ON A NON-SOLENOIDAL APPROXIMATION TO THE INCOMPRESSIBLE
NAVIER-STOKES EQUATIONS

LORENZO BRANDOLESE

ABSTRACT. We establish an asymptotic profile that sharply describes the behavior as t — oo
for solutions to a non-solenoidal approximation of the incompressible Navier—Stokes equations
introduced by Temam. The solutions of Temam’s model are known to converge to the corre-
sponding solutions of the classical Navier-Stokes, e.g., in L} _ (Rt x ]RB), provided € — 0, where
€ > 0 is the physical parameter related to the artificial compressibility term. However, we show
that such model is no longer a good approximation of Navier—Stokes for large times: indeed, its
solutions can decay much slower as t — oo than the corresponding solutions of Navier—Stokes.

1. INTRODUCTION

Motivated by recent studies by C. Niche, M. E. Schonbek [13] and W. Rusin [14], we con-
sider the following system, proposed by R. Temam [16] as an useful model for the effective
approximation of solutions to the Navier—Stokes equations:

(11) Opu — Auf +uc - Vus + fucdiv(u®) — 2Vdiv(u®) = 0, r€R™ t>0
' u(z,0) = ug(z),  div(ug) = 0.

Here € > 0 is a parameter measuring how much the vector field ¢ is far from being incom-
pressible. Notice that div(u€), in general, will not be equal to zero for ¢ > 0. This way of
approaching a Navier—Stokes flow with vector fields that are not necessarily divergence-free has
several advantages in numerical simulations, as pointed out in [16]. Indeed, using (1.1) simplifies
the discretization procedures, as one does not need to put the divergence-free constraint at each
step for the discretized solutions. Another nice feature of this approximation is that it allows to
disregard the nonlocal features (the pressure) of the original system.

The construction of global weak solutions to the system (1.1) and the convergence problem
as € — (0 of these solutions to the corresponding Leray solutions of the classical Navier—Stokes
system are successfully addressed in [16] and more recently in [14].

However, the above mentioned papers provide little information on the long time behavior of
solutions of the approximated model. The asymptotic behavior as ¢ — +oo for the problem (1.1)
has been addressed only recently in [13]. Therein, the authors prove, among other things, that
if ug € L*(R™) and if the solution of the linearized equation decays to zero in the L*-norm at
slow rates as t — oo, then the solutions to system (1.1) will behave like the solutions of the
heat equation: this behavior was somehow the expected one because it is in agreement with the
asymptotic behavior for the standard Navier—Stokes equations.
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On the other hand, when the solution of the linearized equation decays at faster rates (namely,
faster than O(t~™*) in the L*norm), then the analysis of [13] does not to apply anymore: the
reason is explained in Remark 3.2 below. Typically, we encounter such faster decay rates as
soon as ug € L'(R™).

For this reason, the problem of the large time behavior of solutions to (1.1) arising from
ug € LY(R™) N L*(R™), is essentially open.

One might wonder that when ug € L'(R™) N L?(R") the solutions to (1.1) could behave
quite differently than the solutions of the Navier—Stokes equations as t — +oo. Our analysis
will prove that this is indeed the case. One reason for this is that, contrary to the case of
the classical Navier-Stokes, the mean [ u(-,t)dx is no longer constant-in-time. The long time
behavior of [u€(-,t)dx is itself an interesting problem to address, as one expects its limit to
play a predominant role in the description of the long-time asymptotics. These issues are the
motivations of the present paper. The main result in this direction, stated in Section 3, is
the asymptotic profile obtained in Theorem 3.1 and its applications to sharp two-sided decay
estimates for the Li-norms.

The main tool for describing the long time behavior of solutions to (1.1) will be the construc-
tion of asymptotic profiles for solutions of linear integral equations of the form

(1.2) u(t) = M(t)uo + /0 M(t —s)f(s)ds.

Here M (t) is a convolution operator with a kernel satisfying the same scaling properties as the
heat kernel, and f is a given forcing term. As such, equation (1.2) is a natural generalization
of the classical heat equation in the whole space. The key result for this linear problem is
Theorem 2.1. This theorem is widely applicable to other nonlinear equations, besides (1.1).

2. ON A GENERALIZED HEAT EQUATION IN R"

Let M(x,t) € C1(R™ x (0,+00)) with the same scaling properties as the heat kernel E(z,t),
namely,

(2.1) M(z,t) = t_”/2M(%

We also assume that M satisfies the uniform-in-time spatial decay estimates

(2.2) 0" M (2, 1)) < Crlz| ™™™,  m=0,1.

1), zeR" t>0.

Estimates (2.2) together with the scaling properties (2.1) imply the uniform-in-space estimates
(2.3) 0P M (z,t)| < Cpt—+2)/2 - p—0,1.

Both decay estimates hold true for the usual heat kernel. For all 1 < ¢ < oo, and m,p = 0,1 we
also deduce

_n_y_ _n(p_1y_
(2.4) 10T M (-, t)lg = Cong t 21720 M (1) ||y = Cpgt 2070077,

Next theorem describes the long time behavior of solutions to (1.2) starting from vanishing
initial data.

Theorem 2.1.
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(1) Let n > 1, f € L'(R™ x RT), with [|[f()||1 = O(}) as t — +oo. Let us introduce the
constant X = [;°f f(y,s)dyds and let also

O(x,t) = /Ot/M(a: —y,t —s)f(y, s)dyds.

Then, as t — +00,

(2.5) H@(t) — AM(-, 1)

_n(q_1 1<g< o ifn=1,
= ot 2 q)), with 7= /
l<g< 5 ifn>2.

q n—2

In particular, when X\ # 0, there exist two constants cq, cfz > 0, independent on f, such

that, fort > 1,

(2.6) Aegt 2070 < a(#)]|, < Ach 30T,
(2) The above results (2.5)-(2.6) extend to ¢ = 1 if we have in addition M(-,1) € L'(R"),
n 1
and to 5 < q < oo, provided || f(t)||g = (’)(t_(H?(l_?))) as t — 400, for some B such
11 _1,2

The above asymptotic expansion, with E instead of M, provides an asymptotic profile for the

solution of the heat equation with forcing dyu = Au + f in R", and zero initial data. In this
case, the result is valid also for ¢ = 1.

Proof of Theorem 2.1. We consider the following decomposition, for any n > 0 and a suitable
1/2 < a, < 1 to be chosen later.

D(t)—AM (-, 1)

t [e'e)
- O/M@c—y,t ) f(y.s)dyds — Mw)/o /f<y, 5) dy ds
=hL+L+ 13+ 1,

where
L :M(x,t)/ t/f(y,s)dyds,
ant
b= [ [t =5 = M0l dy s,
ant
IS:/O /[M(.T—y,t—S)—M(Jf,t—S)]f(y,S)dde, and
t
Ii= [ Moyt 5)f(.5) dyds,
ant
Now,

1Ll < cqt—"/2<1—1/q>/ /\f(y, 9)dyds = ot 30°). ast — +oo.
ant

by the assumption f € L'(RT x R") and the dominated convergence theorem.
For the estimate of Is we make use of the Taylor formula

1
M(w,t—s)—M(:L‘,s):—/ M (z,t —6s)-sdb.
0
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For all 0 < s < ayt, using estimate (2.4) we get

n

1
IM (-t —5) = M(-,5)]lg < Crg(t — 0s) 207~
< ng Cl,qtff(lﬁ)*ls.
Then we get
—n(1-1y_1 ant
1ROl < eng Crat™ 3007 [ slses)lias

But fa”ts||f s)[[1ds = o(t) as t — oo, as it can be checked by splitting the last integral,

e.g., into fo ' and f a"t . and then applying the dominated convergence theorem (we only need
f e LYR™ x RT) here) We thus get
n 1
ILally = ot 2074)),  ast— +oo.

In order to estimate the third integral we make use of the scaling properties (2.1) of M. For
all 1 < ¢ < co we have

15Ol < | -9 MG Y — Mg ], )] dyds
<ec

< epqt 21 //How] )| M (-~

where 1g denotes the indicator function of the set S. The integrand is dominated by the inte-
grable function 2||M (-, 1) |f(y,s)|. Moreover, for a.e. (y,s) € R" x (0, a,t), by the continuity
under translations of the L?-norm (or, when ¢ = oo, by the fact that M(-,¢) is uniformly

1) = MG, 1f(y, s) dyds,

continuous), we have
Loa,($)|[M(- = =, 1) = M, D fy,s) 0, ast— oo
The dominated convergence theorem then yields
Islly = ot 2079)),  ast— +oo.

Let us now consider I4. Applying the Young inequality we have, for 1 < «, 3, ¢ < oo,

t
(2.7) Ha(®)llg < / M@ =s)lall fC8)llpds, 1+ =

Q=

+

|

Let us first consider the casesn =1, orn > 2 and 1 < ¢ < ;5. This ensures (n/2)(1-1/q) <
1. For any n > 0 small enough, take a,, = 1 —pt/(=(/2)A-1/9)) in a such way that 1/2 <ay < 1.
In these cases we apply the above estimate with a = ¢ and 8 = 1. We now make use of the
assumption [|f()||1 = O(3) to deduce the estimate, for large enough ¢,

4]l < Cy / (t—1s) 7% 17%)871 ds

Sth_l/ (t—s5) 2070 gs
ant

n
50D,

As n > 0 is arbitrarily small, the conclusion follows in this case.
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When n > 2 and -2 < g < oo, we need to take in estimate (2.7) 1 — 2 < é <1, and

n—2 n
SO % < % < % + % We consider again an arbitrary small n > 0, but we take now a, =
n 1
1—nt/(0=(/2)(1=1/a)) " The additional assumption || f(t)||s = (’)(t_(H?(l_E))) yields the estimate,
for large enough ¢,

t
[ e o H0-Be-30-0
ant

t
SC’qt_l_g(l_flf)/ (t—s)_%(l_é)ds
ant

n
)
Hence, the conclusion follows also in this case. O
Calculations in the same spirit as the above were done in [9], in the particular case of the
heat kernel. In fact, in [9] the computations were carried for the Navier-Stokes equations.
Theorem 2.1 is the crucial step for establishing Theorem 3.1 below. But the former theorem

should be of independent interest, as the scaling methods used for obtaining asymptotic profiles
can be applied to other nonlinear problems.

3. STATEMENT OF THE MAIN RESULT

A weak solution to problem (1.1) is a vector field u¢ € L>(0, 00), L2(R™))NL2((0, 00), H (R™))
such that for every ¢ € D(R™, [0, 00)), divg = 0, we have

/OOO/(VU6 -Vo+ (u-Vus) - ¢+ %ue - pdivu® — uc - thb) dxdt = /uo (-, 0) dx

If up € L?>(R"), and divug = 0, then the existence (and the uniqueness for n = 2) of a weak
solution to problem (1.1) was established in [14,16]. As for the classical Navier—Stokes equations
such solution satisfies the energy inequality

(3.1) / lu€(z,t)? dz + 2/57(|Vu6(x,r)|2 + %|divu5(a:,r)|2) dedr < / luc(z, )% dz,

for s = 0 and all £ > 0. At least for 2 < n < 4, one can also prove the validity of the so-called
strong energy inequality, that is the validity of (3.1) for almost s > 0 and all ¢ > s.
In the following, we denote the heat kernel by

E(z,t) = e 1#"/40) /(gmp)n/2,
The usual Li-estimates for E are
1B, t)llg = cqt~™PUHD, 1< g <o,
Our main result reads as follows:
Theorem 3.1. Let2<n <4, e>0 andug € L*NL*(R") be a divergence-free vector field. Let

u¢ be a weak solution to (1.1), satisfying the strong energy inequality (3.1). Then, u® becomes
eventually a strong solution and the limit

—

(3.2) Ae = lim [ u(z,t)dz

t—+00
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does exist and is finite. The vector XG describes the long time behavior of u€ in the following
sense:

—

W)+ EC DN = ot 2070),  with 1< q<oo.

q

(3.3)

Moreover, if X # 0, then there exist c.,c. > 0 such that, for 1 < q < oo,
Y 51-0) € Ny 14— 51-1)
(3.4) CelAe|t 2V ) < |ut(t)]lg S e At 2, fort > 1.

The above conclusions holds in any dimension n > 2 if ug belongs to L' N L™(R™) with ||ugl|,
small enough and u® the unique global strong solution to (1.1). The smallness condition on
lluolln can be replaced by the weaker assumption that ||u0HB;(1>o+n/p is small enough, for some
n<p<2n.

Let us stress the fact that, in general, XG =% 0 for € > 0. We shall construct in Section 5.2 an
explicit example of initial data in the Schwartz class S(R?) such that Xe # (0,0,0). In particular,
this means that these solutions of (1.1) will satisfy |u(t)|lq ~ 73
integrable. This constrasts with the case ¢ = 0 of the Navier—Stokes equations: indeed, solutions

_1 .
=9) for e > 0, when ug is

of the Navier-Stokes equations are known to decay as ||u(t)|ls ~ t~("+2)/4 as soon as g is well
localized, see [17], and sometimes even at faster rates (e.g., under appropriate symmetries). See
contribution [3] for an up-to-date review of decay issues for the Navier-Stokes flows.

Remark 3.2. Theorem 3.1 corrects one of the results of the paper [13]. Therein, the authors
develop the theory of “decay characters” and give several applications of this notion. One
application concerns equation (1.1). The authors asserted that, when n = 3, ||u(t)]]2 < C(1 +
t)7%/% under the assumptions that ug € L?(R?) is divergence-free and satisfies the moment
condition [(1 + |z|)|ug(z)|dz < oo (in [13] this moment condition is in fact replaced by the
closely related condition 7*(up) > 1, where r*(ug) is the so-called “decay character” of ug). This
assertion is in contradiction with our lower bounds in (3.4) that shows, for n = 3 and ¢ = 2
that in general ||u(t)||2 ~ t~3/* for large t. It is possible to fix the proof of [13, Theorem 3.9]
(the pointwise inequality therein for G(£,t) and the subsequent calculations could be easily
corrected), but at the price of obtaining a weaker result, namely a lower decay rate in the
upper-bound estimate. This could be done using the same ideas as in [13], based on the Fourier-
splitting technique. In the present paper we follow however a different approach (somehow
inspired by [12]) that has the advantage providing an exact asymptotic profile.

4. GLOBAL STRONG SOLUTIONS UNIFORMLY INTEGRABLE IN TIME

4.1. The linearized equation. The associated linear problem to Eq. (1.1) is

(4.1) {Wf — Auf — LVdiv(uf) = g
u(:c,()) = ug(x).

The integral formulation associated with this linear problem reads

(4.2) u(x,t) = M(t)up(z) + /0 M(t — s)g(s)ds,
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where M, (t)up(z) is given by the convolution integral

M (t)up(z) = /Me(m —y, t)up(y) dy.

The properties of the kernel M, (z,t) have been studied in detail by W. Rusin in [14]. Its symbol
is

We complement here the analysis in [14] of the kernel M (t) by observing that, for ¢,e > 0,
the kernel M,(-,t) belongs to the Schwartz class. Indeed, we can write

(M(&, )y = e 167 (8 + Lengy H(—t|€]/e)),

where H(r) = (e™" — 1)/r = >32(~=7)*/(k + 1)!I. This expressions shows that the map & —
(]\Z(f,t))kvl can be extended smoothly in a neighborhood of £ = 0, and it is simple to check
that its derivatives of any order decay exponentially to zero as || — oc.

We also observe that

(4.4) divu =0 = M(t)u = e?u.

Another useful identity is the following, valid for any vector field f (not necessarily divergence-
free):

(4.5) div(M,(t) f) = eI/ (div f).

It readily follows from the above expressions of the symbol that, for all € > 0,
M, (z,t) = t 2 M, (z/Vt,1).

Moreover, from these scaling properties and the fact that M(-,¢) belongs to the Schwartz class,
it follows that, for ¢ > 0,

|0 M (z,t)] < Chplx|™"™, m € N,

where C),, > 0 is independent on = and ¢. Therefore, M, satisfies all the estimates (2.1)—(2.4),
including for ¢ = 1.

4.2. The iterative scheme. The problem (1.1) can now be conveniently reformulated in the
following integral form:

(4.6) W) = i () + Bt u),  wi(t) = Mo(t)uo, div(uo) = 0.
Here B is the bilinear operator

(4.7) B(u,v) = —/0 M(t — s)[u-Vov+ %u divo)(s) ds.

The considerations below apply to any abstract equation of the form v = u; + B(u,u): let
F be a Banach space, u; € F and let B: F x F — F be a continuous bilinear operator, with
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operator norm ||B||. Let us introduce the nonlinear operators Ty,: F — F, k = 1,2..., defined
by induction through the formulae
T, =1dr

k—1
Te(v) =) B(Ty(v), Temi(v), k> 2.
=1

Notice that the operator T}, is the restriction to the diagonal of a k-multilinear operator defined
from F*¥ = F x --- x F to F. The following estimate holds true, see [1], [11]:

c k
(48) 1Tk (un)lz < k™™ (@ 18] sl 7)"
Thus, under the smallness assumption
(4.9) [utll7 < 1/(4]1B]),
the series

(4.10) U(w) =Y Te(w),
k=1

is absolutely convergent in F and its sum W(u;) is a solution of the equation u = u; + B(u, u).
Furthermore, W(uy) is the only solution in the closed ball Bx(0, ﬁ) (see [1], [11]).

Coming back to our model (1.1), recalling ui(t) = M(t)ug, we would like to establish the
existence and the uniqueness of a solution in a suitable functional setting and to write it as
u = ®(up), where ®(up)(t) = VU(u1)(t) = > 5o Te(ur). For later use, we will need the series
being absolutely convergent in L°°([0, 00), L' (R%)). There are several ways to achieve this: the
quickest way is to choose F to be an appropriate subspace of L>°(]0, 00), L' (R%)). A good choice
is the following: we define F to be the Banach space of all L°°([0, 00), L' (R%)) functions such
that || f]| < oo, where

£ 1l = sup | ()]l + sup V|V f (1)1
(411) t>0 t>0

+sup(L+ )2 f (1) oo + sup(1 + )"V, £ (#)]|oo < oo
>0 t>0
We are now in the position of establishing the following proposition:

Proposition 4.1. There are two constants n > 0 and ¢ > 0 such that if

(4.12) [uoll1 + [luolloe <,

then there is a solution u¢ € F of equation (1.1), such that
(4.13) ut = ®(ug)(t) = > Tp(Mc(t)uo),
k=1

belonging to and unique in the ball {u € F: ||ul|r < cn}. The series (4.13) is absolutely conver-
gent in the F-norm. In particular, u® is uniformly integral in time and, for all t > 0,

(4.14) /ug(x,t) dz = Z/Tk (M (t)ug) da.
k=3
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Moreover, the limit

lim [ uf(z,t)dz
t——+o0

does exist and is finite.

The smallness condition (4.12) is somewhat unpleasant —one usually express smallness con-
ditions in scaling invariant norm, like the L"-norm or even weaker norms— and can indeed be
relaxed. We will indicate in Section 6 how to obtain global solutions belonging to F replacing
condition (4.12) by a much weaker condition on a scaling invariant Besov space, at the price of
needing more involved bilinear estimates.

Proof. The bicontinuity of the bilinear operator B is easily proved in this space F. Indeed, the
two L'-estimates for B(u,v) and VB(u,v) follow easily applying to M, the first of (2.4) with
q =1 and m = 0,1: this gives

1B (u, v)(t)]|1 S/O [uls)[[1[[Vo(s)[oo ds < [Jull#l[v]l 7
and
VIV B(u, 0)(1)[l1 < \/5/0 (t =) 2 u() 1 Vo(s)lloo S llull #]l0]|.

We obtain the two L estimates for B(u,v) and VB(u,v) by splitting the integral at ¢/2: for
the integral fg/Q ... we apply to M, the first of (2.4) with ¢ = oo and m = 0, 1; for the integral
ft702 ... we apply to M, the first of (2.4) with ¢ = 1 and m = 0,1. This implies the required
estimate

1B(u, v)ll7 < Cllull#[lv]l -

On the other hand, if ug € L' N L°(R"), and if ug is divergence-free, then M (t)uy € F,
because M, (t)ug agrees with e'®ug. In fact, by the standard heat kernel estimates:

[Mc(t)uollF < lluollr + [[uolloo-

As discussed before, the above estimates imply that, if » > 0 is small enough, then the se-
ries (4.13) converges in the F-norm. Its sum is the unique solution of equation (1.1) in a
ball of F centered at zero and with small radius. This series converges in particular in the
L>=([0,00), LY(R™))-norm, so we can integrate (4.13) and exchange the integral and summations
symbols. Hence, [u(z,t)dz =332, [ Ti(Me(t)uo) da.

To deduce (4.14) it only remains to check that [wu;(t)dz =0 and [ Th(u1)dz = 0. But

(4.15) / i () d = / M. (#)ug(x) dz = / wo(w) dz = 0,
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because uy is integrable and divergence-free (the last inequality is well known and easy to check
using the Fourier transform). Moreover,

/Tg(ul)dx _ /B(ul,ul)(t) dz
= /Ot/ M (t — s)[ur - Vug + 2div(ug)ui] dz ds

t
=— /0/[u1 - Vuy + 3div(ur)ur] dz ds

_ ;/Ot/[div(ul)ul](s) dzds =0,

div(ui(s)) = M.(s)div(ug) = 0.

Let us now discuss the existence of the limit lim;—, 4o f u(t) dz. First of all, observe that

because, by (4.5),

/ Ty (ur)(t) dz = — ; /0 t/[Tl(ul) VT i(un) + Siv(Ty(un)) Ty ()] de ds.

Moreover, using the definition of the F-norm we get
1T (1) (9) |2 |V Tkt (1) () |2 < cop(1 + )~ D72,
so, by Schwarz inequality, the integrand in the last equality is in L*(R* x R™). Hence the limit

ék = lim Tk(U1)(t) dx

t—+00

does exist and equals — 377 [ [Ti(u1) - VT—i(ur) + $div(Ty(u1))Ty—i(u1)] da ds. Moreover,
[k < || Tk(u1)||7 and (4. 8) ensures that the series Y, 4 {5 converges under our smallness as-
sumption on ug. On the other hand, the convergence of series (4.13) in the L*°(R*, L!(R"))-
norm allows us to exchange in (4.14) the limit as ¢t — +oo with the summation, leading to

limg sy qoo [us(t)de =) 1240 g

5. LONG TIME BEHAVIOR OF [ u(z,t)dx: AN EXPLICIT EXAMPLE WITH ¢ # 0

This section can be skipped on a first reading. Its goal is to prove that in general Xe # 0.
This is interesting to appreciate the relevance of the statement of Theorem 3.1, in particular the
interest of the two-sided bound (3.4). But the computations of this section are not needed for
proving Theorem 3.1 itself.

5.1. The first term in the expansion of [u¢(t)dz. We will need an explicit formula for the
first term in the right-hand side of (4.14).

/Tg(ul)dx:/B(ul,Tg(ul))dx—i—/B(Tg(ul),ul)dx

- /t/ M(t — s) [ul VT (ur) + ur div(Th(ur)) + 312 (ur)div(uy)) + To(ug) - Vug | dsda

// VT (uy) + u1 div(Ta(u1)) + To(uq) - Vul] dsdz,
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where have dropped the term $75(up)div(uy) that is identically zero as div(u;) = 0. But
integrating by parts and using again div(u;) = 0 shows that [wu; - VT5(u1) dz = 0, so the first
term inside the integral can also be dropped. Another integration by parts finally yields,

(5.1) / Ty (us) / / w1 div(To(ur))] (s) ds da.

On the other hand,

Ts(u1) = B(ui,u1) / M(t — s)(u1 - Vui(s)) ds,

and so
t
div(Te(uy)) = —/ =)D Gy (uyg - Vuy)(s) ds,
0

where we applied identity (4.5). Replacing this expression in the formula (5.1), next using
u1(t) = Mc(t)up and (4.4) leads to (we omit the summation on the repeated subscripts):

(5.2) / Tg(ul)(t)da::—% //Otesﬂuo[/Ose@—ﬂ““/f)ﬁak(( Do) (One™ uo,k))df] ds dz.

We now apply formula (5.2) to initial data of the following form: ug = nvg, where vy is a
fixed divergence-free vector field in L' N L>°(R™) and the parameter 1 > 0 will be chosen small
enough, ensuring in this way the validity of the smallness condition (4.9). For such choice of uy,
we see that the first term in the summation appearing in the right-hand side of (4.14) satisfies

/Tg(ul)(t) dz = 773/T3(v1)(t) dz, v = M(t)vo.

The sum of all the other terms of (4.14) are O(n*) as n — 0. Hence,

/ue(x,t) dz = 773/T3(v1)(t) dz + O(n"), asn — 0.

Let us choose a divergence-free vector field vg € L1 NL> such that, for a fixed ¢, [ T3(v1)(¢) dz #
0: then it follows that, choosing a n = n(t) > 0 small enough, [T3(u1)(¢t)dz # 0, and so
Ju(t)dz # 0 by (4.14). In the same way, if we choose vy in a such way that

(5.3) lim [ T5(v1)(t) dx # 0,

t—4o00

then, for ug = nvy and n > 0 small enough, we get

li “(t)d .

Ji, [0 #0

Now, one expects [ T3(v1)(t)dz not to be zero generically, but this claim should be proved
rigorously. In next subsection, we will content ourselves to construct, by an explicit computation,
a simple example of a divergence-free vector field vy in the Schwartz class such that the non-
vanishing limit condition (5.3) holds.
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5.2. Example of initial data such that XG # 0. Let construct an initial datum satisfy-
ing (5.3). Let us consider a divergence-free three-dimensional vector field of the form

—0ag
Vo = 81 qg ,
0
where g is a smooth and well decaying scalar function to be chosen later on. Expanding the
term div(vy - Vuy) for such a vector field vy (recalling v1(7) = M(1)vg = e'®vg) we get after a

few simplifications

(5.4) div(vy - Vo) (1) = 2(8182]5(',7') * g>2 — 2(812E(-, T) * g) (822]:7(-,7') * g).

We want to choose g in order to make the computations as explicit as possible, avoiding to
take however a radial function (we cannot put too many symmetries, otherwise the integral
[ T3(v1) dz could vanish). A good choice will be to take a derivative of the gaussian function, as
the constants in the subsequent computations can be easily performed in this way by a formal
calculus program. For example, let

g(x) = 02 E(x,1).

We denote by & in the following computations a non-zero constant that may change from line to
line. Computing the Fourier transform in (5.4) gives (the second equality is computer-assisted,
the result can be easily checked e.g. with Maple):

Flaiv(or - Vo)) () = 2F [ (83E( 7 + 1))2 — (B0uEC. 7+ 1) (BB +1)]

—(r+1)l€l?/2
V2 (@& +ehirrn -3¢ - )"

" p1273/2 )2
Applying Plancherel theorem to Eq. (5.2) yields:
(5.5)
/Tg(vl)(:z:,t) dz
tps po-l(s=n) 11/ st (ri3)2 e [ 65
- [[] i -6 | (166 - e+ -3 - ) acasar

512%. Let us focus on the first component of the above integral (the second and
the third components vanish for symmetry reasons for all ¢ > 0). Letting A = (s —7)(1+1/¢) +
s+ (74 3)/2 we are led to calculate (with a computer assisted computation) first the integral

in the &-variable:

where Kk =

_ 2 371'3/2
[ GG+ e+ 1) - 36 - ) dg =~ (2 -3 -3,
But s > 7, so 2\ — 37 — 3 > 0 and it follows that the first component of [ T3(vi)(z,t)dz is
strictly positive for all ¢ > 0. In fact, the first component of the map t — [ T3(vi)(x,t)dx is
strictly increasing and so the fist component of the limit limy_,o [ T3(v1)(z,t) dx is a strictly
positive real number.
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Summarizing, recalling also the discussion at the beginning of this section, we established
that if n > 0 is small enough and
—03E(x,1)
up(z) =n | 0102E(x,1)
0

then the solution of (1.1) starting from wug satisfies

—

Ae = lim [ w(x,t)dx # 0,

t—o00

as the first component of X is strictly positive.

6. RELAXING THE SMALLNESS ASSUMPTION

6.1. Global solutions with small data in Besov spaces. Inspired by T. Kato’s argu-
ments [10] for the classical Navier—Stokes equations, we introduce the following Banach space,
for n < p < 0o, where we are going to construct our solutions.

(6.1a)

X, = {u € C((0.00). /(") g, = supt/D 009 fu(t)], + supt! =@ Tu(t)], < +oc}

Notice that the X,-norm is left invariant by the natural rescaling u — uy = Au(Az, \%t). Eq: (1.1)
is itself left invariant by the above rescaling. If ug € L"™(R™), then the solution of the heat

equation e*®ug belongs to A&, for n < p < oo, and

le"uollx, < Cplluolln.

The solutions constructed in &}, will often have faster time decay as ¢ — oo than predicted
by the A},-norm. The following space will be useful to describe the decay properties of solutions
arising from integrable initial data. To this purpose, let us introduce, for 1 < ¢ < oo,

Yy = {u € C((0,,00), LIR™)): Jully, = sup(L +6)"/D0D u(t)]|,
t>0

6.2
(62) + sup t1/2(1 + ¢)/DA=VD |7y, < oo}
t>0

First of all, observe that, for n < p < oo, a tempered distribution in R™ ug belongs to the
Besov space B;é;r"/p if and only if t(1/2(=n/P)tAyy ¢ L°(RY, LP(R™)) and we have the norm
equivalence

(6.3) l[uoll 5-14n/p = sup tA/DA=/P) ||t gy,
pyoo t>0

See [4], [11]. The scaling of B, /v agrees with that of L™(R") and for n < p < oo we have
the inclusion L*(R™) C B,, /e,

Proposition 6.1.

(1) Letn < p < 2n and ug € BiHn/p be a divergence-free vector field. There exists n, > 0

such that if Huo|| g Lin/p < n then there is only one solution u¢ € X}, to the problem (1.1),
such that [|u®||x, < 217p Such solution u® belongs also to Xy, for p < q < oco. If, more

precisely, ug € L"(R™), then u® belongs also to X, for n < q < oo and in this case
u® € C([0,00), L™(R™)).



14 LORENZO BRANDOLESE

(2) Under the additional assumption ug € L'(R™), then, for all 1 < q < oo, u¢ € Y.

Remark 6.2. When vy € L™(R"™) with a small enough L™-norm, then Proposition 6.1 (1) does
apply. This follows from the fact the inclusion map L"(R™) C Bp_, o n/p , m < p < oo, is
continuous. Proposition 6.1, however allows to construct global solution for some initial data
with large L"(R™)-norm. Indeed, the smallness condition on the Besov norm B, 1P il be
fullfilled as soon as ug is fast oscillating. This idea of relaxing the smallness condition using

rough spaces goes back to [6].

Proof. The proof of the first part is conceptully close to that in [10] or [6], with slight changes in
the choice of the exponents of some relevant estimates. For this reason we will be rather sketchy,
omitting in particular to discuss the continuity in the time variable that is standard. The proof
consists in applying the standard fixed point argument in X}, to the integral equation (4.6).

If ug € B; é: n/p , then Vuy € Bp_, ﬁj n/p and therefore
(6.4) sup tlfn/(Qp)HVetAuOHp S lluoll g-14n/p-
t>0 p,00

As ug is divergence-free, M, (t)ug = e*®ug, as already observed in Eq. (4.4). Hence,
(6.5) [Me@)uollx, < Cplluoll y-r4nrm, 1 <p < o0

The estimates on the bilinear term rely on Young convolution inequality and the estimates,
valid for 1 < r < oo (see the discussion on M, at the end of Subsection 4),

(6.6)  Mc(t—s)[lr = (¢ =) 20 VMt = 8)|r = (¢ - s) 72RO,

More precisely, choosing r = p’ (the conjugate exponent of p), with n < p < 2n, we get
¢
1B (u, v)(£)[lp ~ / (t = )7 CPu(s) || Vols) |, ds < ¢~ /20w
0

and
t
IVB(u,v)(®)llp ~ / (t— )72 ED [u(s) ]| Vo) [lp ds S ¢~ 0P
0
Combining these two estimates we see that, for some constant C:; > 0 and all u,v:
(6.7) 1B(u,v)|lx, < Cyllullx,lvllx,,  n<p<2n.

Applying the fixed point lemma ([4, Lemma 5.5]), using estimates (6.5) and (6.7) yields the
existence and the unicity of the solution in the ball {u: [lullx, < 1/2(C,C})} of the space A,
provided ||u0HB;éo+n/p < 1/(4CyC,), and n < p < 2n.

Let us now pfove that such solution belongs to X, for alln < p < ¢ < oo (orn < ¢ < oo if
we assume ug € L"(R")). We write u® = M(t)up + B(u, u®) and separate the contributions of
the linear and the nonlinear terms.

First of all, by the semigroup properties of the heat kernel, |[M(t)uollx, < ||u0||B;ic+n/p.
Under the more stringent condition ug € L™(R™) the linear term satisfies also ||M(t)ug || x, S
|[uol|Ln(rn)- Let us prove that the nonlinear term B(u¢, u¢) belongs to &), N X (whether or not
ug € L™(R™)).

Applying twice (6.6) with r such that 1 +1/n=1/r + 2/p we get, for n < p < 2n:

| B, u) () + VB, u)(O)ln < 61, < lluoll 51000,
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and so
(65) [ R N2 P ey

It only remains to establish the L estimates for u¢ and Vu¢. The former is easy: apply-
ing (6.6) with r such that 1 = 1/r + 2/p, we get

2 Bu, u) (1) ]loo S lull,
implying
(6.9) 2| (#)lloo S ol g 1m/-
We perform the latter in two steps: first, applying (6.6) for all n < p < ¢ < p < oo, with
1+1/¢=1/r+1/p+1/n,
t
IVB(u, u)(t)llq < / (t = 5) 7 72 WPTVD [l (s) 5] Vs (s) |1
0
S ¢/ G0 ||UO||B—1+n/p>
p,00
where we used [[u(t)|/5 S 15_(1/2)(1_”/15)Hu0||E-;;(1gn/p7 that follows interpolating the two previous
estimates on [|u®(t)||, and ||u(t)||sc. Using the above with ¢ = 2n we get
IV ()20 S ¢ luoll -rinrs-
p,00

Next,

t/2
IVB(uf, u) ()]s S/O (t =) 2Pl (s) || Vuc]p ds

t
+ /t/Z(t =) u(8) ool Ve () 2 ds

,S t HUOHBE;}JMP-
We finally get ||[Vu(t)||eo < t*1||u0||3;éo+n/p. Summarizing, u¢ belongs to A, N X5 and by
interpolation for all p < ¢ < oo and n < p < 2n (with ¢ = n being allowed under the more
stringent assumption uy € L™(R")),

1, 5 ol -1

for all divergence-free distribution wug such that ||ug|| i < 1/(4C,Cy) = mp. This achieves
the proof of Part (1) of Proposition 6.1.

Let us now prove Part (2), of Proposition 6.1. We have now the additional assumption
up € L'(R™). More in general, we can prove that under the additional assumption ug € L"(R™),
with 1 < r < n, then the solution constructed in Part (1) satisfies the estimates

(14 t)W/2DW/r=1a)ye ¢ [2°((0, 00), LY(R™)) and

6.10
(6.10) t/2(1 4 )21y e L2°((0, 00), LY(R™)),

provided [[u| 5~14n/» < 7" and 7’ > 0 is small enough. Notice that, at least for 1 < r < n and
p,0o0

r < g < oo this type of estimates were proved in [10, Theorem 5] for the Navier—Stokes equations.
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Moreover, Kato’s recursive inequalities method provides the norm estimate, for 1 < r < n and
r <q<oo (and € =0, i.e. in the Navier-Stokes case),
(6.11) sup(1 + ) DE=VD ||y 4 12 (14 ) DOV S ol + 7'

t>1
In fact, for 1 <7 < n and r < g < oo Kato’s proof can be reproduced in our case (i.e. in the
case € > 0) in exactly the same way: indeed the linear L™ — L7 linear estimates for M(t)ugy agree
with the heat kernel estimates, and the nonlinearity in Eq. (4.7) has the same structure as in
the integral Navier—Stokes equations. For this reason we can skip the proof that (6.11) hold true
also for solutions of (4.6). What remains to be done, is to establish (6.10) in the limit case r =1
or ¢ = oo that were excluded in Kato’s approach. This is possible because, contrary to the case
of Navier—Stokes, we do not have to deal with the projection operator onto the divergence-free
vector field, that is unbounded in L' and L*. In other words, we take advantage of the fact
that the kernel of M,(t) belongs to L' N L>(R™). More precisely, using (6.6) with » = 1 and
applying (6.10) with » = 6/5 and ¢ = 2 we get:

t
[ (@)l < Clluollx +/ [ul2l[ VU2 ds < C,
0

t
IV (@)l < luollit—"2 +/ (t = 5) 72 o Vullz ds < CEH2.
0

This establishes (6.10) for r = 1 and ¢ = 1. Using the similar arguments one can easily establish
the validity of (6.10) for » = 1 and ¢ = co. By interpolation, these estimates are then valid for
r=1and 1 < ¢ < oo, hence Part (2) of Proposition 6.1 follows.

O

6.2. Application to weak solutions. The uniqueness of weak solutions for n = 2 for (1.1)
is due to R.Temam [16]. When n > 3, the uniqueness of weak solutions is not known. In this
case, the analogue of classical weak-strong uniqueness result established for the Navier—Stokes
equations, like that of Sohr and von Wahl [15] for (1.1) will be useful. We state this as a remark:

Remark 6.3. Let u¢ and v¢ be two weak solutions as defined in Section 7, satisfying the energy
inequality (3.1) (at least in its weak form, i.e. for s = 0) and let v¢ € C([0,T), L™(R")),
0 < T < oo. Then u¢ = v-.

Indeed, writing the equation for the difference w® = u€ — v¢, formally multiplying by w* using
the cancellation

/(uE -V)w® - w + % /(wE divu©) - w® =0,

one obtains from the constructions of the solutions that w® satisfies the inequality

1 t 1 t 1 t t
sl + [ [ voy w g [ ooy w2 [avef+ [ vusg <o
0 0 €Jo 0

But . , ,
//(w€ - Vo) - w + 1 // ve(divew®) - we| < C’// || Jwe| | Vw€|.
0 2.Jo 0

We can now forget about the term fot |divwe||3 and proceed as for the classical Navier—Stokes:
splitting v = v + 0¢ with v¢ small in the L*°((0,7"), L"™)-norm and o¢ € L*°((0,7), L>) and
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we can absorb the above term (see [11] for details of these estimates) and get |w®(t)||3 +
Cllo¢| se. fg lw(s)||2 < 0. As usual one concludes w® = 0 by Gronwall inequality.

7. PROOF OF THE MAIN RESULT

The proof of Theorem 3.1 relies on construction of weak solutions made in [14],[16], on Propo-
sition 6.1 and Theorem 2.1.

Proof of Theorem 3.1. Let 2 < n < 4 and consider a weak solution u¢ to (1.1) satisfying the
strong energy inequality (3.1), arising from the divergence-free vector field ug € L?(R™). Then,
for almost all ¢y, we have u¢(tg) € H'(R™) C L"(R"), and we can find to > 0 such that the energy
inequality (3.1) holds with s = tp and ||u(tg)|| satisfies the smallness assumption mentioned
in Remark 6.2. By this remark, there is a strong solution v¢ € C([tg, 00), L"(R™)). As observed
in Remark 6.3, u = v on [ty,0). So u¢ becomes a strong solution after some time, satisfying
for t > to the conditions of Part (1) of Proposition 6.1. But u¢ is also known to satisfy the
integral equation (4.6), just like weak solutions of the Navier—Stokes equations satisfying the
energy inequality do solve the corresponding integral equations (we refer to [7] for a proof this
clam in the more general setting of L2, -solutions). Then the bilinear term B(u, u)(t) in (4.6)
belongs to L'(R™). Of course, under the more stringent condition ug € L' N L%(R™) also the
linear term M,(t)ug in (4.6) belongs to L' (R™). Hence, when 2 < n < 4, under the assumptions
of Theorem 3.1, the weak solution considered above, after some time tg > 0, satisfies in fact also
the conditions of Part (2) of Proposition 6.1. Namely

[us (£)]|q < Cpt~(/DA=1/0),

7.1
(7.1) [Vl (t)]|, < thfl/%(n/?)(l*l/q),

t>t), 1<q<oo.

It follows from Schwarz inequality that |u¢||Vu¢| € L*(R™ x RT). In particular, we can define
(7.2) X = / /<u€ -Vu + %uediv(uﬁ)> dy ds.
0

Integrating with respect to the space variable equation (4.6) and recalling that [ M(t)uodz =
0 (see (4.15)), we deduce

¢
/ue(:n,t) dz = // <uE -Vu© + %u€div(u6)) dyds,
0

and so the limit limy o [uf(x,t) dz does exist. Then Xe is also given by

(7.3) Ae = lim [ u(x,t)dx.

t—+o00

This is in agreement with (3.2).

Consider again the integral formulation (4.6), and let us start with the study of the asymp-
totics of the linear part. As already observed, M(t) boils down to the standard heat kernel
when applied to divergence-free vector fields and [ ug = 0, by the divergence-free condition and
the integrability of ug. Hence,

M(tun(z) = eSun(w) = [ B~ y,t) = Blauo(y) dy.
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Then, as t — o0,

IMuo(a)ly < 6507 [IBC = 51 = B Dl luoly)] dy = oft507).

In the last equality we applied the continuity of the L-norm under translations (when 1 < ¢ <
00) or the uniform continuity of E(-,t) (when ¢ = oc), and the dominated convergence theorem
to prove that the last integral goes to zero as t — co. The nonlinear part in (4.6) can be written

as .
_ / / M@ — y,t — 8)f(y, s) dz ds,
0

where f(s) = u¢- Vuc + Sucdiv(ue).

Next step will consist in applying Theorem 2.1 with this choice of f and the kernel M = M..
Let us check the validity of the assumptions of our proposition. We already observed in Section 4
that M,(-,t) is in L*(R™). Moreover, applying the decay estimates (7.1) f € L}*(R™ x R*) and
t]|f(t)]l1 € L>®(RT). Furthermore combining estimates (7.1) with Holder inequality we get, for
1< B <o,

1F s = [us Ol V(B lag < Ct " 3575 = 0~ 30y a5t 5 4o,

Therefore, for all 1 < ¢ < oo, both Part (1) and Part (2) of Theorem 2.1 do apply.
Hence, recalling expression (7.2),

A
o(t )R with 1< ¢ < oo.

(7.4) Hq»(-,t) + M- )N

Combining the integral formula (4.6) with the above results we get the asymptotics

W)+ Mo DX || =o(t™2079), 1< q< oo

On the other hand, from (4.4).
M.(-,t)Xe = 2 Xc = E(-, t)Xe.

and we readily obtain profile (3.3). To deduce from (3.3) the upper and lower bounds (3.4) we
just write

[u (t)llq = 1B, t)Xellqt 2D 4ot /20710)  as ¢t — oo
and observe that there exist two constants ¢, ¢, > 0 such that, for all 1 < ¢ < oo,
x| 201 < HE(-,t)XEHq < N[ t/20-10),

Estimates (3.4) now follows.
The asymptotic profile (3.3) and its corollary (3.4) remain valid without restrictions on the
spatial dimension, provided ug € L' N L™(R™), with luoll ;5 yin/p small enough for some n <

p < 2n. Indeed, in this case we can directly apply Proposmon (6.1) and obtain the validity of
estimates (7.1) for all ¢ > 0 (in fact, u® N Y N Ve that provides a better control of u¢ near ¢t = 0
than (7.1)) and argue as above.

O
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Let us mention that in Theorem 3.1 it would be possible to replace the condition ug € L!(R™)
(that implies [ uy = 0 because ug is divergence-free) by a more general condition prescribing a
fast L9-decay of the linear part of the equation. For example, by the condition

. n/2)(1—1 tA
(7.5) N [ PR
Conclusions (3.3)-(3.4) would remain valid. However, formula (3.2) does require the spatial
integrability of the solution and cannot be used in these more general situations. In the absence
of the L' condition for ug, formula (7.2) can be used instead of (3.2) to define X,.

It could be also possible to replace the L'-condition on ug by a condition involving the decay
character of ug, namely, 7*(ug) > 0. The decay character is very useful to get sharp algebraic
decay estimates from below and above for (linear or nonlinear) dissipative systems. We do not
recall here the precise definition of decay character of an L? function: the original definition [5,13]
has been slightly changed and improved in [2], in order to make the theory more complete and
widely applicable. See also [8] for another very recent application of the decay character.

The case r*(ug) < 0 is also of interest, but this case corresponds to solutions such that the
linear part decays at slow rates in L?: as we pointed out in the introduction, in this case,
the analysis of [13] already provides a satisfactory answer to the large time decay problem for
equation (1.1).

The case 7*(ug) = 0 corresponds to a borderline situation: this condition ensures ¢t~"/* <
| P upll2 < /% for t > 1 (with ¢, ¢ > 0). As ug is divergence-free, condition 7*(ug) = 0 thus
excludes ug € L'(R") and excludes also (7.5) (but condition 7*(ug) = 0 is compatible, e.g., with
ug € Bz_ &/2(}1{")) In this sitation, if Xc = 0 then the nonlinear integral term decays faster to
zero than |e'®ugll2. So the linear part will govern the long time behavior of the solution. But
for A # 0, both the linear and nonlinear terms have the same decay rates. In this borderline
situation, solutions to (1.1) satisfy |Ju(t)||2 = O(t~"/*) but lower bounds for the L?*-decay of u
are no longer available.
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