
(1.7), we have

ooz < C (gl g + 11z -

It is also possible to work with o« = 1 and we obtain

Theorem 1.3 (Case o = 1) Let f, g satisfy (1.4) and (1.6). Assume (3, >
0, then we have for * = % + 1—79/ and 0" < 0 given by (1.7) (with equality if
p=q=2)

/ —
[Pl < Cllal gy 17500
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Moreover for p = q, then for any (3, (possibly negative), we have with 0’ < 0
given by (1.7) and with equality for 3,7 <0 orp=q=2

/ _ !/
Iollze < Cllgllyy ol Fl ztyma-

Remark 1.2 1. Here also the constants C' depend on the size of the supports
of f and g and on ¢.

2. The case p=q, f <0 and v = 0 was treated in [25]. We find here almost
the same exponent 0: Our exponent is precisely the limit case in [25]. The
reason why we obtain it is only because we use product Hardy spaces as in [6]
where the limit case was also obtained, our method being exactly the same as
in [25] in this case.

3. For p # q and 3 or 7 negative, we are unable to obtain more than the
weak inequality

1ol < C(llgllze + 1 llze) -

4. The main interest of the theorem is to prove that if a sequence f, satisfies
(1.4) with righthand side g, which are compact then f, is also compact.

To conclude, let us mention that these theorems are also true for the evolution
equation

Ouf +a(v) - V. f = A¥?g, (1.8)

when the field v — a(v) satisfies the strongest non degeneracy condition,
namely: for all R > 0, there is a constant C'(R) such that for £ € R¢, 7 € R
with || + |7] < 1, then

meas{v s. th. |[v| <R, and |a(v).£ — 7| < e} < Ce. (1.9)

The regularity on the average p is then a regularity in time and space but
all the formulas given above for the exponents are exactly the same. Weaker
non-degeneracy conditions can also be used (see [14], [11], [25]). Also optimal
Sobolev spaces can be reached in some situations (see [4], [29], [9]) and better
adapted Besov-type spaces can also be used as in [26].
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1.2 Applications to kinetic formulations

Possible applications include in particular kinetic formulations for scalar con-
servation laws (see [21] or [16] for the case with dispersion), multibranch sys-
tems like isentropic gas dynamics with a pressure law p(p) = k p* (see [22],
[3], [28]) and thin micromagnetic films (see [8], [1], [17], [18], [27]). We refer
to the given references and [24] for more details on the kinetic formulations.

Firstly, we wish to give a direct proof of the following

Theorem 1.4 Let u(t,z) € C(R*; LY(RY)) an entropy solution to a non-
degenerate (in the sense of (1.9)) multidimensional scalar conservation law
(1.1), with u(t = 0) € L' N L>®(R?), then locally we have

1 3
ue Wy for all s < 3 "<g

This regularity was obtained in [22] with a more complicate argument which
involves a bootstrap of averaging lemmas combined with the L' contraction
property. Notice that the optimal regularizing effect, from u° € L* to u(t) €
BV is an open question in more than one space dimension. On the other
hand two different methods lead to the same exponents s < % Also our

proof below has he advantage to extend to inhomogeneous problems like
Ou(t,z) +divA(u) = f(t,x) € L'(RT x RY), (1.10)

and yields the same regularity. An example in §1.3 below shows that the BV
regularity fails for this problem.

Proof of Theorem 1.4. We define, for v € R, the function f(¢,z,v) in
(1.2) and use its kinetic formulation (1.3). We know that the right hand side
is the derivative in v of a bounded Radon measure in (¢,z,v). A measure
belongs to any Sobolev space W~®(1=a/(@+2)™" with o > 0. Therefore, we
may also write the equation (1.8), and choose in (1.4), (1.6) any a > 0,
f=-a—1,p=(1—-a/(2d+1))"!. On the other hand, since the derivative
in v of f is a bounded measure and f belongs to L, by interpolation we
know that f belongs to L{ ;W7 for any ¢ < 2 and v < % Applying Theorem
1

L1, withy~ 35, ¢~ 2, a~0,p=1, 8~ —1, we immediately deduce the

regularity result in theorem 1.4. 4



As a second example, we consider a solution (p, pu) to one dimensional isen-
tropic gas dynamics with a polytropic pressure law p(p) = x p® (more gener-
ally we could consider a multibranch system). This class of systems admits a
pure kinetic formulation. As for scalar conservation laws, we may define an
equilibrium function f as the indicator function in v of an interval depend-
ing on the solution to the system. This function f again satisfies a transport
equation (1.8) where the right hand side is now the second derivative in v of
a bounded measure. By the same method we now apply Theorem 1.1, with
v R %, qg~2,a~0,px1, [~ —2, and obtain that, locally,

1
ue W forall s < -, r<
t,$ 4 5
which improves the W'/77/4 regularity proved in [21]. Notice that it is an
open problem to apply averaging lemmas to other pressure laws.

As a third and final example, we consider a variational problem. In some
theories of line energies Ginzburg-Landau for thin micromagnetic films (see
[17] and [27]), it is possible to show that a function f of the magnetization
u(z) € R? x € R? satisfies the kinetic equation (1.4) in two space dimensions
where the right hand side is again the divergence in v € R? of a bounded
measure. The equilibrium function is defined as f(z,v) = L,(z).v>0 and thus
we are again in the same situation as for scalar conservation laws. We can
choose the same parameters in Theorem 1.1 and thus the magnetisation
satisfies locally

ue Ww:" foralls<1,r<§.

3 2

whereas in [17] we had only W'/5%/3 using the classical averaging lemmas of
[11]. Here the BV threshold turns out to be fundamental in the counterex-
ample of [1] and it would be useful to determine the optimal regularity of
the solution.

1.3 Examples and counterexamples of optimality

We discuss here two examples: for optimality of the averaging result itself
and for its application to scalar conservation laws.

We do not know in general if the estimates given in Theorems 1.1, 1.2 and
1.3 are optimal or not, except in the case f =~y =1/2, p = ¢ = 2. Indeed
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define f(x,v) = Lyz)v>0 On R? x R? as in the third example of the previous
subsection with u the vortex centered at the origin

u(m):% Vo #0.

Then f is solution to the equation (in the theory of line energies Ginzburg-
Landau for micromagnetic films, it corresponds to zero energy states, see

[18])
v-Vof =0, V(z, v)cR.

The function f belongs to L2HP for any 3 < 1/2 and so does of course the
right-hand side, so Theorem 1.1 implies that any moment of f belongs to
Hj for any s < 1. We thus obtain that u belongs to H;  for any s < 1,
which is the best range of exponent since u does not belong to H}. ..
Next, we discuss optimality for scalar conservation laws. In one dimension,
for Burgers-Hopf equation (1.1) with A(u) = u?/2, Olemik’s regularizing
effect proves that u becomes BV immediately (see [23]). Our result only
gives W 5/2 , s < 1/3. Notice however that if we add source terms
2

By + ax% = f(t,z), fe€ MR xR),
u(t=0,2) =0,

then, Oleinik’s result and method do not apply. For instance take f = md(t =
0)d(z = 0), the solution u is then

u(t,x) = %, for 0 <x < V2mit,
u(t,z) =0, forxz<0orxz>v2mt.

Now we superpose such source terms, taking f = ﬁzzj\il Zjvzl it =
i/N)é(x = j/N). Since the waves interactions are very weak, we infer the
following estimate for the Sobolev norm of the solution

1/4N L rG+D)/N pj/2N u(y)|P
[ull rwer >/ / / — = dxdydt
(4

/2N 1)/N |$—?J|Sp+1

(i+1)/ 1 1 "
~ - R _ sp
;[/N N><N2><Np><tp/2><N

~ NSPP/2



Therefore the norm of u in LYW3? can remain bounded as N — oo only
for s < 1/2. Of course u does not belong to L so although the kinetic
formulation still applies, u is not an average of f as defined by (1.5) (a
cut-off in velocity is needed). However the above estimate remains valid for
ull,<19 for instance which is a true average and it is worth noticing that for
a function g € L;,,, Theorem 1.1 shows that the average belongs to W*!
with the same scaling s < 1/2.

2 Proof of Theorems 1.1, 1.2 and 1.3

2.1 Formulation in Fourier space

Since we average in velocity against ¢, we only have to take into account the
velocities in the support of ¢ and hence we may assume that f and g have
compact support in velocity.

We work in the Fourier space and we denote by f (&,v) and g(&, v) the Fourier
transforms in the x variable of f and g. Equation (1.4) becomes

i€ -vf = ¢ (2.1)

Following the method introduced in [25], we write for any A > 0 (A may be
very large or very small)

I S

F=Nervie o’ " Nevie o 22
And thus, we obtain
p(x) = Ta(f) + Ta(9), (2.3)
with (F~! denoting the inverse Fourier transform)
o Nel )
hlf =7 (/Rd A|E] i€ - Uf(f,v) dlo)dv ) (2.4)

1 _
Ty(g) = Xﬁé‘” V2T (g).

2.2 Estimates for the norms of 7} in L” spaces

We now compute the norm of the operators 77 (and the norms of 75 follows)
from L2(W2P) to LP. We begin with the simpler case p=2.
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Lemma 2.1 for any real number s, Ty: L2(H?) — L?, with norms

for <0, 17|52 < C(/\1/2+S + >\1/2),
for 0<s<1/2, IT1]ls2 < C(s) /\1/2+S,
for 1/2 < s <1, |T1]|s2 < C(s) A

We give a proof of this lemma below and we first state the general result in
more general LP spaces. The proof of the following proposition requires more
technical tools and it is given in next section.

Proposition 2.1 V1 <p <2, Ty : L2(WP)— LP  with norm

I Ti]lsp < COSTTYP 4 XIZVP) 0 for s <0,

1
ITi|lsp <CXN', r<r*=s+1—=(r=r"forp=2), for0<s<1/2,
p

-1
|Th]|sp < CX', 1 <r*= 25427
b

(r=r*forp=2), fors>1/2.

Proof of Lemma 2.1. The Fourier transform in v, for a fixed £ # 0, of
ME[/(AE] + i€ - v) is exactly

C)\Q_AC.%H ( . é—‘) (SE(C)a

where C'is a given constant independent of A, H is the heavyside step function
and g is the Dirac mass on the line parallel to {. We choose a function
Y € C(R41) such that ¢(P Rev)p(v) = ¢(v) with P the projection on the
hyperplane v; = 0 (Pv = v = (va,...,vq4)) and R the rotation such that
Re€ = (|€],0,...,0). If ¢ has compact support in the ball B(0, R) of R? then
for 1) we may take, for instance, any function with constant value 1 in the
ball B(0, R) of R4

As a consequence, we claim that for any 0 < s < 1/2, there is a constant C'

with
HAlflw(PRgv)

NE[+ i€ o [yr = (25)

H,®
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Indeed, since € is kept fixed for the moment, we may choose a basis for v
where v is parallel to £. In this case, we have, thanks to the localization in
velocity, the inequality

H/\|§|¢ P Rev)
ME+d€ v

< CAQ/(HICI ) e PUH GGy Ca) PG
H;?
scuwwwwﬁv>{/ (L+ ]G e dd
v 0
< C/\2/O C;25672)\C1d<-1

o0 —2s
<O\ / (%) e 2d¢, < CIAME,
0

With the same computation, we have the bound for s < 0 (notice that it
only holds in the homogeneous space H*)

H)‘KW) PREU < C)\1/2+S. (26)
)\|€| + Zf v HU_S -
Now for s > 1/2, we trivially obtain
A&l (P Rev)
< O, 2.7
H Al +i§-v |lg-s — (27)

because, assuming again that £ is parallel to the first coordinate axis,

A€ (P Rev) ||? 2/“ e 20 2/m 1 )
—_— < CA ———d(; < CA —————d(; < CON-.
H N[ +i€ v || s AR AR

To conclude, for s < 0, for any f € L2H?, because of Estimate (2.6)

Nel(P Rev)
IT(Dllze < [0l ans \Mm—f -
A€[Y(P Rev) AlE|Y(P Rev)
< Cllf Nl > <’ BIET I HA!SH—é w)

< C¢()\1/2+S + )\1/2) ||f||L§H5
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And for s > 0, for any f € L2H?,

1T (H)llz < 1 F Ol 2

‘AKW)(PRW)
AME[+i€ v

L H,®

The combination of this last inequality and of Estimates (2.5) and (2.7)
finishes the proof of the lemma (we recall that we work with compactly
supported functions in z). o

Remark. We do not know what is the best estimate for the critical exponent
s =1/2. A variant of the previous proof gives

|T1l1/2,2 < —CAln A

2.3 Conclusion of the proof

We now consider g € LEW/? and f € LIW? as given by (1.6) and satisfying
Equation (1.4).

We have obtained a decomposition of p into a sum of two terms 77 (f) and
Ty(g) in L7 and in W'~%?_ depending on a parameter A. We use this decom-
position through Lions and Peetre’s K-method of real interpolation (see in
particular J.L. Lions and J. Peetre [19], J. Bergh and J. Lofstrom [2]). We
define

K(t,p) = inf ([Ip1llza + tll p2llwr-aw),
p1 € L, py € WP
p = p1+p2

and
Boo0(p) = [tK(t, ) 50

By standard interpolation results, if ®p.(p) < oo then p belongs to the
interpolation space (L%, W1=%P), .

2.3.1 The case of Theorem 1.1
For t > 1, then since we know that ||p|z« < C|/f]|s,, we pose
pr=p, p2=0.

Therefore t YK (¢, p) is bounded uniformly for ¢ € [1, oo| for any 6 > 0.
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For ¢ < 1 we use the natural decomposition given by the equation, i.e we
pose

p1=Ti(f), p2="Ta(g). (2.8)

Of course it remains to choose \: Thanks to Proposition 2.1, we have
1T ()l + tIT(g)lwr-er < CX™ 4 CEA™,

for any 7, ro strictly less than rj, 3
1 1
TI:’7+1__7 7’;:6——7
p q

because the parameters A, which we will consider, are bounded from above,
and thus we neglect the terms in A'~'/? or A1~/ in the bounds for the case
B or v < 0. Minimizing in A\, we take

A= Ct/ntr),
and obtain for ¢ < 1 the estimate
K(t,p) < Ct”,

for any ' strictly less than the exponent 6 given by the formula (1.7).

We eventually deduce that p belongs to the space (L9, W1=%F),  for any
¢ < 0 given by (1.7).

This space is included in any VV;’! for & <s=0(1—-a),1/r >1/r=
(1—0)/q+6/p, thus proving Theorem 1.1. Indeed, locally in z, it is included

in (Bg,q,, B;,;,a)g/’r for ¢ < q,p <p, 0 <80.

2.3.2 The case of Theorem 1.2

The proof is exactly the same as for Theorem 1.1. But since we also know
that 3 and  are non negative or that p = ¢ = 2, we may take the limit values
ry = r} and ro = rj and therefore we know that p belongs to (L9, W1=%P),
with 6 given by (1.7). This space turns out to be exactly the Besov space
B itp=q=r.
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2.3.3 The case of Theorem 1.3

The subcase p # ¢ in Theorem 1.3 is the more complicated because it is the
only one where we have to use the decomposition (2.8) also for large ¢t. By
comparison the subcase p = ¢ in Theorem 1.3 is the easiest because we do
not need the interpolation argument there and so we will not treat it (the
argument would the same as in [25]).

Fora=1,and 0 < 3,7 < 1/2, we define p; and p, by (2.8) for any ¢. Because
of Proposition 2.1, we have for any 0 < 6; < v+ 1—1/q, 0o < 3 —1/p, for
any A > 0

K(t,p) < CA | fleawgs + CtA* (gl pyypo-

Thus choosing A2 = t||g||/|| f||, we obtain

_ 1—61/(61—6 01/(01—6
K(t,p) < O/ (6 62)”f||LZV[1/§(’q1 2)”9”;1;/151/2*? 2)

The exponent d; /(d; —d2) being as close as we wish to (but less than) 6 = (1+
v—1/q)/(1+~v—1/q—[+1/p), we obtain p in the spaces (LP, L)y o = Ly
(the Lorentz spaces) with 1/r = 0'/p+(1—60") /q for any § < 6 and with norm
less than |[t=% K (¢, p)|| s<. This exactly gives the corresponding inequality in
Theorem 1.3, thus concluding the proof.

As a last remark, notice that we cannot treat the case 3 < 0 or v < 0 in
Theorem 1.3, only because there the operator 77 (or T3) does not have the
same behaviour in A for large and small \.

3 Proof of Proposition 2.1 and the H' bound

Proposition 2.1 is obtained thanks to standard interpolation results between
the L? case which has already been proved and a similar estimate in Hardy
spaces. This requires some preliminary lemmas (lemmas 3.1, 3.3, 3.4 below).
Combined with Lemmas 2.1, they prove the proposition.

3.1 The product Hardy spaces

The estimate on T} from LPW ;P to LP for p < 2 is obtained by interpolation.
However as it is usual in this case, the operator T; is not bounded from
LW to L' and as a consequence we need to work on some kind of Hardy
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space. Because the term & - v yields an operator which is not in Calderon-
Zygmund class, we use here the product Hardy spaces which has been used
in this context by M. Bézard in [4] and F. Bouchut see [6].

We do not recall the definition of product Hardy spaces and refer the reader
to [4] or [6] for details. What we only need is that these spaces, denoted
HY(RITE x R, W*1), satisfy the two following lemmas

Lemma 3.1 (Interpolation) Let T' be bounded on
H:R? L2(RY) — LA(RY), with norm ||T|,z2,
WHLRY HLRT! x R)) — HL(R?), with norm ||T||s1,
then for any 1 < p <2, T is bounded on

WeP(RY, LE(RY)) — LE(RY), with norm ||T|,, < |T|1ZP~" 72577,

This lemma is a direct consequence of Proposition 3.12 in [4] and of standard
results on the interpolation of LP spaces (see [2]). Next we need a sufficient
condition for a Fourier multiplier to be bounded on H!(R?"! x R), which is
exactly Proposition 3.10 in [4] or Lemma 1.8 in [6]

Lemma 3.2 Let K(¢,&;) € C* (R?\ ((0 x R) U (R x 0))) such that for
all aq € Nd_l, as €N,

COtlyOQ
€] [€al 2
then K is a bounded Fourier multiplier on H'(R*! x R).

|0 O K(£,€a) <

3.2 Estimates for the norms of 7} in L” spaces

We now denote by R, the rotation in R? such that R,v = |v|eq, where ¢4 is
the last coordinate vector. We perform the change of variable x — R,z in
definition (2.4) of 7. We obtain that

Tlf:TI(f(szlx’ U))? (31)
with
g NEL oo
10 =7 ([ e f€ v o). (32)
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Obviously, the norms of Ty from WP(R?, LE(R?)) into LE(R?)) are exactly
the same as the norms of 77 if s < 0. For this last operator, with the help of
Lemma 3.2, we prove the

Lemma 3.3 (s <0) 7T : WSHR?Y H' (R x R)) — HY(R?) with norm
|T]]s1 < C(N° +1).

Proof. We cannot use here any Fourier transform in v, unlike in the proof of
Lemma 2.1. Since we only know explicitly the s derivative in v of the kernel
ME/(AE] + &4]v]) for numbers s which are integers, we also perform some
interpolation here.

For any —s € N, we have of course

—89—s8 )\‘£| )_ . | (_Z-gd)—s)\l—s |€’
A0 <A|5|+zfd|v| = O e i

It is easy to check that this last kernel satisfies the condition in Lemma 3.2
with constants Cy, o, independent of A and vg. Hence for any nonpositive
integers s, T' is bounded from W5(R?, H!(R¥™ x R)) to H!(R?) with norm

T3]0 < C(A®* +1).

Now we interpolate between the spaces W, ™HL(RY x R?) and W, 1!
HL (R x R?), we obtain all the spaces W THY (R x R?) for any —n—1 <
s < n. So the last inequality is also true for any nonpositive s and the lemma
is proved.

We next consider the case where f is more regular in v, i.e. s > 0. Integrating
by parts in 77, we find with K the diameter of the support of ¢

_ ¢l " EVE o 13
Tl(f)_f </ﬂ{dm/_m(¢(v+tm)m va(é,v—i—tm)

5 £\ &€ I3
S Sy, S ) ) dtd
+f<5’””|5|)|5| W(“”m)) “’)

nn =5 ([ ([ e =) (o0 v

(€ o) w@) dv) |
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The function V,¢ has exactly the same properties as ¢. After performing
the change of variable x — R,z, we thus consider the following operator

/ _ 1 0 A\f’dt ) é £ )
“ﬁﬂf(éxfﬂwuwmwmamﬁﬁmmm'

We prove that

Lemma 3.4 T} : L}(RY, HY(RI! x R)) — HYR?) with norm

77| < CAln A

Proof. We only have to check that the kernel in the operator 77 satisfies the
conditions in Lemma 3.2. Indeed, we compute

0 A€ dt 0 A&]dt
‘MMMW@@/’ 4 ‘g/ i

_or AlE] + ialv| — it[¢] “ai ME] A+ [€alv] — t[¢]|
< CAln ),

which proves the lemma.

4 The case of higher regularity in velocity

In Theorems 1.1, 1.2 or 1.3 we have only considered functions f or g with
less than half a derivative in velocity. From the proof of Proposition 2.1, it
seems that Formula (1.7) is not correct for 3 or 7 larger than 1/2 and should
be modified according to the corresponding estimates in Proposition 2.1 for
the operators. However, at least in the L? case, such a method does not lead
to an optimal result. Notice also that when 8 > 1/2 with p = 2 (i.e. g is
very regular in velocity), Theorem 1.1 already gives the best regularity we
may hope for, because 6 = 1 and so we gain a full 1 — « derivative for the
average. Throughout all this section, we thus consider the cases p = ¢ = 2,
f<1/2and v >1/2in (1.6).

In fact, in such a situation, the operator decomposition leading to Proposition
2.1 is unable to take advantage of the additional regularity of f and Theorem
1.1 gives the same result as for f € LiHvl/Z.

Using another decomposition than in Section 2, we can prove the

17



Theorem 4.1 Let 0 <« <1, let f, g satisfy (1.4) and (1.6) withp = q = 2
and < 1/2, then for s =0(1 — a),

i, < C (19l g + 1 ezmz )

ol s,
) 1/2 4+~
th 0= 4.1
wi " (4.1)

The values of 6 given in (4.1) and in (1.7) with p = g = 2 are the same. The
new point here is the extension to values v > 1/2.

Proof of Theorem 4.1 We introduce a new decomposition of the average
which depends on the point £ considered in the Fourier space.

For the moment, we keep this point fixed and we may thus assume that
¢ =(/¢],0,...,0). Equation (2.1) becomes simply

iUlf = |€|a_1§-

We denote by f and § the Fourier transform of f and ¢ in the z and v
variables and by 7 the dual variable of vy, and by 7’ the dual variable of
v = (va,...,vq). We then have for any 0 < A\ < 1 (here we only need the
case A small) and for an even exponent k larger than v — 1/2

M f A O, f = =Mt + 1€
We therefore obtain a decomposition (compare with (2.2))
p =€l Teg + N}, f), (4.2)
with

- N A A (R ket ,
Tsk(h(v))z/wfmaﬁ(n,n)/ Foh(u, i )e  #1= D dudndy . (4.3)
n

The operator Tgk is as a matter of fact a linear form, the variable £ being
only a parameter, with the following estimate

Lemma 4.1 for any real number s < 1/2, T}"f . Hj — R with norm

ITE N2 < OB/, (4.4)
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Proof. It is a direct computation from Formula 4.3. Since the function ¢
has compact support and belongs to any H*', we have, first for s > 0

o0 2
sup / Foh(p,m e w0 N ) dy
Rd—1 n n

S Ry
Rd—1 n n
: (/ i |u\256_k2?1(“k+1_"k+1)dﬂ> dif
n

<C (/d |u|25|fvh(u,n’)l2dudn’)
R

x \(Zs=1)/(k+1) sup/ |M|_256*%ﬂ(#k+1*n’““)du
n e,

< C«)\(2s—1)/(k+1) ”h”%{s

TP < Clollym, [

For the case s < 0, a similar computation leads to

|T§kh|2 < C)\_l/(k+1)(1 + )\28/(k+1))||h/||§_[5 < C«/\(Qs—l)/(k+1)||h|

2
Hs»

since we only consider parameters A < 1. o

The function &flf belongs to L{H)*. Since k > v — 1/2, we may apply
Lemma 4.1 and find

pE) = CLE| T NETAIEED G (€ )]l o + CATHAEED Fe, )y

We minimize in A. The aim is of course to control p(§) for large . Also
notice that because of the localization in x, we may take f and g in LLH)
and LLH? with consequently f and § in C¢Hy and C°HJ. Since a < 1, it is
enough to consider parameters A < 1 and we obtain

1/2

A(E) < CLE@™IT5 (13, e + IFE lz)-

And finally

loc

ol ay, < CUlgll 2 e + 111 z2m7),

with s given by Theorem 4.1.
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