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A SHORT PROOF OF THE LARGE TIME ENERGY GROWTH FOR
THE BOUSSINESQ SYSTEM

LORENZO BRANDOLESE AND CHARAFEDDINE MOUZOUNI

ABSTRACT. We give a direct proof of the fact that the LP-norms of global solutions
of the Boussinesq system in R® grow large as t — oo for 1 < p < 3 and decay to
zero for 3 < p < oo, providing exact estimates from below and above using a suitable
decomposition of the space-time space RT x R3. In particular, the kinetic energy blows
up as ||u(t)||? ~ ct'/? for large time. This constrasts with the case of the Navier-Stokes
equations.

1. INTRODUCTION

The incompressible Boussinesq system describes the dynamics of an incompressible fluid,
taking into account heat exchanges. In addition to the flow, the transport and diffusion of
temperature, we have also convection currents created by the vertical force of buoyancy.
The Boussinesq approximation consists in neglecting the variations of the density in the
continuity equation. Accordingly with this approximation, we also neglect the local heat
source due to the viscous dissipation. Taking all the physical constants equal to 1 we can
write the Boussinesq system in the following form,

00 +u-Vo =A0
o+ u-Vu+ Vp = Au + ey
V-u=0

uli=0 = uo, Oli=0 =6

reR3tER,.

(1.1)

Here u: R3 x RT — R3 is the velocity field and the scalar field §: R? x RT — R denotes
the temperature. The function p: R3 x RT — R is the Lagrange multiplier related to the
constraint of incompressibility, and is closely related to the pressure of the flow. Moreover,
es = (0,0,1) is a constant unit vertical vector.

In the particular case of incompressible Navier Stokes system (6 = 0), starting with T.
Kato [6] and M. E. Schonbek [13], many authors studied the decay problem of various
LP norms as t — 4o00. For example, it is known that if ||ug||3 is small enough and if
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2 LORENZO BRANDOLESE AND CHARAFEDDINE MOUZOUNI

[ |uo(z)](1 + |z])dz < co, then one has
u(t)||, < Ct=2T3/Cp), fort>0and 1 <p<oo

for the solutions of the Navier—Stokes equations. Asymptotic profiles like those constructed
in Y. Fujigaki and T. Miyakawa [4] prove the optimality of such decay rates. In particular
this shows that the kinetic energy vanishes when ¢ — oco.

The asymptotic behavior of the LP-norms for Boussinesq system was expected to be
similar to the particular case of the incompressible Navier Stokes system!. But the main
result in [2] put in evidence that this is true only if the initial temperature has zero mean:
indeed, if the data satisfies appropriate size and localization conditions then one has, for
t large enough,

(1.2) (14 1) V2320 < u(t)||, < C(1 + ) Y/2+3/2%p, for 1 < p < oo,

with ¢ > 0 if and only if [ 6 # 0. This proves in particular that ||u(t)||z2 ~ ct'/* if the con-
dition [ 6y # 0 is satisfied. The drawbacks of the approach of [2] are that the proof of (1.2)
is involved and the conditions on the data too restrictive. For example, the smallness as-
sumptions needed in [2] was of the form ess supgs|z| |uo(z)|+ ess supgs |z [3|00 ()| +[|60]|1 <
€. Moreover, the data were assumed to satisfy additional pointwise estimates. It does not
look natural to put such restrictive pointwise conditions for studying the long time be-
haviour of LP-norms. A similar remark could apply to the conditions proposed in [14],
where the results of [2] are extended to higher-order derivatives, but assuming the data in
the Schwartz class.

In this paper we aim to give a simpler and shorter proof for (1.2) by assuming much
weaker assumptions on the data and using the natural functional settings, inspired by
Kato’s classical work [6] for the incompressible Navier Stokes system. The subtle part will
be the proof of the lower bounds: the classical approach (see [4] and the references therein)
of writing an asymptotic profile for u putting in evidence the leading term as t — oo is not
applicable to our situation. Indeed, it turns out that, when [ 6y # 0, the linear and the
nonlinear terms behave at the same rates in LP. The main idea will be to split the analysis
into different regions of space-time: the size of the linear terms contributing to u will be
more important than the size of the nonlinear terms in some of these regions, namely, in
{(z,t): |x| > AV/t} provided A is large enough. A careful linear analysis will finally lead
to the lower bound in (1.2).

The use of Duoandikoetxea and Zuazua decompositions for distributions, and of variants
of Young-type estimates (useful for estimating convolution integrals outside balls of large
radii) are two original features of this paper. The crucial technical step is carried in
Proposition 3.3 and the main result is stated in Theorem 4.1.

ndeed, it was claimed in [5] that |u(t)]2 — oo for solutions of Boussinesq system. However, this
article contained an erratum that was pointed out in [2].
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2. THE BOUSSINESQ EQUATIONS

The integral formulation of the Boussinesq system (1.1) reads:

t
0(t) = ey — / et =IAY . (Bu)(s) ds
0

t t

u(t) = ePug — / e(t=9)ApPY . (u®u)(s)ds +/ e(t_s)AIP’G(s)eg ds.
0 0

V- Uug = 0

Here P denotes the projector on the space of divergence-free fields, which is also called
Leray’s projector. We will not discuss here the issue of the equivalence between the system
(2.1) and the original system (1.1). One could see [10, Theorems 1.1-1.2] for a discussion
of this issue in the particular case of incompressible Navier Stokes system. In all this paper
the Boussinesq system will be treated in the integral form above.

u
Let us write the unknown as v = 9>. It is convenient to rewrite the above integral

system in the following abstract form:
(2.2) v=a+B(v,v),

where B: E x E — FE is a bilinear operator in a suitable Banach space E, and a € F is
given in terms of the initial data. Here £ = X X Y where X denotes the Banach space of
the velocity and Y the Banach space of the temperature. We define X to be the space of
all C([0,00), L3) divergence-free vector fields u such that ||ul|x < oo, and Y the space of
all C ([0, 00), L!) functions such that |||y < co. Here,

(2.3) lullx = sup u(t)lls + sup VE[u(t)] o
t>0 t>0

(2.4) 1611y = sup [0() 11 + sup */(|6(2) |-
t>0 t>0

To write (2.1) in the form (2.2), replace the equation of 6 inside fg e(=9)APh(s5)es ds.
A simple computation transforms (2.1) into the equivalent system
(2.5)

t
0(t) = e —/ et =IAY . (Bu)(s) ds
0

t t
u(t) = ' [ug + tPbpes] — / =Bt — $)PV - (Bu)(s)ds e3 — / t=IAPY - (4 ® u)(s)ds
0 0
V- ug = 0

This system has clearly the form (2.2), with

et [ug + tPOyes]
(2.6) a= ( etAg, )

and
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Here, v = (Z), v = <g), and the three bilinear operators Bi: X x X — X, next
By: X XY — X and B3: X XY — Y, are defined by
t
(2.7a) By (u, ) = / I8PV - (4 ® @) (s)ds,
0
t
(2.7b) Bs(u,0) = (/ =92t — )PV - (ub)(s) ds) €s,
0
t
(2.7¢) By(u, 0) = / DY (4h)(s) ds.
0
We will make of use the following notations for the standard gaussian
o e~ lz?/(4t)
t(x) - (47Tt)3/2 .

The starting point of our analysis will be the following theorem:

Theorem 2.1.
(1) There exist two constants € > 0 and C > 0 such that if 0y € L*(R3), ug € L3(R?),
and

(2.8) [uollz + [l0ol[x <€,

then there exist a unique solution (u,0) € X XY of the integral system (2.1) such
that

lullx + 0]y < Ce.
(2) If 1 < p < 3 and under the additional conditions ug € LP and |Jug||3 < €, for some

0 < €p <€, then the solution constructed in the previous item satisfies

(2.9) sup(1 + )20 %) Ju(t)]], < .
t>0

113
If 3 < p < oo, then sup,q ¢z P)Hu(t)Hp < oo without any additional assumption
on up.

In this functional setting the proof becomes quite standard: the first conclusion of the
theorem relies on the following estimates, implying the continuity of the bilinear operator B
on the Banach space E.

Lemma 2.2. The following estimates hold for any u,@ € X and 0,0 € Y :
[B1(u, w)|lx < Cllull x| x,

(2.10) [ B2(u, 0)||x < Cllullx]|0]ly,
1B3(u, 0)[ly < Cllul|x[0]ly-

In particular, for all v,v € E, the following estimate holds:

(2.11) IB(v, V)l < Cllvizlvie.
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In fact, we will establish a slightly more general version of Lemma 2.2. For this, let
1 < p < 3 and let us define the following Banach space through the norm

11_3
(2.12) lullx, = llullx +sup(1 -+ 6207 fu(®)
Notice that X3 = X and for 1 < p < 3 the space X, is continuously embedded in X. Next
we set I, = X, x Y.
Lemma 2.3. The first two estimates in (2.10) can be generalized as follows:

[1B1(u, @)l x, < Cpllullx,[lafx,

(2.13) - - <p<3.
B2 (u,0)]|x, < Cpllullx, 10]ly,

In particular, we have the estimate

(2.14) IB(v,V)lle, < Gplvllg,lIvle, 1<p<3.

Proof. The first of estimate (2.10) is due to Kato, see, for example, [11]. The proof of the
second and of the third estimates are very similar and they are left to the reader. The
generalisation (2.13) of the above estimates is straightforward. The only thing that are
needed to establish all these estimates are the standard Hoélder and Young inequalities,
and the well known fact that the kernel F(x,t) of the operator e!*PV satisfies

(2.15) F(z,t) =t ?F(%,1), and  F(,1)eL'nL>

and that the kernel K (x,t) of the operator e!*P satisfies

(2.16) K(z,t) =tPK(Z,1),  and  K(,1) € peno LP(RY).

Indeed, we recall the well-known pointwise estimates for these kernels (see, e.g., [12])

(2.17) |F(z,1)] < O+ |z])~4, and  |K(x,1)| <C@1+ |z))73.

We need also the corresponding linear estimates:

Lemma 2.4. Let ug € L3(R3) and 6y € L'. Let a be defined as in (2.6). Then, for an
absolute constant ¢ > 0,

(2.18) lallz < e(lluollz + lI6oll1)-
Moreover, if 1 < p < 3 and we have also ug € LP(R?), then a € E,.

The conclusion of Lemma 2.4 follows immediately from the usual properties of the heat
kernel, and from the fact that P is a bounded operator in LP, for 1 < p < oo.

Proof of Theorem 2.1. Estimates (2.11)-(2.18) and the standard fixed point Lemma (see,
for example, [10]) imply Part 1 of the theorem. The solution is obtained as the limit in F
of the sequence (v,,) recursively defined by vo = a and v,,11 = a+ B(v,,v,), n € N.
Take now 1 < p < 3. Lemma 2.4, and estimate (2.14), imply that the sequence of
approximating solutions v,, remains bounded in E,, provided that ug € LP(R?), |luoll3 < €
and ¢, is small enough. But the balls {v € E,: |[v|g, < R} are closed subsets of £ (this
last claim follows from Fatou’s Lemma) and so the solution must belong to FE, This
establishes Part 2 of the theorem. g
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3. ANALYSIS OF THE SOLUTION IN THE REGION |z| > A/t

The basic Young LP — L? convolution estimates read

1 1 1
(3.1) If«gllp < Mfllrliglly, 142 =470 T<pgr<oo.

Here we are interested in the following variant of (3.1), that provides more information
about the behavior of f % g(x) as  — oo in the LP sense. Notice that estimate (3.2)
below boils down (excepted for the unimportant coefficient 2) to (3.1) in the particular
case R = 0.

Proposition 3.1. For R > 0, let Bg = {z € R3: |2| < R} and BS its complementary
in R3. Let also 1 < p,q,r,7,§ < oo, such that

1 1 1 1 1
14-—=-+-==-+-
p r q T (g
Then,
(32) 17 % allimcogy < 2(1 1y o lolla + 1l i) )-

Proof. We decompose f = leR/2 —i—le;%/2 and g = glpy , —i—ngfm, where 14 denotes the
indicator function of the set A. So f * g is naturally written as the sum of four terms. As
the support of (f]'BR/2) * (9133/2) is contained in Bg, its LP(B%)-norm is zero. Applying
the triangle inequality, next the classical Young inequality to the three other remaining

terms,
[|.f * QHLP(B@ < ”fHL"(B%/Q)(||9HL‘1(BR/2) + ||9||Lq(B}c%/2)) + HfoHQHL‘?(B%/Q)v
which is even slightly stronger than (3.2). g

Lemma 3.2. There ezist positive constants Cy, n and Ay such that, for all A > Ay,

: tA —nA?
< n
11H1+Sup e ‘90||L1(B;ﬁ) < Coe 16oll 1,

limsup [["®ug + ¢ "> Ploes| 55 ) < COA‘2<||UOH3 + Heo||1)
t—4o00 AVE

and
limsup Ve ug + t e Phoes| o) < Cod™(luolls + 160l )-

t—+o00

Proof. We claim that there exist two constants C,d > 0 such that

(3.3)
. tA —§A2 : tA —5A2
< <
lgsgflle OollLr(se ) = Ce™™ ol lgjgoplle uollLs(se ) < Ce™™ luolls,
d  lim HletPugll poo(ge ) < Ce4 .
an im sup Vel ol ez, ) < Cem* Jluolls

To see this, apply Proposition 3.1 with f = Gy, g = 0y, f = Gt, g = wg, and (p,r,7) =
(1,1,1), (p,r,7) = (3,1,1), (p,7,7) = (00, %, %) respectively. Then our claim follows by
the dominated convergence theorem.
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Next, recalling the scaling and decay properties of the kernel K(-,t) of the operator
etAP, (2.16)(2.17), we see that, for 1 < r < oo:

. . —3+3/r
[ K ( 7'5)HLT(BAﬂ) < C(AVH) .

application of Proposition 3.1 with f = K(-,t), g = 6y and (p,r,7) = (p,p,p), by the
dominated convergence theorem

limsupt%(l_?’/”)ﬂt etAPH[)eg”Lp(Bc ) S C||90”1A—3+3/P.

t——+o00 AViE

Taking here p = 3 and p = oo yields the assertion of the Lemma. U

Proposition 3.3. Let ug € L3(R3) be a divergence-free vector field, 6y € LY(R™), such
that

[uolls + [|6olln < €.
If € > 0 is small enough (€ may need to be smaller than the constant € in Theorem 2.1),
then there exist two constants Ag > 1 and k > 0 such that for all A > Ay the solution
(u, @) obtained in Theorem 2.1 satisfies

limsup |[|0() |1 ge ) < kAL,
msup 00135, <

(3.4) lim sup ||u(t) HL"’(B;\[) < KA72, and

t——o00 t

lim sup vVt |[|u(t)]] .00 ge < kA3,
i sup lu®) L (B ) <

Proof. Recalling the properties (2.15) and (2.17) of the kernel F(x,t) of the operator
e!APV, we obtain the two estimates:

(3.5a) |F(t—s)||, < C(t —s)72+3/Cn),
and

1/r
F(t—s (B¢ =(t—s 2+3/(2r) / F$,1 "dx

< CA_4+3/Tt_2+3/(2T).

(3.5b)

Consider the sequence of approximate solutions (uy,8,) (n > 1), where
up = ePug + tetAIPGOeg, 0, = etAHO
and
(3.6) Unt1 = U1 — Bi(un, upn) — Ba(up, 0y), On+1 = 01 — Bs(up, 0y).

By the usual fixed point argument the sequence, (uy,,8,) converges to the solution (u, )
obtained in Theorem 2.1 in the (X X Y')-norm. Moreover, there is an absolute constant
C > 0 such that, for all n > 1,

sup(Jun||x + [|0nlly) < Ce=¢,
n>1

and so, in particular, ||u|lx + ||0|ly < e.
We first need to prove that, for all n > 1 and some constant x, > 0, we have

: -1
(3.7a) I;Iil—igop H@n(t)Hﬂ(Biﬁ) < kAT,
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. i n e < Kp,AT?
(3.7b) limsup [lun(#)l| 355, ) < #nd
and
(3.7¢) lim sup v/||u, (t )HLOO(BC ) < kpA73.

t——+o0

Let us proceed by induction. For n =1, (3.7a)—(3.7c) hold true for Ay big enough because

of Lemma 3.2. Assume now (3.7a)—(3.7¢c) hold at the step n and let us prove their validity

at the step n + 1. Let t4 > 1 (with t4 possibly depending also on n) such that for all
t2>ta,

(3.8)

16n ()l ) < 26m AT Hlun (D)o, ) < 260 A7 and ViEJun (O], ) < 26n A7

By(un, 0,)(4t) = < /0 Yy /t:t>ﬁ(4t —8) # (unfy)(s) ds,
B (tn, 1) (4 (/tA /t ) (4 — 8) * (un @ up)(s) ds

Bo(tun, 0) (4¢) = < /0 "y /:t> (4t — ) F (4t — ) % (unfp)(s) ds

The reason for considering the time 4¢ instead of ¢ will be clear in (3.14) below. The kernel
F(x,t) of the operator /2V has similar properties as the kernel F(z,t) and satisfies

We now write

and

(3.9) F(x,t) = t_ZF(\i/ 1), and F(,1)eL'nL®
Moreover,
(3.10a) |F(t —s)|| < C(t —s)~2+3/C)
and
~ - 1/7“
e ¢ Pz, 1) da
(3.10b) FP) < 2> AvE/ Vs )

< CA~YHB/ry=2+3/(2r)

Only the three integrals f;f will play a role as t — oo. Indeed, for t > t4,

Moreover,

Vit

/O " (4t - 8) % (un © un) (5)

ta
<c /0 IF(4t — ) laallun(s)]13 ds
3

< C(4t —ta) tallun||% < Ce?(4t —ta) tta.

ta
<ovi / IF (4L — 5)|lsun(5)]2 ds
0

/0 " (At - 8) * (n © un) (5)

< OVt —t2) 73t Jun|| % < Ce2VE(E —ta) 3 2t 4.
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Taking the the limit as ¢ — 400 in the above expressions we get

(3.11)
ta ta
lim ‘ / F(4t—s)*(up®uy)(s)ds|| = lim \/ZE‘ F(4t—s)*(up,®@uy)(s)ds|| =0.
t—~+o00 0 3 t——+o00 0 00

In a similar way (using now ||0,,(s)||1 < € and, respectively, ||un(s)|ls < € or v/s||un(s)]lco <
g), we can prove that

(3.12)

ta ta
t Einoo‘ /0 (1t=3) (1t =s)s i) (5) | = T \/47‘ /0 (1t=3) (1t —8)safy) 5) | =0
Furthermore,

ta ta
/ F(4t — s) * (unby)(s)ds|| < / [ (4t — s)[|1[|un(s)]loo[|0n(s) 1 ds
0 0

1

4t
< Cszti/4/0 (4t — s)_1/2s_3/4 ds < C€2t3A/4t_1/4
Hence,
ta
3.13 li F(4t — nOn d =0.
(3.13) i | [ Pt =)« )05

Applying Proposition 3.1 with p = 3, r = 3/2 and 7 = 1, we get from (3.5a)—(3.5b) and
our inductive assumption

(3.14)
at
F(4t — s) * (up @ uyp)(s)
ta L3(BS, )
4t
< —2,-1 a-1/2 .
<C . [A 7 Jun(s)[3]lun(s)l3 + (48 = s) ”un(s)”L3(B%m)”un(s)”oo ds

at

< C'A_Q/ [t_152 + Kpe(dt — s)" V25712 ds
0

< CA (e + Kp).

In the same way, applying now Proposition 3.1 with p =3, r =3 and 7 = 3,

(3.15)
4t
/ (4t — $)F(4L — 5) * (unfn)(s)
ta L3(B164\/E)

4t
<C [A_Qt_3/2(4t = 8)[lun(s)lI3|0n(s)ll/2 + (4t — 8)_1/2||un(8)||L3(B;m)H9n(8)H3/z ds

ta 2
at
< C'A_Q/ [t_3/2(4t —5)s Y22 4 gpe(4t — s)_1/28_1/2] ds
1

< CA %e(e + Kn).
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Summarizing, recalling the relation between u,+1 and (uy,,0,), we proved so far that

A2 lim sup ||u t c = A%limsup ||u 4t c
- s (03, ) = A2 imasup i (40) o,

< Co(lluolls + 180]11) +2C=(e + n).

On the other hand, applying once more Proposition 3.1 with p = oo, r =3 and 7 = 6/5,
and our inductive assumption, we get from (3.5a)—(3.5b),

(3.17)
4t
\/ZE‘ / F(4t — s) * (up @ up)(s)
ta LOO(BZ\/E)

Jran(s) s ds

4t
< —3,-3/2 _ \-3/4 .
<OVt . {A 7 un(s)l3llun(s)lls + (48 = )7 lun(s)ll (BY )
4t
< CA_gﬁ/ [t_3/25_1/252 + kne(4t — s)_3/45_3/4} ds
1

< CA3e(e + k).

Moreover, applying now Proposition 3.1 with p = oo, r = co and 7 = 6,

(3.18)
4t
Nem / (4 — $)F (AL — 3) * (1,00 (5)
ta L= (B /z)

4t
<OVt [A_4t_2(4t = 8)[[un(s)llooll0n(s)ll1 + (4¢ — 5)_3/4HUTL(5)HL°°(BCA\/E)||9n(5)||6/5 ds
2

ta
at
< C’A_?’\/i/ [A_lt_2(4t —8)s V22 4 ppe(dt — s)_3/45_3/4} ds
1

< CA3e(e 4 Kn).
These estimates imply

A? liriliup \/iHunJrl(t)HLOO(BZ\/{) = A litrgiup \/@llunﬂ(‘lt)HLoo(B;m)
(3.19) > >

< Co(lluolls + Bolls) +2C=(e + 1),

Moreover, applying Proposition 3.1 with p =1, r = 1 and 7 = 1, we get from (3.10a)—
(3.10b) and our inductive assumption

(3.20)
4t

F(4t — s) * (unbn)(s)

ta

1 c
LB /z)

4t
<C [A_lt_l/z||un(8)||o0||9n(8)\|1 + (4t - 8)_1/2||9n(8)\|u(3§4m)Hun(S)Hoods

ta 2
at
<CA™! / [t_1/25_1/252 + Kne(dt — s)" V25712 ds
0

< CA e(e + kn).
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Hence, we get

Ahrﬁfup 101 Ly eze ) = Alifgfup 1O+ (40 L2 (Be )
(3.21) % 00
< CoJluolls + 160]11) +2Ce(e + in).

Combining (3.16)—(3.21), we deduce that (3.7b)—(3.7c) hold true at the step n + 1 with a
constant
Kngl < Co(Hltng + H90H1> + 20% + 2C¢ekn,

where C > 0 is an absolute constant. Our smallness assumption on the initial data ensures
2Ce < 1, so that one gets k£ = sup,, > kn < 00. We thus deduce from (3.7a)-(3.7c) that

lim sup ||0(¢ c < kKA
sup 000133, <

(3.22) limsup [[u(t)||z3(Be

) < kA2 and
t——+o0 AVE T

lim sup V|| u(t)|| 7.0/ ge < kA3,
t_>+oop lu(®)z (B ) =

4. LARGE TIME GROWTH OF LP-NORM, 1 <p <3

4.1. Statement of the main result. The goal of this section is to establish lower bound
estimates for ||u(t)||, that precisely agree with the corresponding upper bounds obtained
in Theorem 2.1 (see (2.9)). Namely, we establish the following.

Theorem 4.1. Let 1 < p < co. Let (u,8) be the solution constructed in Theorem 2.1.
We put the additional conditions on the data [ |z|?min{l,|0y(z)|?}dz < oo for some
1 <q<3/2 such that ¢ < p. When 1 < p < 3, we also assume uy € LP(R3). Then there
exist two constants ci,co > 0 and tog > 0 such that for all t > tg,

(4.1) er| [ fo] 73073 < Ju(t)] < ept 20D,

In particular, for 3 < p < oo, |[u(t)|, — 0. If otherwise 1 < p < 3 and [ 6y # 0, then
[u()]lp — +o00.

The subtle point in establishing the lower bounds is that all the terms contributing to
u(t), i.e., the three terms on the right hand side of the equality,

(4.2) u(t) = e®fug + tPbyes] — By (u, u) — Ba(u, 6),

individually have the same behavior ~ t=2(-3/p) a5 ¢t 400 in the LP-norm. The
strategy will consist in proving that these three terms cannot compensate each other. To
achieve this, we will compute their LP-norm in regions {z: |z| > A+/t}, finding a behavior
of the form C;(A) t=20-3/P) a5 ¢+ — 400 for each of them (7 = 1,2,3). But for large
enough A, the constant Cy(A) corresponding to the first term e*®[ug + tPpes] turns out
to be much larger than the corresponding constants C(A) and C3(A) of By(u,u) and
Bs(u, 8) respectively. This implies that u(¢) can be bounded from below in the LP-norm
on {z: |z| > AV/t}, and so in the LP(R™) norm as announced by (4.1).

The result of Theorem 4.1 is in agreement with that of [2], where estimates of the
form (4.1) were obtained under much more stringent conditions on the data (including
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pointwise decay assumptions on ug, #y and somewhat artificial smallness smallness condi-
tions on 6y and wuy, etc.).
The condition

/|xqmin{1, 100(2)]7} dr < o0

in Theorem 4.1 could be seen as a weaker integral version of the pointwise estimates in [2]
on data. We do not know if we can remove it.

4.2. [P-analysis of the bilinear terms in B e

Lemma 4.2. Let 1 < p < oo. Let (u,8) be the solution constructed in Proposition 3.3
and the second part of Theorem 2.1, under the usual smallness assumptions on ||ugl|s and
100]]1- If 1 < p < 3, we require the additional condition ug € LP(R™). There is Ag > 1
and C > 0 such that, for all A > Ay,

(43)  Timsupt2 07D (| By )0 o) + 1 Baw, 0)(0)| s, ) < CAHP.

t—+o0

Proof. Let t4 > 1 such that
(44)  fu®lzse, ) < 2kA™?  and \/iuu(t)HLoo(BZﬁ) <2kAT3, forallt>ty.
By interpolation, we have for all ¢t > t 4,
—343
Vr > 3, Hu(t)HLT(BZ\/z) < 2kA .

We have, by the application of Proposition 3.1, as t — 400 (we assume 3 < p < o0 in
the calculations below; if p = co the result remains true with slight changes in the choice
of the exponents in Proposition 3.1):

(4. 5)
(4)2" 2|1 By (u, W @Lr s )

13 4t 443 24+ 3 1
<cety / AT B (o) o)l + (3 = )72 ()|, luls) (s
ta 5 4t

4t
< Ct2(1_)/ A_4+3/pt_2+3/(2p)31/2 + (4t _ 8)—1/2A—6+3/p8—1+3/(2p) ds + 0(1)
0

< CA™H3P 4 o(1).
The same holds for 1 < p < 3,
(4. 6)
(46)20 72 By (u, W)@ r s, )

) ds + o(1)

-3 at 443, 924 3 _1
<o) [ AT s u(s) [ fu(s) |y + (48— ) 2 luls)llplluls)llLeae, ) ds +o(1)
SV

ta

< Ct2 / A~ 4+3/pt 2+3/(2p) 1/2 ( 8)71/2A73371+3/(2p) d8+0(1)
< CA™H3P 4 o(1).

Here, and below, the o(1) arise from the contribution of the integral fg“.
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Similarly, as t — 400,

(4.7)
1(1_5)
(48)>" # [ Ba(u, 0)(4) [ Lo (5e )

<ot [M s g 0
<Ct20 t vt "2 (4t — s)|lu(s)[l[10(s)]1
A

_ 3
T (4t — )7 u(s) | e,

2m)"0(5)"L1(B‘fAm) ds +o(1)

2
4t
< ct2=3) / AT/ 2H3/ () (g )72 4 (41 — )" I A~ 45712 45+ o(1)
0
< CA43/P L o).

Summing the two last estimates and taking the limsup,_, . leads to (4.3).

C

4.3. LP-analysis of the linear term in BA\/E .

Proposition 4.3. Let f € L'(R™). Then the function V(z) = —x fol f(%)% belongs to
L%OC(R") and the following identity holds in the distributional sense:

(4.8) f= ( / f)5 +divV,

where & denotes the Dirac mass at zero.

Remark 4.4. Proposition 4.3 should be compared with a result of J. Duoandikoetxea and
E. Zuazua [3], where such decomposition of f was established assuming f € L'(R") and
|z|f € LY(R™) for some 1 < g < n/(n—1). In this case, the authors observed the validity
of the estimate

(4.9) Vilg < Clllzlfllg,  1<g<n/(n-1),
where C' is a constant depending only on ¢ and n.

Estimate (4.9) readily follows applying Minkowski integral inequality to the L?-norm
in the definition of V. The restriction 1 < g < n/(n — 1) is needed for the convergence of
the L?-Bochner integral.

Proof. The fact that V € LL (R") follows from an elementary calculation: for R > 0,

loc

1
/‘|wmms// 2| (2)] dar A
|z|<R 0 J|z|<R/A

! R/lx|
:/M/o |9c||f(x)|d>\dx+/|x|ZR/0 || | f(z)| A\ da

< [15@)]da.
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Moreover, for any test function ¢ € D(R"),
([ 1) = [ 1ot - 0Nz = [ 1) [ Vo aras

1
://0 f(m//\)%x-Vgo(x)dx: (divV, ).

The decomposition (4.8) can be applied to 6y, and allows to obtain the following:

Lemma 4.5. If 0y € LY(R3), if V is associated to 0y as in Proposition 4.3 and K(-,t)
and F(-,t) denote respectively the kernels of e!*P and e!“Pdiv, then for all t > 0 the
convolution integral F(-,t) * V(z) = [ F(x — y,t)V(y)dy is well defined for a.e. x € R™
and defines a locally integrable function. Moreover, for j =1,2,3,

3
(4.10) [etAPQ(]eg]j = (/ 90>Kj73(',t) + ZFj’hﬁ’(.’t) * Vp,.
h=1

Proof. To establish that the convolution integral F'(-,¢) « V(x) defines a locally integrable
function for all ¢ > 0, by (2.15) and (2.17) it is sufficient to prove that, for all R > 0, the
integral meR [(1+ |z —y])™|V(y)|dy converges. Indeed,

%}qa/u*wx_yD_ﬂV@ﬂdydn

1
SC/ / / (1 + |2 = Ay) 1yl 0 (y)] dA dy da
lz|<R JJO

1 1
< CR? / / iyl 160(y)| dy dA + CR? / / A41y1 60(y)| dy dA
0 Jy|<2R/X 0 J|y|[>2R/X

2R/|y|
< CR? / ( / dA>|y 8(y)| dy + CR? / < / A4dA>|yr3|eo<y>|dy
0 l[y|>2R \JA>2R/|y|

< OR! / Bo(y)|dy + C B0(y)| dy < oo
ly|>2R

Owing to decomposition (4.8), [K (-, ) * Opes); = ([ 6o)(K;3(- 1)) * 6 + div[K;3(-, 1)) * V].
The conclusion of the lemma follows. O

Lemma 4.6. Let 1 < p < co. Assume that 6y € LY(R™) and [ |z|?|0p(z)|?dz < oo for
some 1 < q < 3/2, with ¢ < p. Let V be related to 0y as before. Then, for all A > 0 and
all t > 0, we have

(4.11) lim t2-VP PV, =0, 1<p< oo

t—o0

Proof. Recalling the estimate [ |V|7 < [ |z|?]6]?, valid for 1 < ¢ < 3/2 (see (4.9)), one

just needs to apply Young convolution inequality to deduce that, for 1 + % = % + %,

IE(t) % V], < CIF@)|r < Ot 2304570,

As 1 < g < 3/2, this implies the assertion of the Lemma. O
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Lemma 4.7. Let 1 < p < oo, The kernel K(-,t) of the operator e!*P. There exist two
positive constants ¢, Ag > 0 such that for all A > Ay,

301 —3+3
(4.12) BOD K@)l oer, ) > AP,

Proof. We know from [1] that the kernel K (-,¢) can be decomposed as K(z,t) = R(z) +
|#| =3 (2/+/t), where the components of &(z) are homogeneous function of degree —3
(given by second-order derivatives of the fundamental solution of the Laplacian in R?),
and lim, o ¥(x) = 0 (in fact ¥ decays to zero exponentially fast).

1K ®lla(s ﬂ‘(éck@+w*MWﬂﬁmf”
AVt

(/|x>1 R dm) ; - </m|>1 ‘ ’33\73\P(Ax)‘p dx) N

> J1—5(1=1/p) 4—=3+3/p

> ¢—2(1=1/p) 4=3+3/p

where ¢ > 0 if A is large enough, because of the decay of . O

Lemma 4.8. Let 1 < p < oo and ug € L3(R3). Assume also ug € LP(R3) if 1 < p < 3.
Then

Jim e uoll, =

Proof. If 1 < p < 3, the conclusion just follows from the inequality e uoll, < |luol|p-
If 3 < p < o0, this is well known: one approaches in the L3-norm, uy by a sequence of
functions in L' N L3, with L3 norm not exceeding ||ugl||3 and next applies the usual L3-LP
and L!-LP heat estimates. In fact, let 1 € L' N LP such that ||¢) — ugl|, < . Hence,

3 1 3
t27 % [l Pugll, < ¢27 e + 7|9,
which proves the claimed result. O

Proof of Theorem 4.1. By our assumptions, the data satisfy the additional conditions
J |z|7min{1, |0y(z)|?} dz < oo for some 1 < ¢ < 3/2 such that ¢ < p. Moreover, when
1 < p <3, u € LP(R?). The solution (u,), is such that sup,.q||0(t)|l1 < co and
10(t)]lcc — 0. In particular, after some time t; > 0, [|0(t)||; < 1 for all t > t,. By a
time-translation argument we can consider (u(t;),0(t;)) as our new initial datum. No-
tice that [ 6y = [ 6(ty) because the spatial mean of the temperature is preserved by the
Boussinesq flow. So, without loss of generality, we can work under the seemingly stronger
condition [ |2]?|6y|9(x) dz < co. This observation will be useful later on, when we will
apply Lemma 4.6, where such stronger condition was needed.
Let us apply Lemma 4.5 and write the velocity field as

u(t) = e'®[ug + tPbyes] — By (u, u) — Ba(u, )

(4.13) ( 90 FE() +tF(t) + V + e®ug — [Bi(u, u) + Ba(u, 0)],
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where the notations here are the same as before. Fix A > 0 large enough. Multiplying by

$2(1=3/ P) | taking the LP (B4 \/%)—norm and applying the triangle inequality, leads to

£ u(t)| o, )

1
> ¢2(73/0) 1| [y ¢ HK(t)HLP(B,CAﬁ) — [[B1(u, u)(t) + Ba(u, 9)(t)HL”(BZ\/z) +ol)

> | [ 0| AT3H3/P — CA=4H3/P 4 o(1)
> §|[ 6ol A73/P + o(1).

Here the o(1)-term (as ¢ — +o00) includes the contributions of two terms F'(¢) * V and
e'®ug, that can indeed be neglected accordingly to Lemma 4.6 and Lemma 4.8. Here we
applied also Lemma 4.2 and Lemma 4.7. From the above inequalities we deduce that, for
t > 0 large enough,

£30=3/0) |y (t) || 1o > EU 0| A=3+3/2,

The assertion of the theorem is now proved. Il

Remark 4.9. The result of the present paper seems to be quite specific of the fact that we
set the problem in the whole space. In bounded domains exponential decays are expected
due to Poincaré’s inequality. More interesting is the case of other unbounded domains:
in the half-space case with Dirichlet boundary conditions the energy does not grow large
anymore, but it decays to zero. See [8]. So the long time behavior of Boussinesq flows in
the half-space and in the whole space are completely different. From the physical point of
view, this different behavior seems to be related to the energy dissipation that occurs in
the boundary layer. Indeed, experimental analyses of energy spectra of viscous flows are
available and put in evidence that walls selectively damp out the higher frequencies: the
low-frequency content increases and the high-frequency content decreases as the boundary
layer is traversed from the freestream to the wall. See, e.g., [9]. In the case of the exterior
domain problem, the long time behavior of the energy is addressed in [7]: therein, the
decay of the energy is obtained under additional (non-generic) conditions on the temper-
ature; in the absence of such conditions energy growth is expected, because there is not
enough boundary to maintain the dissipation mechanisms, but this has not been rigorously
established yet.
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