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The role of Morrey spaces in the study of Navier—Stokes and Euler equations

Pierre Gilles LEMARIE-RIEUSSET )
(Laboratoire Analyse et Probabiliés, Université d’Evry)

Abstract : In this survey, we will pay a few words on the solution of the Cauchy problem for the 3D Navier-
Stokes or Euler equations (with a focus on real harmonic analysis methods). Then we will highlight the role of
Morrey spaces in other problems for the Navier-Stokes equations : uniqueness, weak-strong uniqueness, self-similar
solutions, ...

1. Euler and Navier—Stokes equations.

Euler or Navier—Stokes equations describe rhe motion of a fluid considered as a continuum. Let p(z,t) be the
fluid density at time ¢ € IR and point z € IR® and let i(t,x) be the velocity of the fluid. Applying Newton’s law
on the conservation of momentum, we obtain the Cauchy momentum equations :

(1) p(Byii + A.NVT) = div o + f

where o is the stress tensor and f represents body forces (per unit volume) acting on the fluid. Besides, the
conservation of mass gives the mass continuity equation

2) Bep + div (pit) = 0.

We shall consider only the case of homogeneous incompressible fluids for which p is constant : the mass
continuity equation then gives that « is divergence-free :

(3) div l_[ = 81u1 + 82’LL2 + 63’&3 =0

We shall consider only the case where the fluid is submitted only to stress, with no other forces :

—

(4) f=o.

The stress tensor o is usually split in a sum o = —p Id+ T, where p(t, ) is the pressure. —p Id is the isotropic
part of the stress tensor o : this part tends to change the volume of the stressed body. T is the stress deviator
tensor, which tends to distort the body. We shall consider the following cases for 7" :

Case of an ideal fluid : In the case of an ideal fluid, there is no viscous effect that distorts the fluid and we
have T'= 0. In that case, we obtain the Euler equations :

—

p(8,i + @.Vi) = —Vp
(5)

diva=0

Case of a Newtonian fluid : in the case of an incompressible Newtonian fluid with constant viscosity v > 0,
we have div T' = vAu, so that we get the Navier—Stokes equations

(6)



Finally, we shall make the following assumptions :

Lack of border effects : the fluid fills the entire space (z € IR® with no domain restriction) [for the physical
irrelevance of the assumption, see the introduction of Tartar’s book [TAR 06])

Vanishing at infinity : taking the divergence of (5) or (6), we get the following relationship between p and @

3 3

i=1 j=1

Thus, p is determined by « up to some harmonic correction. In order to define unambiguously the pressure p, we
shall consider only solutions @ which vanish (in a loose sense [FUR 00] [LEM 02]) at infinity. In that case, we have :

3 3
- -1
(8) sz —pzzvzéﬂl(‘)ﬂ(uluj)
i=1 j=1
Let us stress that the operator T; ; , = Ok %82-83- is a convolution operator with a kernel K; ;, € & + L'.

The Leray projection operator IP is a projection on solenoidal (i.e. divergence-free) vector fields. Formally, we
have
(9) Pi= 5 Vediv 7
Uv=10—V—div ¥
A

but the role of singular integrals in this definition makes it difficult to handle with. If ¢’ is given as a divergence

3
(10) U= 0
=1
we find that
3 3 1
(11) P*:ﬁ—E:E:vZ@@m%p.
i=1 j=1

This definition involves the convolution operators Tj ;, which may be defined on a very large class of Banach
spaces.

We may now formulate the equations we shall study in this survey :

A) Cauchy initial value problem for the Euler equations :
For some initial divergence-free vector field iy, find @ defined on (0,T) x IR* such that

8yl + P div (7 ® @) = 0
(12)

—

Ujg=0 = U0

B) Cauchy initial value problem for the Navier—Stokes equations :
For some initial divergence-free vector field iy, find @ defined on (0,T") x IR* such that

p(Oyu + P div (4 ® u)) = vAd
(13)

ﬁ|t:0 = 1
With no loss of generality, we may assume that p =v = 1.
There is a huge litterature on the topic of fluid mechanics. Our main references in the rest of the text will be
the books of Chemin and co-workers for the Euler equations [CHE 98] [BAH 11| and the books of Cannone [CAN
95] or Lemarié-Rieusset [LEM 02] for the Navier—Stokes equations.
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2. Solutions to the Euler or Navier—Stokes equations.

There are many ways to solve the Navier—Stokes equations. Classical solutions draw back to Oseen [OSE 27].
The modern way is to use an integral formulation of the Navier—Stokes equations and to look for a fixed—point of
the associated integral transform (through Banach’s contraction principle). More precisely, we define the bilinear
transform B with

(14) B@Lmzzl;étQAPdw(ﬁ@P)®6@,»ds

Then we have the following equivalence [FUR 00] [LEM 02] : @ will be a solution of (13) if and only if it is a
solution of

(15) it = e'®ily — B(i, ).

In order to find solutions to equations (13) or (15), we then have various strategies :

a) mild solutions : try and find a Banach space Er such that (etAﬁo)0<t<T belongs to £ and B is bounded
from Er x Er to Er; the, if (e!?iy)o<icr is small enough in Ep, the Picard-Duhamel iteration (0 = e,
7t = Ay — B(G™, ™) will converge in Er to a solution of (15). Following Browder [BRO 64] and Kato
[KAT 65], such solutions are called mild solutions. Mild solutions were fist described by Fujita and Kato in the
context of Sobolev spaces [FUJ 64]; Cannone proposed a systematic treatment in terms of Besov spaces in [CAN
95], and this treatment was generalized to many functional spaces in [LEM 02]

b) weak solutions : when the strategy of mild solutions cannot be applied, one uses arguments based on the
control of energy (Leray’s energy inequality [LER 34] or Scheffer’s local energy inequality [SCH 77 ] [CAF 82] [LEM
02]). We may soften the nonlinearity by choosing a bump function w € D(R? (with [w dz = 1) and smoothen the
quadratic term @ ® @ into (we * 4) ® @ (where w(z) = e 3w(xz/€)) . We may then solve the equations

Ot + P div ((we x @) ® 4)) = VAT

(16)
U)t—o = Up
or
(17) il = "™ty — B(we * i, 10).

Usually, the contraction principle works on some time domain (0,7,) which depends on €; using energy, we then
prove global existence of the solution and thereafter let € go to 0. A compactness argument (based on Rellich’s
theorem) provides a weak solution.

c) statistical solutions : we shall pay a few words to the setting of statistical solutions, for which the individual
energy inequality is not enough to grant existence of solutions. Existence of weak solutions is then provided by the
existence of some characteristic function of a probability measure on trajectories, and individual existence is then
assured only generically (for almost every initial value with respect to some initial distribution of random initial
values). See [VIS 88] [FOI 01] or [BAS 06a] for a modern treatment of such solutions.

In order to solve Euler equations, one does not deal directly with equations (12), where the transport term
u.Vu has been altered by the use of Leray’s projection operator. Omne reintroduces the transport term in the
equations and write (since IPu = )

Ot + @G = A.NPE — TP div (T @ @) = S0, [us, PO;] T
(18)

—

Ujt=0 = Uo

The now classical way [CHE 98] [BAH 11] for solving (18) is to construct inductively approximations ¢, of the
solution @ as solutions of the linear transport problem

at{fn+1 + 17n'677n+1 — Zizl[vn,u]Pai]Un
(19)

Un+1 |t=0 = U0
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(with Uy(t,z) = up(x)) but the intermediate solutions v, are not divergence-free. We shall see below why one
should prefer divergence-free intermediate solutions. We therefore shall prefer the following scheme (as in [PAK

04], [CHN 10] and [LEM 10]) : starting from fu = @, find a solution f, 41 of the equation

20) atﬁz—l—l + ﬁpﬁﬁﬁtl = Z?:][fn,i,lpai]ﬁl-i-l
20

Jn+1 jt=0 = Uo

and check (by induction) that V. ﬁ = (0. In order to compute ﬁ+1, we define inductively g, x as Gn,0 = U and
Gn,k+1 as the solution of the linear transport problem

OiGnist + Fr-NGnst1r = S0 [fnir POk
(21)

In,k+1 |[t=0 = U0

The problem is then to prove the convergence of g, i to f,:hq (as k — +00) and of f_,; to U (as n — +00).

3. Useful operators in order to deal with Euler or Navier—Stokes equations.

Which operators do we need in the study of Euler or Navier-Stokes equations? In order to give some meaning
to equations (12) or (13) we need to use the following operations :
a) differentiation (to compute 9,4 or Au); this can be dealt with as differentiation in the sense of distributions;
however, the use of a scale of Banach spaces defined in term of regularity may turn to be useful.
b) pointwise product (to compute @ ® @) : this can be done if we look for locally (in time and space) square-
integrable solutions. But the use of Banach spaces with more acute description of the pointwise product will be
useful.
c) convolution with L' functions : the operator IPdiv involves convolutions with distributions which are L!
outside from a compact neighbourhood of the origin. Thus, it will be useful to deal with Banach spaces which
are stable under convolution with functions in L' : it is more or less equivalent to ask that the norms of the
distributions or the functions in those spaces are invariant through spatial translation of their argument (see [LEM
02]). Since the equations (12) and (13) are invariant through spatial translation (if @(¢,x) is a solution of (12) or
(13) with initial value tp(x), then u(t, x — xg) is still a solution of (12) or (13) with initial value uy(x — xp)), this
requirement is quite natural.

When we turn to the integral equation (15), we see that we may find some interest in studying the following
operators :
d) heat hernel : when solving the Cauchy problem, the first task is to identify the space where e“ iy lives; the

operator f — fg e(t=9)A f(s,.) ds will be very important, as well,.
e) Riesz potentials : factorizing et=)APdiv for 0 < a <1 as

t—s

(22) e=)APdivy = e 2 APdiv (—A)*20e 7 20 (—A)/2

we find that this is a combination of a Riesz potential (—A)~%/2, a heat kernel 50 and a convolution with an
integrable kernel (with L' norm proportional to (¢ — s)—HTa)

f) Riesz transforms : factorizing e('"*)2Pdiv as

(23) eI Pdiv ="Aoo P(—A)"V2div o (—A)71/2

we find that this is a combination of a Riesz potential (—A)~'/2  a matrix IP(—A)~!/2div of singular integral
operators (in the algebra generated by Riesz transforms) and the kernel e(t=)A A which appears when dealing with
the well known maximal regularity property for the heat kernel.

A last operator will be very important in the study of the Navier—Stokes equations :
g) Dilation operators : Navier—Stokes equations satisfy a vey useful scaling invariance property : when (i, p)
is a solution on (0,7) x IR® of the Cauchy problem (13) with initial value i, then, for every R > 0 the function
Sr(0)(t,x) = §i(#=, %) is a solution on (0, R*T) X IR? of the Cauchy problem with initial value +Uo(%). This
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scaling property has an important consequence : if X is a functional space on IR? such that || f(z/R)||x = R*|flr
and Y is a functional space on (0, +00) such that ||g(t/R)||y = RP, and if

(24) Zr = Y((0,7), Xo(R?) = {f(t.2) / | LomyOIf(E)x [y < +oo}

then, since B(dgr(@),d0r(¥) = dr(B(iu, 7)), a necessary condition on « and (3 for the bilinear operator B to be
bounded from Z2 x Z32 to Z3 is a+ 28 <1 (T < +o00) or a +23 =1 (T = +00).

For the resolution of the Euler equations, one has to analyze the operators linked to the transport equation
(18), or its linearized version (20) (with f,41 as the unknown and f, as the parameter. :
h) Bi-lipschitzian homeomorphisms : The advective term, when the advecting vector field is L;Lip,, is
treated via the characteritics lines associated to the flow. Moving along the characteristics generate bi-Lipschitzian
homeomorphisms. Thus, we shall analyze the operator f +— f o X where X is a bi-Lipschitzian homeomorphism.
i) Commutators and singular integrals : if T" belongs to the algebra of singular integral operators generated
by the Riesz transforms and if A € Lip(IR®), then the commutators between T0; (j=1,...,3) and the pointwise
multiplication operator M4 of pointwise multiplication by A are singular integral operators (they are no more
convolution operators but they belong to the class of generalized Calderén—Zygmund operators [CAL 65] [COT 78]
[LEM 02]). But, since fn is divergence-free, the operators at stake in equations (18) belong to a smaller class :
if Pj;, are the coeflicients of the matrix operator IP, and if T}, = Z?:l[fn7i7ij8i]7 then T, satisfies moreover
Ti(1) = =T, (1) = — Py (div fn) =0, so that they belong to the algebra studied in [LEM 84]. While generalized
Calderén—Zygmund operators are known to be bounded on LP spaces for 1 < p < 400 (and some other spaces
of measurable functions), the operators in the smaller class are bounded on Besov spaces B;’q 0 <s<1and
1<p<o0,1<q< oo [LEM 85] (or Triebel-Lizorkin spaces inq for0<s<landl<p<oo,1<g< oo as well
[DEN 05]).
j) Atomic decompositions : When the advecting vector field is divergence-free, the associated homeomorphisms
are measure-preserving for the Lebesgue measure. It is then obvious that if we take an atomic or a molecular
decomposition in the sense of Coifman and Weiss [COI 77] , then it is transported by the flow to a new atomic
or molecular decomposition, respecting the scale of the molecule and moving its center along the characteristics.
Simiarly, a generalized Calderén-Zygmund operator 7" such that T'(1) = T*(1) = 0 will preserve the molecules,
keeping their scales and their centers [LEM 84].

As a conclusion of this section, we see that in the study of both the Euler and the Navier—Stokes equations
we may use many operators that are useful in real harmonic analysis, or for analysis in the setting of Besov,
Triebel-Lizorkin spaces, and, in what is the main topic of this conference : Morrey spaces and generalizations.

4. Mild solutions for the Navier—Stokes equations in Lebesgue spaces and related spaces.

In the formalism of mild solutions, we try to solve (15) by the fixed-point algorithm : @ = lim,_ ., 7™ with
70 = etA 4y and ") = etA iy — B(v™), 5(M).

The resolution of this fixed-point problem is based on a general tool for bilinear equations in a Banach space :

Lemma 1 :
Let E be a Banach space and B a bounded bilinear operator on E

(25) 1B(z,y)llz < Collz|lellyle.

Let xy € E with |zo||g < ﬁ. Then, the equation x = xog — B(x,x) has at least one solution. More precisely, it
has one unique solution x € E such that ||z||g < ﬁ

In 1984, Kato [KAT 84] proved the existence of mild solutions in LP, p > 3. For p > 3, he used the estimate

s = _ t=s A, - E
(26) 2PV (T @ )|, < C(t — )7 2|le = 2T @ )|, < Cplt — )72 28 |||,

to prove the boundedness of B on L>([0, 7], (L?)3) :

(27) |1B(@,0)(t,.)lp < Cpt272 sup [[uls,.)|lp sup [[(s,.)llp-
0<s<t 0 t

<s<
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For the critical case p = 3, inequality (26) becomes

s o Lo =
(28) et~ =2 Pdiv (U®U)HBSCMHUI|3HUH3-

This is a very unconvenient estimate for dealing with # and @ in L°°([0, T}, (L?)?), since fo 7% diverges at the
endpoint s = t. Kato then used an idea of Weissler [WEI 81], namely to search for the ex1stence of a solution in
a smaller space of mild solutions ; indeed, whereas the bilinear operator B is unbounded on C([0, T, (L?(IR?))?)
[ORU 98], it becomes bounded on the smaller space {f e C([0, T, (L3(R*))?) / suppeier VEIFE o < ool
Thus, we replace the estimate (28) (which leads to a divergent integral) by the estimates

(29) e~ PV (7 7)|3 < C \/—flluHsvaHoo
and
- 1
30 E=)APY (4@ T) || < C : 0o V8| V| 0o
(30) e (U ®V)|loo < mmm(( )|IU|| 3(|7]|3 fIIUH Vs]|0]|s0)

which lead to two convergent integrals.

Now, we shall see how Kato’s ideas are easily extended to the case of Morrey spaces. First, we fix the notations
for Morrey spaces :

Definition 1 : .
For 1 < p < q < oo, the homogeneous Morrey space Mp’q(]Rg) s defined as the space of locally p-integrable
functions f such that

(31) sup sup ROAII([ @) d)' P < oo
|z—zo|<R

ZC()G]RB 0<R<o0

For p =1 < q < o0, the homogeneous Morrey—Campanato space Ml’q(]R3) 1s defined as the space of locally
bounded measures p such that

(32) sup sup RV |u|(B(wo, R)) < oo;
mOEIR3 O0<R<o0

The inhomogeneous Morrey spaces MP1 have the same definitions, except that in (31) and (32) we take the
supremum only on small balls (with radii R € (0,1)).

Those spaces were introduced by Morrey [MOR. 38]; they are usually written as M, y = MP? with \ = 3(1— ).

Our choice of notation is an easy reminder of the embedding L¢ C MP4 C Ly . for 1 < p < q. Existence of mild

solution in L>°((0,T), MP9) has been proved by Kato [KAT 92] and Taylor [TAY 92] for ¢ > 3 (T small enough
if ¢ > 3, T = 400 if ¢ = 3 and # is small enough). In the important case of M?3, proof using the wavelet
decomposition in M?3 was given by Federbush [FED 93]; Cannone replaced the wavelet decomposition by the
Littlewood—Paley decomposition [CAN 95]; both Federbush and Cannone are much more intricate than Kato’s
proof.

We may extend easily the proof to a large class of Banach spaces :

Theorem 1 :
Let E be a Banach space which is continuously embedded into S'(IR®). Assume that :
a) convolution is bounded from L' x E to E
b) for some a € [0, 1], we have, for all f € E and all R >0, ||f(x/R)||g = R*||f|l&-
c) if uw and v belong to E N Cy (where Cy, is the space of bounded continuous applications from R? to R), then
e (uwv) € E and

(33) le® (o) |5 < Cllullglulls [l vl
for some constants C >0 and 1/2 <~y <1lifa<l,1/2<y<lifa=1.
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Let Er = L((0,T),E) and Fr = {f € Er | supgerert®’?|f(t, )]loc < +oo} with norms || f|lg, =
supoier | f ()5 and || fller = supgcrar 1 F(t )l + supgcear 2| f(t, oo Then the bilinear operator f
(e'® fo<i<t 18 bounded from E to Er and to Fr. B defined by (14) is bounded from E3 x E3. to E3. for0 < T < +o00
ifa<1landy=1, from F2 x F3 to F3 for 0 <T < 400 ifa <1 and 1/2 <~y <1 and from F3 x F3 to F3 for
0<T<+4xifa=1land1l/2<y<1

Remark : assumption a) is roughly equivalent to the stability of the norm of E under spatial shifts of the
argument (sup,, g |1/ (z — 70)lls < CllfI|) [LEM 02].

Proof : Entirely similar to [KKAT 84]. When v =1 and « < 1, one uses the estimate

(34) et APV (@@ )|l < Ot —5) V2l T2(@ @) | < Cr(t— )2 2 || 5|7 s
and thus :

— 1_«a — —
(35) | B, 0)(t, )| er < CeT2™2 [[u(s, )| e |U(s, )l £r-

For 1/2 <~ <1, we write

t—s . _‘ _1_ay=1) N TS Sl —
XA )|e < Crlt—9)"2"" = |[@lLlI7l5lae 17"

(36)  ||e*VAPV.(G @ D)||r < Ot —s)"?|e

1_

(37) " APV(a ® 1)l < Cp(t — )" T2l = 2@ @ 0)|p < Cp(t — )72 [a@l BllallE 1l 1955

and

(38) |~ DAPY (7@ 0)]loo < C(t = 5) 72T 2T @ T)]|oo < Ct— )7 [0
If (a,7) # (1, 1), (36) gives
(39) 1B, 9)(t, Mmr < CuTZ% |is, )lr [5(s, ) r-

If < 1, (38) gives

(40) sup t*/2(|B(@,0)||oo < CeT="% ||i(s,.)l|rr 15(s, )| r-
0<t<T
If a« =1, we use (37) for s < t/2 and (38) for s > ¢/2, and we get (40). o

Thus, we may find existence of a solution in F7p :

Theorem 2 :
Let E be a Banach space which is continuously embedded into S'(IR®). Assume that :
a) convolution is bounded from L' x E to E
b) for some a € [0, 1], we have, for all f € E and all R >0, ||f(x/R)||g = R*||f|l&-
c) if uw and v belong to E N Cy (where Cy is the space of bounded continuous applications from R? to IR), then
e®(uwv) € E and

(41) le (uo)l| e < CllullgllulliS 7 vl E vl

for some constants C >0 and 1/2 <~y <1lifa<l,1/2<y<1lifa=1.
Let Er = L((0,T),E) and Fr = {f € Er | supgerert®?|f(t, )]loc < +oo} with norms || f|lg, =

SUPo<t<T If(t, )e and ||fllE, = SUPo<t<T If(t, e + SUPg<t<T ta/2||f(t, Moo- Let iy € E? with div iy = 0.
Then :

__2

i) if a < 1, the integral problem (15) has a solution @ € F3 with T = O(||to]l "~ ).

ii) if a = 1, there exists a positive eg > 0 such that, if ||to|| g < €g, the integral problem (15) has a solution @ € F3,

i) if o = 1 and if Uy = Uy + Uz with @, € (ENL™)3 and ||Uz||g < €g, then the integral problem (15) has a solution
2y

7€ F} with T < Cmin(|@ |2, @57 Va7, all ™ a2,
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Examples :

a) Let us first notice that, if F satisfies a) and is stable under pointwise multiplication with bounded continuous
functions then it satisfies ¢) with v = 1/2. If E is stable under such pointwise multiplication, its elements are local
bounded measures and we find (from a) and b)) that £ ¢ M9 with ¢ = 3/a. If we want E to satisfy ¢) with
v = 1, we should ask the pointwise product to be defined on E x E, and thus E C M?9 with ¢ = 3/a. This
explains the special role played by the critical Morrey space M?3 [FED 93] [CAN 95] [LEM 07a.

b) Lebesgue spaces : Theorem 2 may be applied to LP for 3 < p < 400 (a =3/p, y=1)orp=3 (e =1,
v =1/2). This is Kato’s theorem [KAT 84].

c) Lorentz spaces : Theorem 2 may be applied to LP? for 3 < p < 400 and 1 < ¢ < 400 (a = 3/p, v = 1)
orp=3and 1 < p < +oo (a =1, v = 1/2). Solutions in the Lorentz space L>»T> have been considered by
Barraza [BAR 96]; Meyer proved that the bilinear operator B is bounded on Er in the case E = L3 (even if it
corresponds to the forbidden case a =~ = 1) [MEY 99] [LEM 02].

d) Morrey spaces : Theorem 2 may be applied to M?? for 2 < p < 400 and max(p,3) < ¢ < +o0 (o = 3/q,
vy =1) or MP4 for 1 < p < +oo0 and max(p,3) < ¢ < +oo (o = 3/q, v = 1/2). This has been proved by Kato
[KAT 92] and Taylor [TAY 92).

e) Lorentz—Morrey spaces : One may replace the LP norm in the definition of a Morrey space by a LP*? Lorentz
norm : define

(42 [l = sup sup B0 D14y nf ()]
o€ oo

Theorem 2 may be applied to MP%" for 2 < p < 400, 1 << 400 and max(p,3) < r < 4+oo (¢ =3/r,y=1) or
MPa7T for 1 < p < 400, 1 < ¢ < 400 and max(p,3) < r < 400 (o = 3/r, v = 1/2). Those spaces have been
considered in [LEM 07a].

f) Multiplier spaces : For 1 < p < +oo and 0 < r < 3/p, let H; = (—A)~"/2L? be the homogeneous Sobolev

space and let X; = M(H; — LP) be the spaces of measurable functions whose pointwide product maps H;
boundedly to L? :

(43) [fllx, = sup [[fgllp

G <1
gl <

Theorem 2 may be applied to Xz: forl<p<4ooand 0 <r <landr <3/p(a=r,v=1/2). The case p =2
has been discussed in [LEM 02]. Those multiplier spaces have been studied by Maz’ya [MAZ 85]

5. Mild solutions for the Navier—Stokes equations in Besov spaces with negative regularity index.

In 1972, Fabes, Jones and Riviere [FAB 72] proved the existence of mild solutions in Fr = LYL%, 2/p+3/q < 1
and 2 < p < 400. They used the estimate

s = 13
(44) e 2PV (T @ D)lg < Cqlt — )72~ 2 |dll4|7

and Young’s inequality for convolution between Lorentz spaces (or the Hardy—Littlewood inequality) to prove the
boundedness of B on LP([0,T7], (L?)?) : let 1 = % +1(1- % - %); we have 2 < r < p and, since 1 + 2% +2-1= %,
(45) 1B(@, 8)l|rra < Cpglll|rralldllrra < CpgT* %)@l 1o ral|T| o ra.

Thus, we find that, if e!2idy € (LP((0,+00), L4(IR*)))?, then the integral problem (15) has a local solution in
(LP((0,T), LY(R?)))? for T small enough (2/p +3/q < 1, 2 < p < +00) or a global solution (T = +oo, if
2/p+3/q=1,2<p< +oo and ||e!P || rrra is small enough).

Let us notice that e*® f € LP((0,400), LY(IR?)) if and only if f belongs to the homogeneous Besov space By,
where the homogeneous space is not defined modulo polynomials but as a subspace of S’ [LEM 10] :

2
I3
D

(46) for —o0o<o<3/qfe€B], & f=> AjfinS and (27)A;f|y) €1
JEXL

We can replace in the result of Fabes, Jones and Riviere the Lebesgue space LY by the weak LP space LP* of
Marcinkiewicz, which is equal to the Lorentz space LP'>°. If 2/p+3/¢ < 1 and 2 < p < 400 , then B is bounded
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= 1—

n (LP*((0,T), L9(IR*)))? (for every T < +oo if 2/p+3/q < 1; for T = +o0 if 2/p + 3/q = 1); more precisely, let
=1 ( 2
p T )

(
+ 1 - %) we have

‘ZI»—AO

(47) 1B(@, 8| Lroro < Cpg T[] Lo L1 | T Lo o

Thus, we find that, if e!dy € (LP*°((0, +00), L9(IR*)))3, then the integral problem (15) has a local solution in
(LP>((0,T), L4(IR*)))? for T small enough (2/p +3/q < 1, 2 < p < 400) or a global solution (T = 400, if
2/p+3/g=1,2<p< +oo and |e!? iyl Lr.rq is small enough).

Let us notice that, since t — ||e*® f||, is non-increasing, e'®f € LP((0,400), L¢(R?)) if and only if we have

sup;sgt- g lletA f |l < +oo. This is equivalent to the fact that f belongs to the homogeneous Besov space Bq - In

that case, it is more convenient to work with Gp = {f / supgescrt™ 7 HetAqu} instead of Fr = LY L. We find
that, for 0 <t < T,

(48) I1B(@,7)(t, )|y < Ot #2075~ D @] g, || 6
and that
1 oo 11 1¢1_2_3y, .
(49) \!ﬁB(u,v)(t,-)|lq§Ct2t pt2070 73 || g |19 6
so that
S S -2 1 i z 11-2-2)) - S
(50) HB(u,v)(t,-)HB% < C||B(u, v)(t, .)|lq \|ﬁ3(u,v)(t,-)\!q < Ctz [z | g re
q,1

Thus, we see that, if @y € X3 where X is a Banach space which is stable under convolution L' and if B ” CcCXC
2

By, then the integral problem (15) will have a local solution in (G7 N L X)3 if 2/p +3/q¢ < 1 and T is small
enough, or a global solution in (Go NLX)3 if 2/p+3/q = 1 and ||| x is small enough. We can chooseX = Bq2§1

Withlgrg—l—ooorX:Fq?_ﬁ with 1 <7r < +00.
Solutions in G were first studied by Cannone [CAN 95] and Planchon [PLA 96 |.

Those results are easily extended to the case of Besov-Morrey spaces. Such spaces have been considered by
Kozono and Yamazaki [KOZ 94].

Theorem 3 : ‘
Let 1 <p<g<—+oo and 1< qg < +oo. B?\Jm . be defined as

(51) for —00 <0 <3/q,f €Byppa, & [ =Y Ajf inS and (297||A;f|aea) €17
JEXL

Let E be a Banach space which is continuously embedded into S'(IR®). Assume that :
a) convolution is bounded from L' x E to E _
b) for some 1 <p<q<+oo (q>3)and some o € (0,1 — %] we have the embeddings B, ~C E C BM‘; 100
<o+ >
Let Gr = {f | supgcrer t?||fllyppa < +00} and Hy = {f € Hr | supgeyept = ). Let iy € E® with

div ug = 0. Then :
i) if o + % <1 and p > 2, the integral problem (15) has a solution @ € (G N L>®(E))3 fot T small enough.

i1) ich—% <1 and 1 < p < 400, the integral problem (15) has a solution @ € (Hr N L (E))3 fot T small enough.
ii1) if o + % =1 and if ||to|| g is small enough, the integral problem (15) has a global solution @ € (Hs N L2 (E))3
iv) there exist eg > 0 such that, if o + % =1 and if Gy = U1 + Uz with @ € (ENL>®)3 and |dz||g < €g, then the
integral problem (15) has a solution @ € (Hy N L™= (E))? fot T small enough.

Example :  An interesting example is the case of £ = (=A)?/2MP4 which satisfies that it is stable under
convolution with L' and that BM(; a1 C EC BM‘; ‘oo



The limiting case 0 = 1 and ¢ = oo has been discussed by many authors. The space Bo_ol,oo is not well adapted
to the Navier—Stokes equations. It was first stated in [MONS 01] for a model equation, then proved by Bourgain
and Pavlovic [BOU 08] (and by Germain [GERM 08 | and Yoneda [YON 10] in the case B!, with ¢ > 2). The

greatest (homogeneous) limit space in which one can work is the space BMO~! = v/—A BMO introduced by
Koch and Tataru [KOC 01] :

Lemma 2 :
Let f € S’(]Rg).. Then the following assertions are equivalent :
a) f=2exAjf inS" and f belongs to the homogeneous Triebel-Lizorkin space f € Fo:;,lz
b) There exists g € BMO such that f =+ —A g
c) There exists G € (BMO)3 such that f = div g.

_ H .
d) Sup;~. SUP, cRrs t 3/2 I f|m—aco\\/f les2 f(2)|? dx ds < +oo

BMO is a limit case of Morrey spaces. Recall that M4 = M, » with A = 3(1 — %). When 1 <p <q < +o0,
we find that A € [0,3). We have

(52) [ s <1,
B(:E(),R)

Now, if A = 3 we have M, x = L* and if A > 3 we have M, y = {0}. Campanato [CAM 63] modified the definition
of Morrey-spaces into

(53) feMpr&  sup R_)‘/ |f(x) = mpB(ay,r) fI’ dz < 400
$0€R37 R>0 B(’Uo,R)

where mp(;, r)f is the mean value of f on the ball B(zg, R). We have M,, , = BMO.
Koch and Tataru’s result is the following one :

Theorem 4 :
Let Fp be the space of functions on (0,T) x R?

(54) Fr={f/ sup sup t_3/2/ / f(t,z)|? dz ds < 400 and sup sup Vi|f(t,z)| < 400}
|z— :c0|\[

0<t<T zpeR3 0<t<T zcR3
with
(55) I fllz = ( sup sup t_3/2/ / ft,x) |2 dx ds)1/2+ sup sup \/_|f(t x)|
0<t<T zo€eR3 |z— mo\\/ 0<t<T zcR3

Let iy € (BMO™1)3 with div @y = 0. Then :

i) if ||do||garo-1 is small enough, the integral problem (15) has a global solution i € (Fr)3

ii) there exists € > 0 such that, if iy = @0y + o with @y € (BMO~1 N L*®)3 and ||iiz| gapro-1 < €, then the integral
problem (15) has a solution i € (Fr)? fot T small enough.

In order to generalize Theorem 4, May and Xiao both considered solutions in F7 defined for 0 < o <1 as
t s
(56) Fp={f/ sup sup t_3/2/ / |f(t,z)[2(2)° dx ds < 400 and sup sup Vi|f(t,z)| < +00}
0<t<T zocR3 |z—z0|VE t 0<t<T z€R3

Xiao published his result [XIA 07] and explained the connection between Fi7 and Q-spaces [WU 01], May did not
publish this part of his thesis [MAY 02] since the condition e® f € FZ reduces to f € (—A)?/2M?7 with ¢ = 2

=
6. Mild solutions for the Navier—Stokes equations in Besov spaces of positive regulatity index.
The resolution of the Navier-Stokes equations can be performed in Besov spaces of positive regularity index

[CAN 95] [PLA 96 | or of null regularity index [MEY 99|. In [LEM 02] a general framework is presented which can
be applied to Besov—Morrey spaces.
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The key estimates for studying mild solutions for initial values in such spaces are the following ones :

(57) for0<o<3/q, ol <CUMps  Ngloe+lgllge  If]0)

(59) 1£9lse, < CUflsy, . Nolla, +lgllsy  I/ls0 )

7. Weak solutions : the role of the L? norm.

In Leray’s theory [LER 34], a weak solution of equations (13) is a solution @ € L°L2 N L?H} defined on
(0, +00) x IR* which satisfies the energy inequality

t
(59) lat, )3 +2/0 IV ®d|3 ds < |||

where the initial value iy is a square-integrable divergence-free vector field. The associated pressure p(t, x) belongs
to L,?L?;/ * and can be recovered from @ by the formula

3 3
1
=1 j=1

In particular, a Leray solution # belongs to Lf/ 3Li. If we assume more regularity on the solution @ (@ € L}L%),

then the inequality (59) becomes an equality. Indeed, in that case p € L?L2 and thus 0, € L?H*. Thus, we may
write 0;|1]? = 20,1.4. and find :

3
(61) Oulid]® + 2V @ il]* =Y 0;(2i0.0;i — (|i]* + 2p)us) + R
=1
where
(62) R=(|@]*+2p) V.i=0

When @ is a Leray solution but does not belong to L} L%, we cannot write d;|i|? = 20,4.%. Energy equality is
not fullfilled (or, at least, is not known to be fullfilled). If %, is the solution of the mollified equations, we have

3
(63) Opliie|® + 2V @ ti|* = 0i(20e. 0y — |ie|*we * ve i — 2peue,s) + Re
=1
where
(64) Re = |c|? we s (V.iie) + 2pe V.iie = 0

By a compactness argument based on Rellich’s theorem (for details, we refer to [LEM 02] chapters 13 and 14),
there is a sequence ¢, — 0 and a distribution @ € L{°L? N LZ?H] such that @, converges to @ weakly in L?H]} and
strongly in L? norm on every compact subset of (0, +00) x IR®. Thus, we have (in D’((0, +00) x IR?))

(65) lim Oy, + (we, * Gie,).Vile, — Aiie, + Vpe, = Oyt + @V — Aii +Vp =0

€ —

and

3 3
(66) lim Oyliic, |* + Y  0;(—2ile, Oitle,, + |lie, |*we, * Uey i + 2peyte,.i) = Oulid]® + Y 0;(—210.05i0 + |if]*u; + 2pus;)
=1

e —0
k i=1
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However, there is no reason that |§ ® 1, |* should converge to |§ ® 1|?. The best we can get is

(67) 65210|6®ﬁ€k|2 = |Veoil>+u

where 1 is a non-negative distribution on (0, 4+00) x IR* (hence a locally finite non-negative measure). This gives
(68) Ola)? + 2|V @ a@f* = Al — V.((|@* + 2p)@) —

This is Scheffer’s local energy inequality [SCH 77 ]. This inequality plays an important part in the study of partial
regularity of weak solutions [CAF 82]. Solutions which satisfy the local energy inequality (68) are called suitable.

Inequality (68) is a key tool to develop a theory of weak solutions for initial values #y with infinite energy
(|dp|l2 = 4+00). In [LEM 99] [LEM 02] a theory has been developed to exhibit suitable weak solutions associated
to an initial value wy which is uniformly locally square integrable (i.e. sup, cRgs f|33—2170| <1 |ig(x)]? dz < 400 or
equivalently i € (M?%?2)3). The basic idea of the proof is to consider the mollified equations (16) and to compute

2 —
the L7, . norm of i, as

(69) ltellz2, = sup |[l@o(z — zo)el2
uloc $0€IR3

for some ¢y € D(IR?) (with ¢y # 0). In contrast with the finite-energy case, p. cannot be computed as p. =
— Zf’ 1 Z? 1 %8-0(% * Ue,; Ue ;) since the kernel of the convolution operator %&-8]- has slow decay at infinity,

hence is not defined on L?, ' . But ﬁpg is well defined : the kernel of O %81-8]- has enough decay at infinity to operate
on LY

P oe- Then formulas (63) and (64) remain true. Carefully integrated against test functions p(z) = g (z — xo),
they give a control independent of € : we start from the identity

(70) / ()| (t, 7)[? dx+2// D)V ® (s, 2)|? do dt = /gp(x)]ﬁo(x)|2 do + I.(t)

with

t ¢ t
(71) I(t) = // |t (s, 2)|*Ap(x) d ds —|—/ /|ﬂ’€|2(w6 s« @) * Vi dr ds + 2// petic. Vo dx ds
0 0 0

and defining

¢ —
(72) ae(t) = sup /50(2)<x —$0)|ﬂ5(t,$)’2 dx and ﬁe(t) = sup / /@3(% - :UO)’V ®ﬂ'(s,x)|2 dx dt

zo€R3 xo€R3 JO

we find that

(73) 1.(t) < O / e (s)ds + ( / a3(s) ds) /4 (B.(t) + / aels) ds)*!)

In [LEM 02], we show that inequalities (70) and (73) provide a control uniform in € on a time interval (0,7") with
T = O(min(1, ||@| 5 ). Then the same compactness argument as in the case of finite-energy initial values allows
uloc

us to show that :

Theorem 5
Let iy € (L?,,.(IR?))? be such that V.iig = 0. Then, there exists a positive constant Cy (which does not depend

on ip) such that, defining Ty = CTsup(, ||1uo\|2 7, the equations (13) have a suitable solution @ on (0,Tp) x IR?

uloc

such that for all 0 <t <Ty we have

t\—1/4
(74) lit, Mz, < Volliollzz,, (1= 7) "
and
K = t\—-1/2
(75) sup // IV ®d(s,z)|* de ds < Colldo7. (1— ) :
z0€R3 J0 J]z—zo|<1 uloc To
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The Morrey norm in M2 may be viewed as a non-scaled version of the norm in L?

uloc *
(76) 1fllzz, = sup |1p(wo,1)fll2 and [|f[|yp2s = = sup R|f(Rx)|lr2,

zo€R3

A direct consequence of (76) is that, when iy € M?3 the Proof of Theorem 5 can be adapted to any scale, hence
will provide a solution on any time interval (0,7"), anf finally (through a diagonal extraction process) a global
solution [LEM 07a] :

Theorem 6 .
Let iy € (M?3(IR*))3 be such that V.iiy = 0. Then, there exists a positive constant Cy (which does not depend
on ty) such that, defining Ty = equations (13) have a suitable solution i@ on (0,+00) x R* such

1
Cg sup(1,||do ||?\}12,3) ’

that

(77) sup / it z)|* doe < COHUOHMQ’S
zo€R3, R>0, t>0 R + / |z— x0|<R

and

Ty [* >
(78) sup ,/—0/ / ¥ @ (s, 2)? do ds < Colliio]2s.
zo€R3, t>0 4 0 |x_‘r0|<\/TLO

8. Homogeneous statistical solutions.

Statistical solutions for three dimensional Navier—Stokes equations were introduced by Hopf [HOP 52] as a
mathematical model for the statistical theory of turbulent flows. More precisely, we consider spatially homogeneous
statistical solutions (which correspond to homogeneous turbulence), in the sense of Vishik and Fursikov [VIS 88|
[FOI 01].

We consider the Cauchy problem (13) for the Navier—Stokes equations, with (divergence free) initial value
being a random variable w — ty(w) defined on some probablity space (£2, P) with values in (L? .)3. We define g

the distribution law of 1y : it is a Borel measure on (L% )3 defined by

(79) Ho(A) = P(fw € Q / iy € A})

For 2o € IR®, we define 7, the map f € L2, — Tuo f € L2 by 7oy f(z) = f(x — 20). We define, for A C (L?)3,

Too A = {7, (f ) / f € A}. We shall say that po is spatially homogeneous if, for every zo € A and every Borel
set A C (L7 )%, po(TuyA) = po(A). We shall be interested in solving (13) for a random i, where @ is locally
square-integrable and divergence-free, and where the distribution law py will be spatially homogeneous and satisfy
the following energy estimate :

(80) /Q ( /B o [T 2 da) dP) < oo

A statistical solution of (13) on (0,7) x IR? is a random varianble @ on (£, P) with values in (L? ([0,T] x IR?))3
such that
a) for P-almost every w, for every N > 0, dii(w,t,z) € (L*((0,T), H3(B(0,N)))?

b) for P-almost every w, @(w,t,z) is a solution of the Cauchy problem (13) Wlth initial value 4(w, 0, x)

c) for P-almost every w, ii(w,0,x) € (L7, (IR*))® and the variable w — ii(w,0, x) has the same law as w + iip(w, x)
Property a) allows us to give some meaning to the mapping w — @(w,0,z) : if # € D(IR) satisfies H(0) = 1

and 6(t) = 0 for t > T'/2, we define @(w,0,x) as U(w,0,x) = fOT Ot (0(t)u(w,t,x)) dx. (See [BAS 06a] for a more

precise description of those conditions).

B(0
13
(w

The main trouble with spatial homogeneity is the fact that the initial value g, if not identically equal to 0,
cannot be in L?, so that it forbids the use of Leray’s energy inequality. More precisely, if w is a positive continuous
weight on IR®, then we have the following properties :
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i) if [w(z) dr =400, then P({w € Q / dp(w,.) # 0 and [ |tp(w, z|*w(z) dz < +00}) =0
i) if (80) is fullfilled, then, if [w(z) dz < +o0, for P-almost every w, we have [ |dy(w,z|*w(z) dz < 4oc.

In order to use energy estimates, one may consider only periodical solutions. Leray’s method works in the
periodical setting as well and provides weak solutions to the Navier—Stokes equations.

However, one may consider non-periodical solutions. For instance, Vishik and Fursikov describe spatially
homogeneous random initial values @, that are (non-periodical) trigonometric polynomials @y = Zszl e T (w).
Vishik and Fursikov “solve” (13) in the space LQ(W dx) with € > 0 : as a matter of fact, one cannot solve

(13) in a deterministic way in such a space, but Vishik and Fursikov can construct a random variable @ which
solves (13) for P-almost every w. If we want to be able to exhibit a solution for one special initial value, one has
to consider a smaller space of initial values. A space that is larger than periodical functions but smaller than
LQ(W dz) is the space L2, .

In dimension 2, the space Liloc is well adapted to the problem (13) : to any divergence free initial value in
(L?,,.)%, one may associate one unique global regular solution to the Cauchy problem [BAS 06b]. In case of iy being
a (non-periodical) trigonometric polynomial, or being almost-periodic in tne sense of Stepanov (i.e. belonging to
the closure of trigonometric polynomials in the L2, = norm [BES 54]), we have a solution # that is almost-periodic
in the sense of Bohr for every positive ¢.

In dimension 3, we can construct only local solutions for initial values in L?, . . In case of @, being almost-
periodic in tne sense of Stepanov, we don’t even know whether one may find an almost-periodic solution (since the

space of almost-periodic functions in the sense of Stepanov is not closed in L?, . for the weak-* topology).

9. Serrin’s uniqueness criterion.

Leray [LER 34] studied the Cauchy initial value problem for equations (13) with a square-integrable initial
value. He proved the existence of weak solutions, which satisfy moreover energy inequality (59). An easy conse-
quence of inequality (59) is then the strong continuity at t =0 :

(5) Jim 17— | = 0

But it is still not known whether we have continuity for all time ¢ and whether we have uniqueness in the class of
Leray solutions. Serrin’s theorem [SER 62] gives a criterion for uniqueness :

Proposition 1 : (Serrin’s uniqueness theorem)
Let iy € (L?(IR?))® with div @y = 0. Assume that there exists a solution @ of the Navier-Stokes equations on
(0,T) x R? (for some T € (0, +00]) with initial value iy such that :
i) @€ Lo((0,7), (L*(IR)?) ;
i) @ e L2((0,T), (H (IR*)?) ;
i) For some r € [0,1), @ belongs to (L7 ((0,T), L3/7))3 with 2/o =1 —r.
Then, U satisfies the Leray energy inequality and it is the unique Leray solution associated to uy on (0,T).

The limit case r = 1 is dealt with Sohr and Von Wahl’s theorem [WAH 85] (@ belongs to (C([0,T], L?))3) , or
Kozono and Sohr’s theorem [KOZ 96] (@ € (L°°([0,T], L?))3).

Serrin’s theorem is quite easy to prove. We sketch the proof for r < 1. Let ¢’ be another solution associated to
iy on (0,T) (with associated pressure q) such that ¢ € L>((0,T), (L?(IR*)3) N L2((0,T), (H'(IR*)3) and ¥ satisfies

the energy inequality (59). # is regular enough to justify the formulae 0;(|@]?) = 24.0;i and 0, (4.7) = @.0;0+ V.04 1.
We then write

t t
(82) 1@ — 3|3 = [|T)15 — [|doll3 +/O O (|@l?) ds +2/0 0y (u.v) ds.
Now, ¥/ satisfies the Leray inequality
t
— 2 — 112 = —(12
(s3) nmmu—WMbs—zAHV®mu@,

so that we get the following inequality for @ — ¥ :

(84) () — 5t 2 < —2/075/]1%3 ¥ ® (i — )| do ds — z/t/ a@.((@ - 9).9) (7 - @) de ds

0 JIR3
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We then write
| [ s @ (@ — 7).V) (G — @) dz ds|
_2 2
(85) < ([ Il 757 ds) D2 (06— alf, ds)2(f!7 ), ds)
— — t — — r
< Ol ds) =2 (S |5 — |2, ds) /2 (sup, oy |15 — 03

r
2

)

a-—r)

With help of the Young inequality, we find that

(56) sup 7718 < ([ 1177, 4972 swp i~ 13

0<s<t <s<t
and we may conclude locally (for ¢ small enough) and then globally by bootstrap.

Thus, the main tool in proving Proposition 1 is the fact that when f € L®°L2 N L2H", then f belongs to
L2/"H" and that the pointwise product is bounded from H" x L3/" to L2. Considering the space X7 of pointwise

multipliers from H” to L? then gives a direct generalization of Proposition 1, as it has been observed in [LEM 02]
[LMA 07] :

Theorem 7 :
Let iy € (L?(IR*))? with div @y = 0. Assume that there exists a solution @ of the Navier-Stokes equations on
(0,T) x R? (for some T € (0, +00]) with initial value iy such that :
i) i € L=((0,7), (L*(IR*)%) ;
i) i@ € L*((0,T), (H'(R*)?) ;
i11) For some r € [0,1), 4 belongs to (L"((O,T),Xr))?’ with 2/c =1 —r.
Then, U satisfies the Leray energy inequality and it is the unique Leray solution associated to iy on (0,T).
A similar results holds for r = 1 when i) is replaced by
ii’) @ belongs to (C([0,T), X1))?, where X, is the closure of the space D of smooth test functions in X;.

The spaces X, have been characterized by Maz’ya [MAZ 64] in terms of Sobolev capacities. A weaker result

establishes a comparison between the spaces X, and the Morrey—Campanato spaces M2P : for 2 < p < 3/r and
0 < r we have

(87) MP3IT c X, M3
a result first noticed by Fefferman and Phong in the setting of Schrédinger equation [FEF 83] [MAZ 02] [LEM 02].

There are many ways to outperform Theorem 7. The point is to estimate
— — t — — —
(55) IG5 = [ [ 75 as
0

with f =u,g= h = @ — ¥. What information can we use on g and h and what information do we need on f ?

A) Sobolev regularity of §: we use h € (L2H')® and § € (L+H")3 (0 <r < 1). In that case, we shall need some
pointwise multiplication that maps H” to L2, hence we shall need f € (L 1ETXT)3 if0<r<1,fe(C(o,T],X1))>
if r=1 (Theorem 7) or f € (L2L*°)3 if r = 0 (Proposition 1).

B) solenoidality of §: weuse h € (L¥H")3 (0 <r < 1), € (L®L?)3 and div § = 0. In that case, we shall need
to replace direct estimates on pointwise products by estimates on paraproducts : we split §.Vh into three terms
and write (for 0 < r < 1)

152 e 855V 8|y < ColglallBll -

. 2 N - . -
(89) ldiv (Z ez Yie 2 235 ® Ajrih) grr < Collgll2llfl 0
13 ez Sig-V Aihll gy < G|l g

Thus, we obtain the following theorem of Kozono and Taniuchi (r = 1) and Germain (0 < r < 1) [KOZ 00] [GERM
06] :
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Theorem 8 :
Let iy € (L*(IR?))? with div iy = 0. Assume that there exists a solution @ of the Navier-Stokes equations on
(0,T) x IR? (for some T € (0, +00]) with initial value @y such that :
i) @€ L>((0,T), (L*(IR?)) ;
i) @ € L2((0,T), (H(IR®)®) ;
iii) For some r € [0,1), (—A)%U belongs to (L°((0,T), BMO)? with 2o =2 —r.
Then, U satisfies the Leray energy inequality and it is the unique Leray solution associated to uy on (0,T).
A similar results holds for r = 1 when i) is replaced by
ii’) V @@ belongs to (L*((0,T), L>)°.
C) Besov regularity of §: we use h € (L2H')3 and § € (L%Bg,1)3 (0 <7 < 1). In that case, we shall need some
Y7")? with V" = M(Bg’l — L?).
While the structure of the multiplier spaces X, is not easy to describe, the mulitiplier space is much more simple :

for 0 < r < 3/2, we have Y” = M?3/"_ This is easily proved through a wavelet decomposition for Bg’l [LEM 07a).
Theorem 7 now turns into the following one :

pointwise multiplication that maps 3571 to L?, hence we shall need f € (L =

Theorem 9 :
Let iy € (L*(IR?))® with div @y = 0. Assume that there exists a solution @ of the Navier-Stokes equations on
(0,T) x R?® (for some T € (0, +00]) with initial value iy such that :
i) @ € L((0.T), (L*(R%)?) ;
i) @ € L*((0,T), (H'(IR*)?) ;
i) For some r € [0,1), @ belongs to (L7 ((0,T), M>3/™))® with 2/ =1 —r.
Then, U satisfies the Leray energy inequality and it is the unique Leray solution associated to iy on (0,T).

Theorem 9 does not include the limit case r = 1, which is still an open question : we don’t know whether a
similar results holds for 7 = 1 when iii) is replaced by
iii’) @ belongs to (C([0,T], M?*3))3 where M??3 is the closure of the test functions D in M?3.

D) Besov regularity of & and solenoidality of § : we use ﬁin(L%B§71)3 0<r<1),ge (L*L?*3 and
div g = 0. We write

(90) ||div<§7; 8,3 ® Ajhl gy < Crllgla Bl
JjE

Theorem 8 now turns into the following theorem of Chen, Miao and Zhang [CHN 08] :

Theorem 10 :
Let iy € (L?(IR?))? with div il = 0. Assume that there exists a solution @ of the Navier-Stokes equations on
(0,T) x IR? (for some T € (0,+00]) with initial value @y such that :
i) @ e L=((0,7), (L*(R)?) ;
i) @ e L2((0,T), (H(IR*)?) ;
iii) For some r € [0,1), @ belongs to (L°((0,T), Béo_go)?’ with 2/ =2 —r.
Then, U satisfies the Leray energy inequality and it is the unique Leray solution associated to iy on (0,T).

E) Regularity of «— ¢ : : We may now consider what happens if @ is controlled in a norm of negative regularity.
Following an idea of Chemin [CHE 99] and Lemarié-Rieusset [LEM 07b], Chen, Miao and Zhang [CHN 08] and
May [MAY 10] proved the following theorem :

Theorem 11 :
Let iy € (L2(R?))? with div @y = 0. Assume that there exist solutions @ and ¥ of the Navier-Stokes equations
on (0,T) x R? (for some T € (0, +00]) with the same initial value iy such that :
i) @, 7 € L>((0,T), (L*(IR*)?) ;
i) 4,7 € L?((0,T), (H' (IR*)?) ;
i11) For some r € (0,1), 4 belongs to (L“((O,T),Bgo’:oo)3 with 2/oc =1 —r.
iv) For some p € (0,1), 4 belongs to (LT((O,T),BgO/jOO)3 with 2/ =1 — p.
Then, u = v .

One may be tempted to drop the assumption on ¢ by noticing that @ — ¥ is more regular than @ and ¢ [FOI
81] [LEM 02]

(91) 7—7e (L'((0,T), By
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One would get the following result :

Theorem 12 :
Let iy € (L*(IR*))® with div @y = 0. Assume that there exists a solution @ of the Navier-Stokes equations on
(0,T) x R?® (for some T € (0, +00]) with initial value iy such that :
i) @€ L>((0,7), (L*(R)?) ;
i) @ e L2((0,T), (H (IR*)?) ;
i1t) For some r € (0,1/2), @ belongs to (L"((O,T),Bgofoo)3 with 2/o =1 —2r.
Then, U satisfies the Leray energy inequality and it is the unique Leray solution associated to iy on (0,T).

However, Theorem 12 is neither new nor optimal. In Theorems 7 to 12, we are dealing with conditions
@ € (LY X,)? where the norm of X is homogeneous : | f(z/R)|x = R*||f|lx. While in Theorems 7 to 11, the
indexes ¢ and « respect the critical scaling condition a + % = 1, in Theorem 12 we need a subcritical scaling

condition : a+ 2 =1 —r < 1. But this subcritical condition is not optimal : if u € L?H'N L7 ((0,T), Bo_ofoo with
o= 2_43r [thus, o + % = 1 — %], then, using the generalized Sobolec inequalities of Gérard-Meyer-Oru [GER 97],
we find that v € LPL? with 1/q = rj;l% and 1/p = rilé + T}rl% = %T}rl (1— %) so that 2/p+3/q = 1 and we may
apply Serrin’s theorem ...

10. Uniqueness of mild solutions.

In 1984, Kato [KAT 84] proved the existence of mild solutions to problem (13) when @, € (L?)3. However,
the fixed-point algorithm did not work in the space C([0,T), (L?)3), but in a smaller space (one required that
SUpg<icr VE| (L, .)oo < +oo and that lim_oV/%||i(t,.)oo = 0). In 1997, Furioli, Lemarié-Rieusset and Terraneo
[FUR 00] proved uniqueness of mild solutions in C([0,7*), (L?)?). They extended their proof to the case of Morrey-
Campanato spaces by using the Besov spaces over Morrey-Campanato spaces described by Kozono and Yamazaki
[KOZ 94] and found that uniqueness holds as well in the class C([0, T*), (M?3)3) for p > 2, where M?3 is the closure
of the smooth compactly supported functions in the Morrey-Campanato space MP3. In his thesis dissertation,
May [MAY 02] [LMA 07] proved a slightly more general result by extending the approach of Monniaux [MON 99]
(i.e. by using the maximal LPLY property of the heat kernel) :

Theorem 13 :
If i and ¥ are two weak solutions of the Navier-Stokes equations on (0,T*) x R? such that @ and ¥ belong to
C([0,T*),(X1)3) and have the same initial value, then @ = ¥.

‘May’s result generalizes the results of Furioli, Lemarié¢-Rieusset and Terraneo, but leaves open the limit case
of M?3 :

Open question : 3
Does uniqueness holds in (C([0,T*), M?3))3¢

In [LEMM], we considered the following problem of uniqueness :

Definition 2 : (Regular critical space)
A regular critical space is a Banach space X such that we have the continuous embeddings D(IRS) C X C
L} (R*) and such that moreover :
(a) for all zg € R® and for all f € X, f(x —x0) € X and || f||x = ||f(z — x0)]||x-
(b) for all A > 0 and for all f € X, f(Az) € X and A||f(\z)||x = ||fllx-
(c) D(IR?) is dense in X.

We have the obvious embedding result for a regular critical space X : X is continuously embedded in M23,
The uniqueness problem is then the following one :
Uniqueness problem :

Let X be a regular critical space. If 4 and U are two weak solutions of the Navier-Stokes equations on (0,T*) X

R? such that @ and ¥ belong to C([0,T*), X3) and have the same initial value, then do we have it = ¥ ¢

17



In order to deal with that problem, we modified the notions of adapted space for the Navier—Stokes equations
that were introduced by Cannone [CAN 95] Meyer and Muschetti [MEY 99] or Auscher and Tchamitchian [AUS
99 :

Definition 3 : (Fully adapted critical space)
A fully adapted critical Banach space for the Navier—Stokes equations is a Banach space E such that we have
the continuous embeddings D(IR*) C E C L? ,(R?) and such that moreover :
(a) for all zg € R® and for all f € E, f(x —x¢) € E and ||f|z = ||f(z — z0)||&-
(b) for all A >0 and for all f € E, f(Ax) € E and M| f(Az)||g = |||z
(¢) The closed unit ball of E is a metrizable compact subset of S'(IR?).
(d) e® maps boundedly E to the space M of pointwise multipliers of E

(e) Let F be the Banach space

F={f€ L/ 3(fa), (gn) € EY st f= Z fngn and Z [fnllEllgnlle < oo

nelN nelN

normed with F=min,_ nllEllgnl|E ). There exists a Banach space of tempered distributions
f= g nclN
ne

G such that
i) €2 maps boundedly F to G

i1) the real interpolation space [F, Gl /2 .o 15 continuously embedded into E
ii1) for all A\ > 0 and for oll f € G, f(Ax) € G and ||f(A\2)|lc = ||fllc-

n fngn

Hypothesis (c¢) (together with (a)) shows that F is invariant under convolution with an integrable kernel :
(92) VfEEVge L' frxge Eand|fxgle <|flelgl-

This hypothesis (c) is fulfilled in the case where FE is the dual space of a separable Banach space containing S as
a dense subspace.
The following proposition shows why those spaces are called adapted to the Navier—Stokes equations :

Proposition 2 :
Let E be a fully adapted critical space and let M = M(E — E) be the space of pointwise multipliers of E.
For T € (0,+00), let A and By be the spaces defined by

feAr e feli(0,T)xR%), sup [If(t.)]s<oo

o<t<T

and
f€Br & €L ((0.T)xR?), sup "2 f(t,.)]m < oo

0<t<T
Then B is bounded from (Ar)? x (Ar)® to (Ar)3 and from (Ar)® x (Br)? o

r (Br)® x (Ar)3 to (Ar)3. More
precisely, there exists a constant Cg such that, for all T € (0,+o00], all @y € E3, all f,§ €

(Ar)? and all h € (Ar)3

we have

(93) Sup Ve o) m < Crlldo|

(94) IB(F, @) ar < Collfllar 3]l 4r

and

(95) IB(f, D)llar + 1B, Pllar < Crll fllar 2] 57

The basic idea in Furioli, Lemarié-Rieusset and Terraneo [FUR 00] is to split the solutions in tendency and
fluctuation, and to use different estimates on each term. More precisely, we consider two mild solutions @ =
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e'Biiy — B(u, 1) = iy — Wy and ¥ = ey — B(T,7) = etPiy — Wy in C([0,T*), X?) and write 0 = @ — 7 =
Wy — Wy = —B(W,¥) — B(#, W), and finally

(96) W = B, W) + B(W, W) — B(e'® iy, W) — B(w, e ).
Combining (96) and Proposition 2, we easily get the following uniqueness result :

Theorem 14 :

If X 1is a reqular critical space such that X is boundedly embedded into a a fully adapted critical space E, then
uniqueness holds in (C([0,T%),X))3.

Examples of fully adapted spaces :
i) the space of Le Jan and Sznitman [LEJ 94]

E =By = {f € S'(R%) / f € Lj,, and £2f(¢) € L}
with F € Bpye and G = B}y,
ii) the homogeneous Besov space

FE = Bg’/p_l’oo where 1 <p <3

with F' C Bf,’/p‘Z"” and G = B,i’/p’l
iii) the Lorentz space
E = L3,oo

with F' = L3/2° and G = L™
iv) the homogeneous Morrey—Campanato spaces based on Lorentz spaces :

E = MP3 where 2 < p <3

with F' = Mf/Q’?’/Q and G = L*°. The space Mf’q(]R3) is defined for 1 < p < g < oo as the space of locally
integrable functions f such that

sup  sup R?’(l/q_l/p)||lB(a:0,R)f||LP’°°<OO;
zo€R3 0<R<o0

the predual of MP9(IR?) is then the space of functions f which may be decomposed as a series Y nenN Anfn With
fn supported by a ball B(z,, R,,) with R, > 0, f, € L?/(P=1:1 ol e/ < Ri(l/qfl/p) and ) o |An| < o0

All those examples however give no new information on the uniqueness problem, since we have the embeddings
(for2<p<3and2<q<3)

(97) Bigy € By/pmlee c I3 ¢ M43 C Xy
and thus uniqueness may be dealt with by using May’s theorem (Theorem 13).

We finish this section with an example of a regular space where uniqueness holds but which cannot be dealt
with by using either Theorem 13 or Theorem 14 :

Theorem 15 :
Let X be defined as the space of locally integrable functions f such that

(98) sup  sup R_1/2HlB(wo,R)fHL271 < 00
zo€R3 0<R<0

and let X be the closure of D in X. Then

a) Uniqueness holds in (C([0,T%), X))3.

b) X is not included in the multiplier space X, = M(H" — L?)
c) there is no fully adapted critical space E such that X CE.

11. Self-similarity.
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In 1934, Leray [LER 34] proposed to study backward self-similar solutions to the Navier—Stokes equations in
order to try to exhibit solutions that blow up in a finite time. Leray’s self-similar solutions on (0,7*) x IR* are

. — o 7 . . 1 .y
given by u(t,z) = At)U(A(t)x) with A(t) = WerTea) for some positive a.
In 1996, Necas, Ruzicka, and Sverdk [NRS 96] proved that the only solution U € (L3(IR?®))? was U = 0. Their

result was extended by Tsai [TSA 98] to the case U € (Co(IR*))® or to the case of solutions @ with local energy
estimates near the blow-up point: supgp, ;- f|$|<1 |i@(t,z)]? dz < oo and f';; f‘$|<1 IV @ d(t,z))? de dt < .

Their proof was based on Hopf’s strong maximum principle applied to IT = %|ﬁ|2 + P + aX.U, where P is
associated to the pressure p(t, z) by Vp(t,z) = A(t)*(VP)(A(t)z), and where X be the identical vector field on IR®:
X (x) = (x1, 22, x3); another key ingredient was the regularity criterion of Caffarelli, Kohn, and Nirenberg.

In contrast with backward self-similarity, it is easy to construct forward self-similar solutions. In his book
[CAN 95], Cannone gave a very clear strategy for exhibiting self-similar solutions to the Navier—Stokes equations.
We take a shift-invariant Banach space of distributions X whose norm is homogeneous with the good scaling for the
Navier—Stokes equations (|| f(Az)||x = 1| f|/x). This implies that X C B2, or equivalently that for all f € X
we have supg.; vVt [e!® floo < C|fl|x. We assume that X contains nontrivial homogeneous distributions, and we

try to arrive at a theorem of global existence and uniqueness for solutions of the Navier—-Stokes equations. Such a
theorem will provide us with self-similar solutions when the initial data is homogeneous (with a small norm).

We write B(f,J) = fot et=)APdiv (f ® §) ds, and we check on which Banach space £ based on X and
containing the tendencies e'® iy for @y € X¢ the bilinear transform B is continuous. The first space we can try
is & = L>=((0,00), X49). Of course, the bilinear product uv should be defined for elements of X; hence, we should
assume that X is embedded in L? ; we then find that X C M?3. There are many instances of spaces X which
can be treated this way and provide self-similar solutions :

*) homogeneous Besov spaces B> where p < 3 and s = 3/p — 1 (Cannone [CAN 95|, Chemin [CHE 99], Furioli,
Lemarié-Rieusset and Terraneo [FUR 00])

*) the Lorentz space L>*° (Meyer [MEY 99])

*) the space By = {f/|¢]> f € L} used by Le Jan and Sznitman [LEJ 94].

We may use the smoothing effect of e/ and start from a more singular initial value. Cannone [CAN 95] and
Planchon [PLA 96 ] have shown that it is possible to take @, € B;’"’O where p € (3,00) and s = 3/p — 1; then
E=A{f/ SUPg« ¢ t1/2=3/2p| f(¢, J|lp < oo} is a good choice.

This latter example can even be generalized by replacing LP by a Morrey—Campanato space (Kozono and
Yamazaki [KOZ 94]). As a matter of fact, the first instance of self-similar solutions was constructed with help of
Morrey—Campanato spaces (Giga and Miyakawa [GIG 89]).

Thus, we are interested in homogeneous initial values. In particular, we shoukd know when a distribution
is homogeneous. We begin by a simple remark : if 7" is a distribution on IR?, then the following assertions are
equivalent:

(A) T is homogeneous with degree —1 :

(99) Yo € D(R) YA>0 (T(2)[Np(\z)) = MT(2)|p(2))

(B) There exists w € D’(S?) such that T(z) = w(o)r~! :

(100 @I o = (@) [ ¢(r0) 7 drjosse) s
The distribution w is then unique. We shall write w = T'|g2.

We then have the following trace theorems : let T'(x) = w(o)r~!, then :
i) (Besov spaces [CAN 95]) : for p € [1, 400, T € BY/PV°(R%) & w € BYP1P($2).
ii) (Lorentz space [BAR 96]) : T € L**®(IR*) & w € L3(5?)
iit) (Morrey spaces [LEM 02]) : if 2 < p < 3, T € MP3(IR?) & w € LP(S?)
iv) (Morrey spaces [LEM 02]) : if 1 < p < 2, T € MP3(R?) & w € MP?(S?)

Whereas small homogeneous initial value provide us with self-similar solutions, the problem remains open for
large initial value. The case of a large initial value in M?3 has been discussed in [LEM 07a] and [LEL 11]. Using
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the energy method in L2, . and a scaling argument, one may exhibit global suitable solutions (see Theorem 6).

But, due to the possible lack of uniqueness, we don’t know whether we may find large self-similar solutions. If a
large self-similar suitable solution exist, it is smooth for positive times, due to the Caffareli, Kohn and Nirenberg
regularity criterion [GRU 06] [LEL 11].

12. Euler equations.

We now pay a few words to the resolution of Euler equations (12). In [LEM 10], we solved equations (12)
in an abstract space A'T9. A7 belongs to a scale of Banach spaces A° (where s > 0 stands for a regularity
index) which satisfies the following hypotheses:

o Hypothesis (H1) : integrability
A® C L (IR®) (continuous embedding)

o Hypothesis (H2) : monotony
For s; < s9, A%2 C A%

o Hypothesis (H3) : regularity

feAlts o fe AS and Vf € A® (with equivalence of the norms ||f] as + |V ]

As+1 and Hf' As)

o Hypothesis (H4) : stability
If a sequence (f,)nen is bounded in A°* and converges in D’'(IR®) then the limit belongs to A* and we have
| imy,— 400 frllas < Csliminf, o || fn]

As .

¢ Hypothesis (H5) : invariance
The map (f,g) € D x A® — f * g extends to a bounded bilinear operator from L! x A* to A®.

o Hypothesis (H6) : interpolation
If T is a linear operator which is bounded from A®! to A®! and from A%2 to A%2 then it is bounded from A®
to A® for every s € [s1, s2] and || T'[|z(as,45) < C(s, 81, 82) max(||T'||z(as1,451), [T £as2,452))-

o Hypothesis (H7) : transport by Lipschitz flows
Let @ € L'((0,T),Lip) be a divergence-free vector field and let fo € A* for some s € (0,1). Then the solution
f€C([0,T],L;},.) of the transport equation
of+uNf=0
(101)
J [t=0 — f 0

T,
e < CyeCe Jo Nl dty

satisfies supg<;<r | f(t,.)] As-

o Hypothesis (H8) : singular integrals
Let T be a bounded linear operator from D(IR?) to D'(IR*) (with distribution kernel K (z,y) € D'(IR® x IR?))
which satisfies the following conditions

e T is bounded on L? : ||T(f)ll2 < Collf]l2

e outside from the diagonal x = y, K is a continuous function such that |K(z,y)| < C’om

e outside from the diagonal, K satisfies |V, K (z,y)| < Colz — y|~* and |V, K (z,y)| < Colz — y|~*
o T(1) = T*(1) = 0 in BMO
Then, T' is bounded from A% to A® for all 0 < s < 1 and ||T'||z(as,45) < CsCy

We further consider an hypothesis on some o > 0 :
o Hypothesis (H9) : pointwise products with A°

A% C L (continuous embedding) and, for all s € (0,c0], the product (f,g) — fg is a bounded bilinear
operator from A% x A® to A®.

We then have the following theorem on the Cauchy problem for the Euler equations with initial data in A7 :
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Theorem 16 :
Let A% be a scale of spaces satisfying hypotheses (H1) to (H8) and let o > 0 satisfy hypothesis (H9). Let
Ug € A7 be a divergence free vector field. Then there exists a positive T such that the Cauchy problem

(102) Ujt=0 = U
div =0
has a unique solution ¥ € C([0,T], A7) such that supg<,;< ||V]| g4o+1 < +00.

Examples :

*) Besov spaces [CHE 98] : A°t! = Bl*¢ with 1 < p < 400, 0 > 3/p and 1 < ¢ < +00, or with 1 < p < 400
o =3/pand ¢ =1. (The case of p = 400, 0 =0 and ¢ = 1 [PAK 04] is not covered by Theorem 16). [Work in the
scale By  for 0 <s <1+ 0]

*) Triebel-Lizorkin spaces [CHN 10] [LEM 10] : A7t! = F)7 with 1 < p,q < 400 and ¢ > 3/p. [Work in the
scale F)J  for 0 <s <1+ 0]

*) Besov-Lorentz spaces : A7t! = Bzﬂm with 1 <p<+400,1<g<+400,0>3/pand 1 <r < +oo (or o =3/p
and r = 1). [Work in the scale Bj,, . for 0 < s <1+ o]. The case 7 = +00 was discussed in [TAK 08].

*) Besov-Morrey spaces : A%+l = B;jp,lq L with 1 <p < g < +o0,0 > 3/g and 1 < r < +oo (or 0 = 3/q and
r=1). [Work in the scale By, for 0 <s<1l+ o).

Some other spaces are discussed LEM 10], such as Sobolev-Morrey spaces.
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