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Abstract

In this paper we study a higher order viscous quasi-geostrophic type equation. This equation
was derived in [11] as the limit dynamics of a singularly perturbed Navier-Stokes-Korteweg
system with Coriolis force, when the Mach, Rossby and Weber numbers go to zero at the
same rate.

The scope of the present paper is twofold. First of all, we investigate well-posedness of such
a model on the whole space R?: we prove that it is well-posed in H® for any s > 3, globally in
time. Interestingly enough, we show that this equation owns two levels of energy estimates,
for which one gets existence and uniqueness of weak solutions with different regularities
(namely, H® and H* regularities); this fact can be viewed as a remainder of the so called
BD-entropy structure of the original system.

In the second part of the paper we investigate the long-time behaviour of these solutions.
We show that they converge to the solution of the corresponding linear parabolic type equa-
tion, with same initial datum and external force. Our proof is based on dispersive estimates
both for the solutions to the linear and non-linear problems.

2010 Mathematics Subject Classification: 35Q35 (primary); 35K25, 35B65, 35B40, 35Q86 (secondary).

Keywords: Quasi-geostrophic equation; energy estimates; BD-entropy structure; global well-posedness; long-

time behaviour; decay estimates.

1. Introduction

In this paper we are concerned with well-posedness and log-time dynamics issues for the non-linear

parabolic-type equation

8 (Id—A + A% r + VHId —A)r - VA% + pA2(Id-A)r = f,

where r and f are functions of (t,z) € Ry x R?. The parameter > 0 will be kept fixed throughout
all the paper; it can be interpreted as a sort of viscosity coefficient. We supplement equation with

the initial condition r;—y = 79, where r¢ is a suitably smooth function defined over R2.
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2 Francesco De Anna & Francesco Fanelli

1.1. Derivation of the model. Equation was derived in [11] as the equation describing the
limit dynamics, for € — 0, of the following singular perturbation problem:

Orpe +div (peus) = 0

(2) 1 1 1
O (peue) + div (pgue ® ug) + = VP(p:) + - €3 x peu, — vdiv (pEDuE) = peVAp. = 0.

The previous equations are posed on R?x ]0, 1] and supplemented by conplete slip boundary condi-
tions, which allow to avoid boundary layers effects.

System is the so-called Navier-Stokes-Korteweg system; it describes the dynamics of a compress-
ible viscous fluid, whose motion is mainly influenced by internal tension forces and Earth rotation.
Here above, at each value of ¢ fixed, the scalar function p. = p.(t,z) > 0 represents the density of the
fluid, u. = u.(t,x) € R? its velocity field and the function P(p.) its pressure. The number v > 0 is
the viscosity coefficient; the viscous stress tensor is supposed to depend on (and possibly degenerate
with) the density. Finally, the term p. VAp, is the capillarity tensor, which takes into account the
effects of a strong surface tension, while the term e3 x p. u. = p. (—ug7 ul, 0) is the Coriolis operator,
which takes into account effects due to the fast rotation of the ambient space. We refer e.g. to [5], [13]
and references therein for more details on the previous model.

The scaling introduced in corresponds to taking the Mach number Ma, the Rossby number Ro
and the Weber number We to be all proportional to the small parameter €. In turn, this means that we
are studying the incompressible, fast rotation and strong capillarity limits at the same time, focusing
our attention on their mutual interaction. See again [13] and the references therein for additional
comments about the adimensionalisation of the equations and for more insights on this scaling.

A similar asymptotic analysis was performed e.g. in [15] for the classical barotropic Navier-Stokes
equations (no capillarity forces were taken into account), and, for models much closer to (2)), in e.g. [4]
and [16]. Notice however that, in these last two references, the low Mach and low Rossby numbers
limit was coupled with a vanishing capillarity limit, which corresponds to take We of a smaller order
el= for some a €]0,1]: then the authors found that the limit dynamics was characterized by a
quasi-geostrophic equation

(3) O(r — Ar) + Vir . VAr + gAQT =0

over R?. We will say something more about this system in Subsection below. For the time being,
let us just mention that this equation is well-known in physical theories for geophysical flows (see
e.g. [22], [25]) as an approximate model when considering the limit of fast Earth rotation.

Let us comment on the fact that, although the original problem is three-dimensional, the limit
system , or its analogue in absence of capillarity effects, becomes 2-D. This issue is not surprising
at all, since it is an expression of the celebrated Taylor-Proudman theorem for geophysical flows (see
e.g. [22]). More precisely, it is well-known that fast rotation has a stabilizing effect on the fluid motion,
in the sense that it introduces some vertical rigidity: then, the dynamics tends to be purely horizontal,
meaning that it takes place on planes which are hortogonal to the rotation axis.

As a final comment, we want to highlight the strong analogy linking equations and : they
both share the same structure, although in we can notice the presence of higher order derivatives
and, more importantly, of the operator Id —A in some terms. We remark that, in light of the study
carried out in [11], the presence of higher order derivatives in (1)) has to be interpreted as a remainder
of the action of strong capillarity forces, which persist also after passing to the limit for ¢ — 0 in
. We then expect this equation to be somehow more pertinent in physical approximations when
describing non-homogeneous flows with strong internal tension forces, or whenever one wants to keep
track of potential energy due to steep changes of density in small regions (like in diffuse interface
theories and propagation of interfaces, for instance).

We also point out that the 9, term, appearing in both equations and (3), is a remainder of
the balance between pressure forces and Coriolis effects. Technically, it arises from the singular limit
problem, when using the mass equation to get rid of the singular behaviour of the rotation term.
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1.2. Related works, and content of the paper. To the best of our knowledge, the derivation
of given in [11] is completely new, and we are not aware of previous studies carried out on this
equation. As already pointed out, it is fair to mention that it shares strong similarities with the quasi-
geostrophic equation , which has been esxtensively studied so far, also from the mathematical point
of view. See e.g. books [18] and [19], and paper [20] for interesting recent advances. We remark here
also the analogy of our equation with equations for second-grade fluids, and especially with the so-
called Leray-a and Euler-a equations, which are often adopted as sub-grid scale models for turbulence.
We refer the interested reader to e.g. [14] and [6] and the references quoted therein.

However, it is important to highlight some apparently small differences which exist between equa-
tions and , and which make the analysis carried out in the present paper not to be an obvious
adaptation of what is known for the quasi-geostrophic equation. Apart from the higher order operators
involved in the former model, the probabily most relevant difference is represented by the appearing of
the operator Id —A: in particular, in we lose the stream-function relation linking, in the convective
term, the transport velocity field to the transported quantity. More precisely, if we set v := V17 in
, we notice that rotv = Ar, which is exactly the transported term; on the contrary, in , if we
set u := V1(Id —A), we get that rotu is different from both A%r and (Id —A + A?)r.

This fact slightly complicates the structure of our equation. As a matter of fact, as a consequence of
the presence of this operator Id —A, simple energy estimates do not work anymore: after multiplying
by r and integrating by parts, it seems impossible to get rid of a fourth-order derivative occurring
in the convective term, which cannot be absorbed since one disposes at most of three derivatives for
r (thanks to the smoothing effect provided by the viscosity term). We refer also to the beginning of
Subsection [3:2] for further comments about this point. This problem forces us to test the equation
rather against (Id —A)r: an easy inspection of the structure of the convective term shows that it thus
identically vanishes, and this is the key to get first-order energy estimates. The reason why they are
called “first-order” will be manifest in a while; for the time being, let us point out that, in this way,
one gets bounds for 7 in L (H?) N LZ(H*). For the reason expressed above, such a regularity seems
to be the minimal one which is required for bluiding up a theory of weak solutions for equation .
Indeed, thanks exactly to this energy estimate of first kind, we are able to prove existence of weak
solutions to , which are weak solutions & la Leray (see the masterwork [17] about the homogeneous
incompressible Navier-Stokes equations), since they possess finite energy. But this is not all: taking
advantage of the fact that the space dimension is d = 2, by the study of the associated parabolic
equation (which can be viewed as the analogue of the time-dependent Stokes problem in our context)
we are able to show that weak solutions are in fact unique, and that they actually verify an energy
equality.

Let us go further: after observing once again the particular form of the convective term, it is not
hard to convince oneself that this term identically vanishes also when tested against the quantity
Dr := (Id—A + A?)r. Therefore, if one multiply the equation by Dr, one finds a second energy
conservation, which gives propagation of L (H*) N L2.(H®) regularity (provided the initial datum
and the external force are smooth enough). This is a remarkable property of our system, which can
be viewed as a remainder of the BD-entropy structure owned by the primitive system , see e.g.
papers [4] and [5]. Furthermore, the previous cancellations in the convective term and the second-order
energy conservation prompt us to look also for propagation of intermediate and higher regularities,
and indeed we are able to prove existence and uniqueness of solutions at the H? level of regularity,
for any s > 3.

The proof of higher regularity energy estimates (namely, for s > 4) relies on a paralinearization
of the convective term and a special decomposition for treating it, which has already been used
in [9]: in particular, thanks to this approach we are able to reproduce the special cancellations in the
transport operator, up to some remainders; now, a careful analysis of these remainder terms allows us
to control them by the H?-energy of the solution r, so that one can conclude by an application of the
Gronwall lemma. On the contrary, propagation of intermediate regularities (namely for 3 < s < 4) is
surprisingly more involved, since now the special cancellations concern only the lower order item in
the convective term, and no more A%r, which hence needs to be controlled very carefully. This can
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be done by resorting once again to a paralinearization of the transport term and to delicate estimates
concerninig the commutators involved in the computations; eventually, we manage to bound all the
terms, and Gronwall lemma allows us to close the estimates as before.

The well-posedness having been established, globally in time, we pass to investigate the log-time
dynamics. Not too surprisingly, we show the convergence of solutions to to solutions of the related
linear parabolic equation with same bulk force and initial datum, namely

{at (Id—A+ A?)w + pA?(Id-A)w = f
’LU‘t:() = T0-

For proving this result, we follow an approach initiated in |23] for the Navier-Stokes equations (see
also [24] and [1]), and adapted in [§] for the classical quasi-geostrophic equation (roughly, the term
O¢r in is missing). In our case, some complications appear at the technical level: once again, they
come from the higher order differential operators involved in the computations, and by somehow the
non-homogeneity of the operator Id —A. The latter point entails the presence of remainder terms in
the estimates, which require some little effort to be absorbed; the former point is more deep, and we
are going to comment it in a while.

The approach we adopt is the following: first of all we establish decay properties for the solution
w of the linear equation. Even though the operator is parabolic, we have to notice that its symbol
(or better, the elliptic part of its symbol) vanishes at order 4 close to 0; so we expect to recover a
worst decay than for e.g. the classical heat equation. However, since we are interested in first-type
energy estimates, it is enough for us to bound the L° norm of higher order derivatives of w: this
is a key point, since for them we can establish a faster decay (namely, like t=1/2 rather than t=1/4).
Nonetheless, this decay reveals to be not enough for our scopes, so that we need to find dispersion
properties also for the solution r to the original equation : this can be done with some more work,
looking at both first- and second-type energy estimates. Finally, as a last step, we take advantage of
these properties to establish decay for the difference z := r — w in the H? norm.

1.3. Organization of the paper. Before going on, let us give an overview of the paper. In the next
section we present our main assumptions and state our main results. In Section [3] we discuss some
mathematical properties of equation : namely, we study in detail the non-linear term (transport
operator) and we present the basic energy estimates, of first and second type, as mentioned above.
Section |4]is devoted to the theory of weak solutions related to minimal (namely H?) regularity initial
data; in Section [§] we show propagation of higher regularities. Finally, in Section [6] we study the
long-time dynamics. We collect in Appendix [A] some tools from Littlewood-Paley theory which are
needed in the course of our study.

Acknowledgements. The work of the second author has been partially supported by the LABEX
MILYON (ANR-10-LABX-0070) of Université de Lyon, within the program “Investissement d’Avenir”
(ANR-11-IDEX-0007), and by the project BORDS, both operated by the French National Research
Agency (ANR).

2. Well-posedness results

In R, x R?, let us consider the scalar equation

" {at (Id—A+ A?)r + VEId-A)r - VA?r + p A?(Id=A)r = f

Tt=0 = To,

where 7 and f are functions of (¢,z) and rq is a function defined on the whole R?. The parameter
w > 0 is fixed, and it can be interpreted as a sort of viscosity coefficient.

We are interested in both weak and strong solutions theory for the previous equation. Let us start
by considering the former framework, and more precisely by giving the definition of weak solution
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which is relevant for us. We point out that our analysis relies basically on energy estimates, so that
we will look for weak solutions a la Leray.

Definition 2.1. Let rg belong to H*(R?) and f € L (R4; H2(R?)). Then r is a weak solution to

loc

equation on [0, T[ xR2, supplemented with initial datum ro and external force f, if
r e L>([0,T[; H*(R?)) N L*([0,T[; H*(R?))

and it solves the equation in the weak sense: for any ¢ € C§° ([O, T] XRQ) one has
T T
—/ / (Id—A + A%)r ¢ dzdt — / A% VEHId —A)r - Vodrdt +
0 JR2 0 JRr2

+u/OT/RZA(IdA)rA¢d:vdt = /O?f(t)a¢(t)>H—2><H2 dt + /R ((Ide)rqu - VATO'Vqﬁ)d:U,

where we have denoted by (-, ) gy—s« s the duality pair of H~% x H*, for any s > 0.
The solution is said to be global if the previous properties are satisfied for all fixed T > 0.

Remark 2.2. The requirement 79 € H?® may look to be “too much” for a weak solutions theory.
Nonetheless, this is somehow the natural regularity for the initial datum, because it is imposed by
the singular perturbation problem from which our model derives. In addition, it also seems to us the
minimal smoothness which is needed to get basic energy estimates (see also Subsectionbelow with
respect to this point).

We now state our first main result. It asserts the existence and uniqueness of weak solutions to
our system, for any given initial datum and external force.

Theorem 2.3. For all initial datum ro € H*(R?) and all external force f € L (Ry;H 2(R?)),
there exists a unique global in time weak solution r to equation , such that

r € C(Ry; H*(R?)) N Lis. (R HX(R?)) N LY, (Ry; HY(R?)) .

loc loc

Moreover, for any T > 0 fized, r satisfies the following energy equality, for all t € [0,T]:

Elr®)] + u/o (IAr(DIZz + 2V Ar(D)[Z + 1A% (7)]72) dr =

t
= elra] + [ () (1= D)r(r) 2
0
where, for all functions p € H®, we have defined E[¢] to be the quantity
Elel = (lellze + 2IVellzz + 2[A0l7: + IVAp|Z2)/2.

We postpone to Subsection (see Theorem therein) a similar statement, for slightly more
regular initial data and external forces. That statement corresponds to energy estimates of second
kind, as pointed out in the Introduction.

Let us now devote attention to more regular solutions, for which we are able to establish existence
and uniqueness, globally in time. More precisely, we have the following general statement.

Theorem 2.4. Let s > 0, and assume the initial datum ro to belong to H3*(R?) and the external
force f € L? (R+; Hsfz(RQ)) . Then system admits a unique global in time solution

loc

r € C(Ry; H*™*(R?) N Lis. (R H*T(R?)) N Li, (Ry; HTS(R?))

loc

Moreover, there exist two positive constants C1 and Co such that

K I C:
IOl + [ IVA20lrdr < (ol + 5 [ 15ar) e {2 F0 |
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is fulfilled for any time t € Ry, where we have defined the function

2
et (|lrolds + % fy 1F(7)I3 - dr) if 0<s<1
F(t) :== { p*t if s=1
t .
et (IIrols + & fy I (P13 o dr ) if s>1.

We postpone to Section [5] the precise statements, with the previse energy estimates, concerning
the various cases s = 1 (see Subsection , s > 1 (treated in Subsection [5.2) and 0 < s < 1 (see

Subsection .

3. Mathematical structure of the equation

In this section we show some mathematical properties of equation . The main goal is to establish
energy estimates for smooth solutions: this will be done in Subsection [3.2] It is interesting to notice
that we can identify two kinds of energy estimates: this fact seems to be a sort of remainder of the
BD entropy structure of the original Navier-Stokes-Korteweg system.

Energy estimates will be the key to the proof of our main theorems. However, first of all we need
to study the structure of the bilinear term: the next subsection is devoted to this.

3.1. Analysis of the bilinear term. We start by studying the bilinear term in , namely the
operator A formally defined by the formula

(5) Alp,¢) = div (VH(Id—A)p A%() .
We collect in the next statement some continuity properties and useful formulas related to it.

Lemma 3.1. The bilinear operator A, defined in above, acts continuously on the following spaces:

(a) from H® x H* into H-®*9), for all s > 0 arbitrarily small;
(b) from H?** x H* into H==%) for all 0 < s < 1;

(c) from H* x H* into H=("F%) | for all s > 0 arbitrarily small;
(d) for all s >0, from H**$ x H* into H 1.

Moreover, given s €]0,1], for any (p,¢) € H3** x H* and any ¢ € H?~*, one has the identity

<A(l77 C)a ¢>H*(2*S)><H2*S = - <A($7 C) ) (Id _A)p>H*(2*“)><H2*" )

where we have defined o =1 — s and 5 = (Id —=A)~'¢. The same formula holds true also for p € H*
and ¢ € H'*, for some s > 0 arbitrarily small, up to take the H= 49 x H'ts duality on the left-hand
side, and the H=(2=%) x H?>=° duality on the right-hand side.

In particular, for all tempered distributions p and ¢ in H*, one has (A(p,¢), Id —A)p)g—2xm2 = 0.

Proof. By density of C§° into H? for any o > 0, it is enough to prove the previous properties assuming
that all the functions involved in the computations are smooth.
First of all, by integrating by parts once, we have

(6) (A(p, Q) P-4 xpats = — . VH(Id—A)p - Vo A*(dx.

Then, by Holder inequality there exists a constant C' > 0 such that
(AP, Q) &) r-rorxmevz| < O ||VEAd=A)p|| 1, [[A%C| o 1V o -

Now, since s > 0 (and the space dimension d is equal to 2), the space H!** embeds continuously into
L>, so that |V e < C @] gste.

The other properties easily follow in an analogous way, by using, in estimating the integral in @,
the Sobolev embeddings H' < LP for all p € [2, +oo[ and H® < L7, where ¢ = 2/(1 — s), which hold
true in dimension d = 2 (see also Theorem 1.66 of [2]).
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As for the identity given in the statement of the lemma, by density again and continuity properties
of A established above, it is enough to work with smooth compactly supported functions.

First of all we observe that, for all g and h in C§°, one has Vtg-Vh = —Vg - V+h pointwise. In
addition, we remark that if ¢ € H?~*, then 5 € H*™* = H3*? by definition of ¢ = 1 — s, and if
p € H3TS then (Id—A)p € H'*s = H>7°.

When p € H* and ¢ € H'**, the proof is exactly identical, but one has to work in the right spaces
where the formula is continuous. O

The requirement ¢ € H* is somehow critical in the theory of weak solutions. However, if one
disposes of more regularity for ¢, some easy generalizations of the previous lemma can be obtained.
Here we limit ourselves to state the following properties.

Lemma 3.2. For all s > 0, A acts continuously from H* x H*T® into H~'. In particular, for any
p € H* and ¢ € H®, one has the equality

(A(p, Q) s A2 -1y = 0.

Proof. First of all, let us take ¢ = 2/(1 — s) and p > 2 such that 1/¢ + 1/p = 1/2. Hence, making
use of Sobolev embeddings, we can estimate

(AP0 | < C VA=Al A%, (1962
C [V 1d=2)pll s [[A%] e 1V o -

The equality (A(p,¢), A%2C) -1 = 0 can be obtained arguing once again by density. First of
all, for smooth functions we have the identity

VAN VAN

(A(p, ), A% -1y = — | VEId=A)p- VA% A%Cdx;
R2
now, since VA2( A%2¢ = V (|A2z|2/2), integrating by parts with respect to the V+ operator gives us
0. One then concludes the proof by noticing that both sides of the final expression are continuous on
H* x H°. O

Remark 3.3. By Bony’s paraproduct decomposition and Proposition it is possible to see
that the statement of Lemma [3.1] is not optimal. For instance, using also the fact that the space
dimension is d = 2, one has that A maps continuously H* x H*** into H* '~ for any 6 > 0
arbitrarily small when 0 < s < 1, into H~° for all § > 0 when s = 1, and into L? when s > 1. In
particular, for all ¢ € H*** with s > 1/2, it makes sense to apply A(p,() to A2(, obtaining that
(A(p,C), A%C) p—(a—1-8) gr1-s+s = 0 (where § > 0 is fixed small enough).

We preferred to keep the previous statement for simplicity of exposition, since this version is enough
for our scopes.

Remark 3.4. We also point out that, whenever we take (p,¢) € H* x H'** or (p,¢) € H**s x H!,
for some s > 0, we have the identity

RQ

where the symbol (-, -) denotes the suitable duality pair, respectively in the spaces H —(4s)  Hlts
and H~ ' x H'.
Indeed, working first with C3° functions, several integrations by parts lead us to

(Mp,p), ) = — | VIId=A)p Vo A’pda = —/ div (VH(Id—A)p¢) A’pdx
R2 R2

= /VL(Id—A)p-vNMs dr = / VAId-A)p -V (Id—A + A?)p ¢ dz
R2 R2

f/ ViId-A)p - Vo (Id—A+ A?)pdz,
R2
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where, in the last equality of the second line, we have used that Vg x V1+g = 0 pointwise, for all
smooth g.

The analysis of the bilinear operator will be of fundamental importance in the theory weak solu-
tions with minimal regularity, as well as in the propagation of higher smoothness, for which we refer
respectively to Sections [4] and

3.2. Basic energy estimates. In the present subsection, we want to keep studying the structure of
our equation, by establishing (formal) energy estimates for smooth enough solutions. As announced
above, it is interesting to notice that we can identify two levels energy conservation laws, which
correspond to different levels of regularity of solutions.

Energy estimates of the first kind involve the quantity (Id —A)r: this seems to us the minimal
kind of regularity which can be derived. Indeed we are not able to deduce anything from testing the
equation just on r: this fact may seem surprising, but actually it is quite natural if one looks at the
transport term. As a matter of fact, taking the L? scalar product of the bilinear term with r and
integrating by parts, it is impossible to get rid of a fourth-order term; but the viscosity term gives
a control on the derivatives of r up to the third order, so that the bilinear term seems to be out of
control at this stage. See also relation below about this point. On the other hand, testing the
bilinear operator on —Ar will allow us to erase this bad term (keep in mind also Lemma [3.1]).

In the end, we obtain the following statement.

Proposition 3.5. Let us fix an ro € H3(R?) and a forcing term f € LE (Ry; H 2(R?)). Let r be a

loc
smooth solution of equation with external force f and initial datum 7.

Then, there exists a constant C' > 0 such that, for any time t > 0 fized, one has the estimate

t
Ir@®lZ2 + IVr®lZ: + 1Ar@)lI7: + IVAr@#)]7. + M/O |Ar(7)|[72 dr <

1 t
< Ce! (IToiz + Vol + Aol + [VAT[Z + ;/ £ ()17 dT) :
0

Proof. The proof is carried out in two steps: the former consists testing the equation on r, while in
the latter we test it on —Ar; finally, it is just a matter of summing up the two expressions.
Let us start by taking the L? scalar product of equation by r: easy computations lead us to

1d 2 2 2

- /VL(Id—A)T-V’F A’rdz + u/ (AP + [VAr|?) daz = (f,7)g-2xme -

Now, we take the L? scalar product of the equation by —Ar: this time we get
1d

®) 55 [ (VP +Ar + [VAr[?) de +
+ /VL(Id—A)r -VAr A%rdr + ,u/ (IVAr|* + [A%r?) do = (f,—Ar)g-2yp2 .

Summing up and and integrating in time, we find the equality
lr@®12 + 2[Vr@)lz: + 2[|Ar@)|I72 + [VAr(t)]Z2 +

t
ey / (A2 + 2 VAHD) 22 + | A2r(7)|2,) dr =

t
= |rolli> + 2 VrollZ> + 2| Aro|[Z2 + [IVATO[Z> + 2/ (f(r), [ =A)r(7)) g-2x 2 dT .
0

for all t > 0, owing to the fact that [ V+(Id —A)r-V(Id —A)r A?r = 0. For simplicity, let us introduce
the notation
X(t) = llr@®lze + IVrlze + [Ar@)l7 + IVAr@)lIZ2
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and let us set Xy to be the same quantity computed on the initial datum.
Now we estimate the forcing term in the following way:

[(fMd=D)r)g—2xm| < |[fllg-2 [(Id=A)r| g
< Clflla== (Irllze +IV7llce + A7) L2 + VAPl 2 + |A%r 2)

and an application of Young inequality immediately gives us

9 X+ u/o (IAr(D)lIZz + IVAr(7)[[72 + |A*r(T)][Z2) d7 <

C t t
< Xo + ;/0 1F ()2 dr + ﬂ/o (Ir(MlZ2 + 1IVr(n)z2) dr .
At this point, Gronwall lemma allows us to obtain the claimed estimate. O

Remark 3.6. We point out here that having additional regularity in space on f, like e.g. f €

L2 (Ry; L?), does not help to improve the estimates. Indeed, the presence of the lower order term

forces us to apply Gronwall’s inequality, and this produces an exponential growth in time of the norm
of the solution.

On the other hand, we have to notice that, whenever f = 0, the estimates simply reduce to
X(t) + p HAZTHi?(HQ) < C Xy, where X (t) and X are the quantities introduced in the proof of the

previous proposition. See also Lemma [6.9] below for a similar estimate in the case when f # 0.

This having been established, let us derive higher regularity estimates, under suitable assumptions
on the initial datum and the external force.

Proposition 3.7. Suppose now that ro € H*(R?) and f € L? (R+;H*1(R2)), Let v be a smooth

loc
solution of equation with external force f and initial datum rg.

Then, there exists a constant C' > 0 such that, for any time t > 0 fized, one has the estimate
t
lr@)Z2 + IVr@lz: + [Ar@®)]Z: + [VAr@)[7. + [[A*r(0)]72 + M/ [VA?r(r)|[Z2 dr <
0
1 t
< Cett <|r0§2 + [ Vrollzz + ArolZe + [IVAT0[Z2 + [[A%ro|Z2 + ;/ (- dT) ~
0

Proof. We start by multiplying equation by A%r. We notice that, in light of Lemma above,
the transport term identically vanishes. So, straightforward computations give us the equality

1d

10 - —
(10) 2 dt

The control of the forcing term can be performed similarly as before: we have

[ A ) v | < =2 [|8% ]| g < Cllf -2 (1A% L2 + VA% 2) -

Applying Young inequality to the previous relation, inserting the result in and integrating in
time, we finally find

(A7 + [VAr|? + |A%r]?) do + u/ (|A%r + VA% ) do = (f,A%r) g1 -

t 1 t
) Y@t / (182 (7)|22 + [VA2r(r)|2:) dr < © (YO +1 / £ s dT) 7
where we have defined
(12) Y() = A2 + [VAF®)]2 + A% (0)]2,

and Y to be the same quantity, when computed on the initial datum r.
At this point, we sum inequality to the one found in Proposition Noticing that e#! > 1
for all £ > 0, and that H~! < H~2, it is easy to get the desired estimate. O
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Remark 3.8. When f is globally integrable in time, i.e. f € L? (R+; Hil(Rz)) , one gets the better
. 2

estimate Y (t) + HAQTHLf(Hl) < K (Yo+ ||f||if(H71))'
In particular, whenever f = 0, one has no more the exponential growth of the Sobolev norms in the

estimates of both Propositions [3.5 and and the regularity in time (see the statement of Theorem
2.3) becomes global. We refer again to Lemma below for further results in this spirit.

We postpone to Section[5] the proof of both intermediate and higher order energy estimates, because
they are based on a different technique (namely, a paralinearization of the equation and on a broad
use of paradifferential calculus).

4. Weak solutions theory

This section is devoted to the proof of Theorem Namely, in a first time we will establish
existence of global in time weak solutions to equation having minimal regularity. Then, we will
derive their uniqueness by studying a higher order parabolic equation, which can be viewed as the
analogue of the time-dependent Stokes problem in our context. Besides, this analysis will allow us to
recover the energy equality.

In fact, our system shares a lot of similarities with the homogeneous incompressible Navier-Stokes
equations; hence, in this section we mainly resort to arguments which are typical for dealing with that
problem (we refer e.g. to Chapters 2 and 3 of [7]).

4.1. Global in time existence. We start by treating the existence issue. First of all, let us define
the Fourier multipliers a(¢) = (1+ |2 + [£]*) and d(&) = a~1(¢); let respectively A and D be the
related pseudo-differential operators, defined by the formula

(13)  Ag = FZH(L+ > +1€11)4(6)) and Dg == FH A+ ¢+ €)™ 9(9)

for any g € S(R?), where S denotes the Schwartz class and .# the Fourier transform in the space
variables. Straightforward computations show that A and D are continuous operator respectivly from
H*%* to H® and from H*® to H***, for any real s (see also Proposition 2.78 of [2]), and each of them
is the inverse operator of the other.

Applying operator D to system , we can recast it in the following form:
” {&r + DA(r,7) + pDA2(Id—A)r = Df

T|t:0 = T0.

Our next goal is to contstruct smooth approximate solutions to system 7 and then prove that
they converge to a weak solution of the original equation .

4.1.1. Construction of approzimate solutions and uniform bounds. Denoting by 1 4 the characteristic
function of a set A, for any n we introduce the regularizing operator 7,, by the formula

Ing = T (Lgep<ny (€) 9(6)) ,
which localizes the Fourier transform of g in the ball Bg(O,nl/ 2). Correspondingly, we define the

space L2 := J,L?% remark that, for any n > 1, functions in L? are actually smooth, since they have
compact spectrum, and more precisely the embedding L2 C H?® holds for all s € R. We also set
rg = JnTo and (@) = Tuf(t).

Notice that, for all time 7' > 0 fixed, we have the inequalities ||7|| ;5 < C'||ro|| s and Hf”||LgF(H,2) <

C ||fHL2T(H_2), together with the convergence properties
(15)  lm g~ rolls = 0 and i 1 Fla e = 0.

The former limit can be easily proved by using dyadic characterization of Sobolev spaces (see e.g.
Lemma in the Appendix); for the latter, one has also to apply Lebesgue dominated convergence
theorem in order to deal with the time integral.
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Now, we consider the approximate system

16) {&r + JuDA(r,7) + p T, DA2(Id—A)r = Df™

r|t:0 = T(T)L7
for which we can show existence of global in time smooth solutions.

Proposition 4.1. For all n > 1 fixed, system admits a unique classical solution r™, which is
globally defined in time and which fulfills

r'" e Li)c?c(RJr;HS(RQ)) N LIQOC(R+;H4(R2)) .

Moreover for all T > 0, there exists a positive constant Cp, possibly depending on T but not on n,
such that

I lee sy + Iz sy < Cr (rolls + g ) -
Proof. To begin with, let us define the functional £,, by the formula
L,(g) == —TnD(VEHId —A)g - VA%g) — pDA*(Id —A)Tng.

Observe that, using the embeddings L2 C H* for all s € R to control the bilinear term, one easily
deduces that £,, is an endomorphism of the space L?; more precisely, there exists a constant C,, such
that, for any function g € L2,

1L ()2 < Crllgllze -
Next, we rewrite system as an ODE in the closed subspace L2:
(17) Or = Ln(r) + Df", with Tlt=0 = Tq -

Then, Cauchy-Lipschitz theorem yields the existence of a unique maximal solution ™ which belongs
to C'([0,T,[; L2), for some positive time 7}, (notice that, actually, r™ is C> in time).

Next, we observe that, from equation , Lemma and the continuity of D as an operator from
H* to H*1t*, we infer the estimate

10" Oz < € (IOl + 7l @l + 77 1 @72)

From this inequality we deduce that, if |7 (¢)||, > is bounded on some interval [0, T[, then ||0yr™(t)|| ;2
remains bounded too. Therefore, by Cauchy criterion, the solution can be extended beyond 7. This
immediately implies that T}, = 400 for all n, provided we show a uniform bound on ||7"(t)]| .

Hence, our next goal is to get estimates on 7", uniformly in n € N. Recall that ™ is a classical
solution of : then, applying operator A to the equation, where A has been defined in above,
we see that 7™ satisfies

(18) O (Id —A + A?)r™ + T, A(r™,r™) + p T A2(Id —A)r™ = fm.

Now, we multiply both the left and right-hand side by (Id —A)r™ and we integrate over R2. Notice
that J,, is a self-adjoint operator on L2, J?2 = J, and J,r" = r™; then, the bilinear term iden-
tically vanishes, thanks to the last property of Lemma [3.1] Therefore, the same computations as in
Proposition [3.5] entail

(02 + p / | AP (7)|[22 dr < C b (nro@[s + e / T dT) ,

for some constant C' > 0 not depending on n > 1. This estimate, together with the properties of the
appoximate families (r(’})n and ( f")n, immediately implies that, for all T > 0 fixed, there exists a
constant Cy > 0 such that

T
n n 2
sup (s + 4 [ I dt < Cr (Irols + 1133 -
te[0,7] 0

The proposition is hence completely proved. O



12 Francesco De Anna & Francesco Fanelli

As a consequence of the previous proposition, up to the extraction of a subsequence, we gather the
existence of a function

*

(19) r € LY (Ry; HA(R?)) n LY (Ry; H*(R?)) such that Sy

loc

in the previous space, where the symbol — denotes the convergence in the weak-* topology.

4.1.2. Compactness and convergence. The previous convergence property is not enough to pass to the
limit in the weak formulation of equation , the problem relying of course in the convergence of the
non-linear term. Therefore, we need to derive compactness properties for the family of approximate
solutions (r")n: this is our next goal.

Lemma 4.2. The family of smooth solutions (r”)n, constructed in the previous paragraph, is compact
in the space L, (Hﬁ’)C (RZ)) for all time T > 0 fized. In particular, up to a further extraction, r™ strongly

converges to r in the previous space.

Proof. We start by considering equation . Since (r")n C LZ(H") by Proposition we get, for
some C' > 0 independent of n, the bound

DA (1d =) T 12 2y < C-

On the other hand, combining the previous property with the fact that (r")n is uniformly bounded
also in L5°(H?), by Lemma [3.1| we deduce that

||jn75A(Tnvrn)HL2T(H27s) < C;

where s > 0 is arbitrarily small and the estimate is still uniform with respect to n > 1.

These inequalities together with equation imply that the sequence (8,57”") ,, 1s uniformly bounded
in L7.(H?*), and then it follows that (") = is uniformly bounded in coM?(H29).

Hence, by Ascoli-Arzela and Rellich-Kondrachov theorems we gather that (r”)n is compactly in-

cluded in e.g. the space LY¥(HZ.), for all 2 — s < a < 3. Therefore, up to passing to a suitable
subsequence, we can assume the strong convergence

n

" —r in L%O(HIQOC)

Finally, combining this fact with the uniform boundedness (r")n C L2(H*) again gives us the strong
convergence in L2.(H{ ), as claimed. O

Thanks to the previous result, we can now pass to the limit in the weak formulation of equation
, and prove that r is a weak solution to the original system . This concludes the proof of the
existence part of Theorem [2.3]

Proposition 4.3. The limit-point v of the sequence (r")n, identified in above, solves equation
in the weak sense. Moreover, it verifies the energy inequality stated in Proposition .

Proof. Let us write down the weak formulation of : for ¢ € Cg° ([O, T] XR2), we have
T T
—/ / (Id—A + A*)r™ 9y — / / A% VEId =A™ - VT ¢ +
0 JR2 0 JR2

T T
+u/0 . A(Id =A™ T Ap = /O<f”(t),¢(t)>H_sz2 + /R ((Id —A)yrp — VATS"W).

Thanks to the weak convergence properties of 7 and the strong convergence properties of the ap-
proximate initial data, it is easy to pass to the limit in the ;¢ terms and on the right-hand side of
the previous equality.
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As for the “viscosity” and transport terms, first of all we notice that, by Lemma 2.4 of [7], the
strong convergence J,¢ — ¢ holds true in C([O, TY; HS) for all s > 0. So, taking e.g. s =0 and using
the uniform boundedness of (A(Id —A)r")n in L2,(L?) we immediately get

T T T
lim / A(Id-A)r" J,A¢ = lim / / A(Id—A)r" Ag = / A(Id—-A)rA¢.
0 JR2 0 JR2 0 JR?

n—-+4oo n—-+oo

Moreover, picking some s > 1 and taking advantage of the uniform boundedness of the family
(A%rm VE(Id —A)r™) ine.g. L3 (L'), we have

T T
lim // A% VEId -A)r" - V¢ =  lim // A% VEId—A)r" -V,
0 JR2 0 JRr2

n—-+oo n—-+4oo

so that we reduce our convergence problem to study the limit of the term on the right-hand side of
the previous equality. Now, for this term we can use the weak convergence A?r™ — A?r in L2.(L?)
and the strong convergence (recall Lemma [4.2] above) of V4 (Id —A)r™ to V- (Id —A)r in L3(L?): we
finally obtain

T T
lim / A% VEHId -A)r" - Ve = / A?r VHId-A)r -V,
0 JR2 0 JR2

n—-+oo

and this completes the proof that r is indeed a weak solution of equation .
The proof of the energy inequality directly follows from the weak convergence properties (r”)n to
r combined with Fatou’s lemma, and the strong convergence properties . O

To complete this part, we want to establish continuity properties of the solution in time. This
analysis will justify also in which sense the initial datum is taken at ¢ = 0.

Proposition 4.4. Let r be a weak solution to equation related to the initial datum ro € H®
and to the external force f € L2 (Ry;H %(R?)), which moreover satisfies the energy inequality of
Proposition [3.5

Then (Id—A + A?)r € C(Ry; H2(R?)).

We start by proving a preliminary lemma, which will be fundamental also in the proof of uniqueness
of weak solutions, carried out in Subsection [£.2]

Lemma 4.5. Under the hypotheses of Proposition we have, for all time T > 0,
A(r,r) € LY3([0,T); H-3/2(R?)) .

Proof of Lemma[[.5, By definition, we have A(r,r) = div (V*(Id—A)r A%r), with V*(Id—A)r €
L (L) N LA (HY) and A?r € L2.(L?) thanks to the energy inequality.

By interpolation and Gagliardo-Nirenberg inequality (see Corollary 1.2 of [7]), we deduce that
V4 (Id —A)r belongs to L4.(L*), and hence V*+(Id —A)r A%r € L;{/S(L‘l/?’). At this point, Sobolev
embeddings imply that L*/3 < H~'/2 and this property concludes the proof of the Lemma. O

We are now in the position of proving Proposition [£.4]

Proof of Proposition[{.4} Since r is a weak solution to equation , we know that
OH(Id—A+ A?)r = f + pA?(Id—A)r — A(r,7)

in the sense of distributions. By hypothesis, f € L2(H2), while the viscosity term belongs to the
same space in view of (19). Moreover, thanks to Lemma we get A(r,r) € LL;/B (H=2).

As a consequence, keeping in mind that ro € H3, we deduce that (Id —A + A%)r € C%’I/ZL(H’Q),
which in particular implies the claim of the proposition. 0
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4.2. Uniqueness of weak solutions. The present subsection is devoted to the proof of uniqueness
of weak solutions to our equation.

Rather than proving directly stability estimates, in a first time we focus on the study of a higher
order parabolic equation related to our problem, which can be viewed as a sort of generalization of
the time-dependent Stokes equation in our context. In passing, this analysis will allow us to improve
time regularity of solutions, and to justify the energy equality in Theorem [2.3]

After that, we will come back to the problem of uniqueness of weak solutions for . The previous
part will be fundamental in the proof of uniqueness, since we will exploit the underlying parabolic
structure of our equation.

4.2.1. A higher order parabolic equation. The scope of the present paragraph is to study existence
and uniqueness of weak solutions to the following higher order parabolic-type equation:

9y (Id—A + A? A2(Id —A)w =
(20) {(Id + A w + pAX(Id-A)w = f + g

w|t:0 = W -

The weak formulation of is the same as the one given in Deﬁnitionaubove7 with the appropriate
modifications in order to treat also the g term and to erase the bilinear term.

We notice that, the non-linear term having disappeared, this equation has “basic” energy estimates.
Namely we can obtain a priori bounds by multiplying this equation just by w, and then we can build
up a theory of weak solutions for initial data just in H? (and suitable external forces).

Nonetheless, in view of the application of this study to our problem, we keep considering here initial
data wp in H?3, and external forces f in L2(H2). Moreover, in order to be able to deal with the
bilinear term A, we add also a second forcing term g € L4T/ 3(H =3/2) | keep in mind Lemma

We aim at proving the following result.

Theorem 4.6. Let wyg € H*(R?), f € L (Ry; H *(R?)) and g € L4/3(R+; H=3/2(R?)) be given.

loc loc

Then there exists a unique weak solution w to equation , which belongs to the energy space
C(Ry; H*(R?)) N LS, (Ry; H3(R?)) N LY (Rys HY(R?)) .

loc loc

In addition, w satisfies the energy equality
t
Elw(t)] + M/O (lAw(7) 122 + 2| VAw(T)|[72 + [|A%w(T)||72) dT =

t t
= E[wo] + / (f(r), Md =A)w(T)) g2 x> dT + / (9(7), Ad =B)w(T)) r-3/2x pyas2 d
0 0
where the functional € is defined as in the statement of Theorem[2.3

Proof. To begin with, let us prove existence. The argument being very similar to the one used in the
previous subsection, we will just sketch it.

Resorting to the same notations as in Paragraph we set wi = Jpwo, f* = Tnf and ¢" = Jng.
Then, we first solve the approximate problem

duw™ + 1 J,DAX(Id —A)w"™ = Df" + Dg"
Wii_y = Wg -

This is an ODE on the space L2, so that Cauchy-Lipschitz theorem provides us with a global solution
w™ belonging to the space C! (R+; Li) Moreover, since w,, is a classical solution, we can recast the
previous equation in the form

(21) O (Id—A + A w™ + pJ,A*(Id-A)w™ = f* + g".
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Taking the L? scalar product of this equation with (Id —A)w™ and then integrating in time (recall
also the formal computations performed in Subsection [3.2)) lead us to

t
(22) Ep"(t)] + p / (|Aw™]2s + 2 VAW |2, + [ A2ur|2.) dr =

t
0

Notice that, from this relation, we immediately deduce uniform bounds for w™ in the spaces of Theorem

[4:6] As a matter of fact, the control of the term in f" is straightforward, while for ¢g" it is enough to

observe that, by interpolation and Young inequality, one has

t
= E[wg] + / <fn,(1d —A)w")Hfszz dr + / <gn,(ld —A)wn>H73/2XH3/2 dr.
0

(g™, (Id =A)w™) oo | < 119" 1m-sre |1 =AY |/ 1| (1d —A)w™ ||/
< Cullg™ 132 s 1Ad =A™ |32 + e p||(1d —A)w™ |
< Cullg32e (1 + 10 —A)w™|[3) + ep ]| (Id —A)w"||%

for all £ > 0 small enough (so that the last term can be absorbed on the left-hand side).

Next, we claim that (w"), is a Cauchy sequence in the space Cioc (R4 ; H?) N L7, (R4 ; H*). Indeed,

loc
let us set 0% = "F — " where the function ¢ can be either w or f or g. Then, by linearity of

equation , it is easy to derive an energy estimate for §fw: exactly as above, one finds

t
(23) Epuw(t)] + M/O (1Adgw]Ze + 2 VASw|T. + [A%6wli.) =

t t
= E[0kwo] + / (0% f, (Id =A)Skw) -2 g2 + / (0% g, (Id —=A)SFw) gr—s/2 prae -
0 0

The term in f can be bounded as follows (recall the computations in the proof of Proposition :

t t 9 t
/0 (6% F. (14 A5k} sz < C / 18717, + C / (I65w]2s + [ Vékw]2.) +

t
"
+ 8 [ 18kl + 198wl + 4% wlF)

As for the term in g, we can argue as here above to get

t
’(57]’797 (Id_A)éfzw)H*?’/?xHW?‘ < CM/O H(sigugfwz (1—&-5[(5511}]) +

t t

+ Cu [ (Iokwls +1985wl3) + 5 [ (1askwlts + IVAGul3: + |A%5ulE:)
0 0

Inserting these last inequalities into and applying Gronwall lemma, we are finally led to

t
el w(t) + u / (IAGE w2 + 2 VA w2, + [|A285w]2.) <
0

k ! kg2 ‘ K ||4/3 ! 4/3
< (&) + / 184 71 + / 159172, ) exp (ot + 20 / Il )

for some constants C7 and C5 just depending on u. In the end, this estimate proves our claim. In

particular, (w™) strongly converges in Cioc(Ry; H®) N LY (Ry; HY).
Hence, let us call w the limit of the sequence (w") in C(Ry;H?) N LY (Ry;H*). Thanks to

these properties, it is easy to pass to the limit in the weak formulation of the linear equation . As
for the energy equality, we notice that ((Id fA)w”)n is uniformly bounded in L3 (H') N L2.(H?) —
L. (H?/?); then, thanks to the strong convergence of (f) in L3.(H~?) and of (g") in LY (H3/2),
we can pass to the limit also in . Finally, uniqueness can be proved by a stability estimate,
which is obtained arguing exactly as for showing that (w")n is a Cauchy sequence in the space
ClOC(R+;H3) N L? (R+;H4). O

loc
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From this result, we immediately infer the energy equality stated in Theorem

Corollary 4.7. Let r be a weak solution to , related to the initial datum ro € H® and the external
force f € L? (R+; H‘Z(]R?)), which moreover satisfies the energy inequality of Proposition .

loc

Then r € C(R+; H3(R2)) and it verifies the energy equality stated in Theorem .

Proof. Thanks to Lemma, r solves the parabolic equation , with external force f + g, where
this time ¢ = A(r,r). Then, Theorem implies that r belongs to C(R+; HS(Rz)) and it satisfies
the equality

Elr@®)] + M/O (Iar(DIZ2 +2VAr(DIZ2 + 1A% (7)]72) dr =

= Elro] + /o (f(r), Id =A)r(7)) gr-2x 2z dT — /0 (A(ryr)(7), Td —A) (7)) gr-s/2 a2 d7 .

At this point, we notice that the last term on the right-hand side actually vanishes, thanks to Lemma
and then the energy equality is fulfilled. O

4.2.2. Stability estimates and uniqueness. In this paragraph, we prove stability estimates for solutions
to equation (4). Also in this case, the analysis performed for system will be fundamental.

Theorem 4.8. For j = 1,2, let us take ), € H3(R?) and f7 € L} (Ry; H2(R?%)), and let us
denote by ri the respective weak solutions to equation .

Let us define org = r§ — 13, 0f = f1 — f% and or := r' — r2. Then, there exist two positive
constants C, and K,,, just depending on u, such that, for all time t > 0, one has the estimate

t
Elor(t)] + M/O (Adr(n)|[Z2 + VASH(7)|[Z2 + | A%6r(7)||72) dT <
t
< C, (5[6r0] + / 16 (T)]13;-2 dT) GXp(KM e2mt mZ(t)),
0
where we have defined the function

t t
m(t) = min{vsu%,s + [ WO 3 + [ 1Ol df}.

Proof. We start by remarking that ér is a solution of an equation of type , with initial datum drg
and external force §f — JA, where we have set A := A(r',r') — A(r?,7?). Then, by Theorem
we gather the energy equality

(24) Elor®)] + M/O (1Adr (7172 + 2V ASr(T) T2 + [|A%0r(7)|I72) dr =

= &[dro] + /0 Of (), Id=A)or (7)) gr-2xprz dT — /0 (OA(7), (Id —A)or (7)) gr—3/2 5 gy3/2 dT .

As usual, we can control the § f term by the quantity
t t
(25) C’H/O 16f113—> dr + %/O (1671172 + [IVor(|72 + |Adr||72 + [VASF|F2 + | A%6r||7:) dr.
Let us now focus on the term in dA. By definition, we have
t
/ <6A7 (Id —A>(5T‘>H—3/2><H3/2 dr =
0

t t
= / VH(Id -A)rt - V(Id —A)ér A%t dedr — / / VE(Id -A)r? - V(Id —A)dér A%r? dx dr,
0 JR2 0 JR2
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but, using the pointwise relations V+g-Vg =0 and V+g-Vh = —Vg - V1h, straightforward compu-
tations allow us to write

t t
(26) / (SA, (Id —A)S7) py—s/2 5 pras2 dT = / VH(Id -A)r? - V(Id —A)r! A%5rdxdr
0 0 JR2

t
:/ V4A(Id -A)r? - V(Id —A)ér A%6r dx dr
0 JR2
t
= / VH(Id -A)r! - V(Id —A)dr A%6r da dr .
0 JR2

By symmetry, without loss of generality we choose to work with the second formulation. By Holder
and Gagliardo-Nirenberg inequality we immediately infer

t
/<5A (Id A)5T>H 3/2y [H3/2
0

< O ||A%r||, [IV(Id—A)ér]|}5 || V2Id —A)or| s

< C||A%6r]| . (IVAd=A)r| L4 [[VAd=A)r?|| .

v a-a)?.

Now we remark that, by the continuity of the Calderén-Zygmund operator VZ(—A)~! on L2, we can

estimate || V2(Id —A)ér|| . < C [|A(Id—A)dr| . < C[|Adr||g2; then we are led to

IN

T

t
/0 (6A, (Id —A)S) 72 g2 )| d

c/ |2 (67|42 |V (1d —A)

IN

t
4
Z/0 1S dr + CH/O 1672 ||V (0 —A)2]|*, dr

We remark that ||5r||§{3 is controlled by £[dr]. Hence, combining this last inequality together with

and gives us

t
Eor(t)] + u/ (|A67]132 + [[VAST|72 + [|A%6r|)7.) dr <
0

t t
<c (5[&0] 4 cu/ 16£12-0 dr + cu/ £lsr] | vad—ay2|*, d7> ,
0 0
and and the application of Gronwall lemma allows us to conclude that

t
Elor(t)] + u/ ([|AS7|172 + [[VAS||72 + [|A%6r|)72) dr <
0

e (5[57"0] + /Ot 16£12%,-s dT> exp (/Ot Va2, dT) .

Obviously, working on the third formulation in , one gets exactly the same estimate, up to replace
|V (1d _A)TzHigm with ||V(Id _A)rlui;lm inside the exponential term, so that one can take the
minimum value of the two quantities.
Finally we observe that, by Gagliardo-Nirenberg inequality and the uniform bounds provided by
Proposition [.3] for any j € {1,2} one gets
2

t t
[ I9aa =209 @l dr < 101 17 B < Cue® (|r6|%,3 + [0 dT) ,

0 ' 0
and this estimate completes the proof of the theorem. O

In turn, the previous theorem immediately implies uniqueness of weak solutions, so that the proof
of Theorem [2.3]is finally completed.

Corollary 4.9. Weak solutions to system (|1 , in the sense of Deﬁm'tion are uniquely determined
by the initial datum ro € H*(R?) and the external force f € L% (Ry; H2(R?)).
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5. Propagation of higher regularities

In the previous part, we have settle down the theory of weak solutions for equation under
minimal smoothness assumptions on the initial data and forcing terms. In this section, we aim at
investigating more regular solutions. Of course, from Theorem [2.3] one gathers for free existence and
uniqueness of weak solutions at the H?3 level of regularity; our goal is then proving propagation of the
initial smoothness.

We start by discussing, in Subsecton solutions corresponding to H* initial data and L2.(H ')
external forces. They deserve special attention, because their theory will directly follow from the
energy estimates of second kind, which we have presented in Subsection 3.2

Subsections [5.2] and [5.3] are devoted to propagation of H*® regularities, respectively for s > 1 and
0 < s < 1. The method of the proof is analogous to both cases: after a paralinearization of our
equation, we will perform energy estimates for the solution in each dyadic block of a Littlewood-
Paley decomposition, estimating carefully the remainder terms which arise from the paralinearization.
As already explained in the Introduction, in the former case, this strategy will allow us to recover
fundamental algebraic cancellations in the non-linear term, which we have already exploited in a crucial
way for the basic energy estimates of Subsection [3:2] In the latter case, instead, these cancellations
do not involve anymore the highest order term, thus they are only of partial help: propagation of
intermediate smoothness requires a more delicate analysis.

5.1. On the H*-theory for weak solutions. In this subsection we discuss briefly the case when
ro € H* and f € LZ(H~1). One can prove the following statement, analogous to Theorem [2.3

Theorem 5.1. For all g € H*(R?) and f € L} (Ry; H 1(R?)), there exists a unique global in time
weak solution r to equation , such that

r € C(Ry; HY(R?)) N LS, (Rys HY(R?)) N Ly (Ry; H(R?)) .

loc loc

Moreover, for any T > 0 fixed, r satisfies the following energy equality, for all t € [0,T):

Elr(t)] + u/o (IAr(DIZe + 2V Ar(D)Z2 + 2 A% (772 + [VA*r(7)[[Z:) dr =

= g[ro} + /0 (f(7), (Td—A + A r (7)) g1y g1 dT,

where, for all functions p € H*, we have defined g[go] to be the quantity
Ele] = (IelZ= + 2Veli= + 3lAlZ: + 2IVAQ|F. + |A%][72)/2.

The proof of the previous statement follows exactly the main lines of the arguments given in
Subsections and above. So, here we will limit ourselves to pointing out the main differences
and crucial points.

We start by remarking that, thanks to the additional regularity of r, one can give a weak formulation
of equation which is slightly different from the one proposed in Definition namely, for any
¢ € C5° ([0, T xR?) one has

T T
— / / (Id—A + A?)r Oypda dt — / A?r VEId—A)r - Vodrdt —
0 JR2 0 JRr2

T

T
—u/ VA(Id—A)r - Védrdt = /(f(t),gb(t))H_lel dt + / (Id —A + A%)rg ¢ dx .
0 JR2 0 R2

Let us come back to the proof of Theorem [5.1] First of all, the construction of smooth approximate
solutions (r”)n is absolutely analogous to the one given in Paragraph At this point, however,
one uses Proposition to get more precise uniform bounds on the family (r")n In particular, we
derive that the limit point r of this sequence verifies

r € L. (Ry; HY(R?) N L (Ry; HP(R?)),

loc
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and the weak-* convergence holds in this space. On the other hand, from Lemma [3.2] and Sobolev
embeddings, one easily gathers that (A(r", r"))n is uniformly bounded in e.g. L4 (H~!). Using this
property and going along the guidelines of the proof to Lemma it is easy to prove compactness
of (r”)n in e.g. L%(H ), and then to pass to the limit in the weak formulation of . In addition,
taking advantage once again of the regularity of the non-linear term, one can prove that (Id —A+A?)r
belongs to C*/4(Ry; H~1(R?)).

Energy equality and uniqueness are also in this case consequences of the analysis of the parabolic
equation . Performing energy estimates at the H* level (namely, testing against the function
(Id —A + A%)w), one can easily get the analogue of Theorem E From this fact, combined with the
property A(r,r) € L2(H™') (keep in mind Lemma again), we deduce that our weak solution r
belongs actually to C (RJr; H 4) and it verifies the energy equality stated in Theorem ﬂ Finally, the
proof of the stability estimates, and then of uniqueness, is absolutely analogous to the previous one.

As a last comment, we notice that the energy equality of Theorem [5.1] easily implies the estimate
claimed in Theorem for the case s =1 (keep in mind also Proposition [3.7)).

We conclude this part by remarking that H* regularity seems to us the minimal one required to
give sense to the inviscid problem, namely equation with g = 0. The study of the inviscid case goes
beyond the scopes of the present paper; however, for the sake of completeness we give the following
statement.

Theorem 5.2. Let 1o € H*(R?) and f € L} (Ry;L*(R?)), and fiz p =0 in equation (d).

Then there exists a global in time weak solution r € L (R+;H4(R2)) to that equation, which
moreover verifies the energy estimate

s < € (Irolls + [ e ).

for a universal constant C > 0 and for all t > 0.

The previous statement can be easily derived from the analysis carried out here. Its proof uses the
following ingredients:

(i) construction of a sequence of smooth approximate solutions (r”)n, as done in Paragraph

(ii) proof of uniform bounds for those approximate solutions, priveded by Proposition where one
takes u = 0 (notice that, since we can take the L? norm of f, we have no factor u~! in front of
it);

(iii) gain of compactness properties for (r")n7 by an inspection of the equation (arguing as in Lemma
one can deduce e.g. that (r")n is compact in the space L3 (H37¢) for all € > 0 arbitrarily
small);

(iv) passing to the limit in the weak formulation of the equation.

We will not pursue the study of the inviscid case further here.

5.2. Higher order energy estimates. This section is devoted to the proof of Theorem when
s > 1. As explained at the beginning of this section, the main point is to establish higher order a priori
estimates. Indeed, once a priori bounds are obtained, both existence and uniqueness of solutions at
this level of regularity will be straightforward consequences of the analysis carried out above.
Therefore, we just focus on energy estimates: we aim at proving the following statement.

Proposition 5.3. Let us assume the initial datum ro to be in H*t7(R?) and the source term f in
L? (R+; HU_l(RQ)), for some o > 0. Let r be the solution to system given by Theorem|5.1|. Then

loc
r belongs to
C(R-‘rv H4+U(R2)) n Li)(?c (R-i-; H4+U(R2)> N LIQOC (R-i-; H5+U(R2)) :
Mreover, there exist two positive constants C1 and Cy, depending just on the reqularity index o, such

that the following estimate holds true for all t > 0:

(27) &lr(t)] + 1 / (182 (1) |30 + [VA2(r)|[20) dr <
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I Cs I
< 1 2 C2 it 2 1 2
< G (bl + 5 [ 1O dr) e { S e (Il + 3 15 ar) |
where, for all o > 0 and functions ¢ € H* 7 (R?), we have defined E,[p] by
Elyl = [1A¢lEe + IVAQlE. + 1A% .

The proof of the above result relies on a coupling between the second-order energy law, given by
Proposition |3.7 and a fine analysis of the non-linear terms. This latter is based on a paralinearization
of the operator A, defined in 7 and a special decomposition (already used in |9] and first introduced
in [21]) in order to treat the remainder which arise.

Remark 5.4. Let us point out that estimate gives a control on the high frequencies of the
solution 7. On the other hand, the control on the low frequencies comes from Theorem (see also
Proposition |3.7). Hence, combining Propositions and one immediately gets:

t
Ir@NZ> + 1Ar@O] 7+ + ﬂ/o IVA2r ()|} dr <

I I
< Cr e (Irollfons + ﬁ/o 1o dr) esp{Caen* (ol + ;/0 172 dr)}

for two new suitable positive constants C; and C5. This inequality easily leads to the one stated in
Theorem for the case s > 1 (s = 1+ o here).
Whenever the source-term f is null, one can achieve the following better estimate, for any ¢ > 0:

t
e + 1 [ 1982 e dr < Caralfpors €17l
0

In this case, the solution acquires global integrability in time: namely, r € L>(Ry; H°T*(R?)), with
VA?r € L*(Ry; HO(R?)).

We are now in the position to proving Proposition In what follows, we will repeadetly use
the isomorphism of Hilbert spaces H?(R?) = Bg,(R?) (see also relation in the Appendix),
where B{Q(R2) stands for a nonhomogeneous Besov space (see Definition below). For the sake of
completeness, we postpone to Appendix [A] some specifics of these functional spaces, highlighting the
main properties we are interested in; we refer to that Section also for the notations we are going to
use in the course of the proof.

Proof of Proposition[5.3. Since ro belongs to H47 (R?), which is embedded in H*(R?), and f belongs
to L} (Ry; HO7H(R?)) — L% (Ry; H '(R?)), thanks to Proposition and Theorem we can
assume, as a starting point, that

r e C(RJH H4(R2)) n L?c?c (R+; H4(R2)) N L120(: (R+7 HS(Rz)) :

~

In virtue of the previous identification H?(R?) =2 Bg,(R?), it is apparent that our goal is to
establish suitable estimates on the frequency localization r;(t) := Ajr(t) of the solution r, for any
j > —1. Consequently, we separately take into consideration low and high frequencies of 7.

More precisely, let us fix a N € N large enough, whose value will be determined in the course of
the proof (the choice N > 7 will be enough for us), and let us set

(28)  rl(t) = Syrt) = > (D) and r'(t) == d=Sn)r(t) = > ri(t).
—1<j<N-1 J>N
Notice that r(t) = 7!(t) + r"(t).
Thanks to this relation and the inequality (a +b)? < 2 (a2 + b2), it is easy to see that it is enough
to estimate the quantity on the left-hand side of (27), when computed for r’ and r” separately.
We begin with considering the low frequency term r!. By spectral localization and the fact that
Sn is a bounded operator from LP into itself, for any p € [1, 00], we infer that there exists a positive
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constant C, depending also on the fixed o and N, such that

29) &[] + “/o (||A2rl(7-)||i{(, + ||VA21"I(T)H20> dr <

IN

C (50 [F (0] + p /Ot (a2 @)= + [vax'@)]5.) dT>

IA

o (v +u [ (8%l + [vatl) ar)

where Y () is the quantity defined in . Thus the H*-energy estimate (11]), provided by Proposition
[3.7 immediately implies

¢ 2 2 1/t
(30) & [F'(B)] + “/o (||A2Tz(7)||H<, + HVA%l(T)HHU) dr < C(Yo + ;/0 ||f(7)|\§1_1d7),

where Y} is the same quantity of Y'(¢), when computed on the initial datum r. Notice that this
estimate is even better than what one needs, since its right-hand side can be easily bounded by the
right-hand side of (27): indeed, one has Y (t) = &(t) < &(t) for all s > 0 and all ¢ > 0.

Now we focus on &, [rh (t)], the term of higher-frequencies origin. We claim that it is enough to
prove the following inequality:

t
Bl &[] + “/o (a5, + vz, ) dr <

C t ) t 9 ) 9
<eofrol + o ([ U ar + [ (IariEs + A%, Enlrlar) |
B \Jo 0

for a suitable positive constant C, which may depend on the fixed parameters ¢ > 0 and NV € N.

Indeed, suppose that holds true: then, we can sum it to (30). By the fact that (a + b)? <
2 (a® +b?) and the embedding H*~* < H~! for all s > 0, we immediately deduce the analogue of
but for the whole r: namely,

(32) awﬁn+ullﬂﬂ%ﬁp+ﬂvﬁﬂﬁﬂdff

C t ) t 5 ) 9
<ealrol + o ([ U ar + [ (IArIEs + 4%, Enlrlar) .
K 0 0

Next, we observe that, thanks to the estimate provided by Proposition [3.5] we have

! 2 2,112 ! 2 C L 2 I 2
| (ariie + a2l ) dr < [ 1arm)fe dr < et (ol + o [ 11 ar).
0 0 w K Jo

Thus, an application of Gronwall Lemma to , combined with the previous inequality, immediately
implies estimate (27]).

In the light of the previous discussion, in order to complete the proof of Proposition [5.3] it is
sufficient to establish inequality . The rest of the proof is devoted to this goal.

To begin with, we make a paralinearization of equation ; namely, denoting u := V+(Id —A)r,
we expand the bilinear term A(r,7) into

A(r,r) = u-VA®r = T, VA*r + Topo,u,

where the bilinear operator T  is the non-homogeneous paraproduct operator, defined in in the
Appendix, and we have set

T'u = Tyu + R(u,v) = Z AguSy2v.
g>—1

In particular, by we deduce that the equality uv = T,v + T)u holds true for all tempered
distributions u and v for which the product is well-defined.
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Then, we apply the operator A, for any index j > N, to the resulting equation: we gather that
the function r; = A;r is a smooth solution of the PDE

(33) Oy (Id—A+ A?)r; + T, VA r; + pA*(Id=A)r; = Ajf — AjTopz,u + [T, AjJVA?r.

Next, we perform energy estimates of second type on the previous equation: multiplying both sides
of by AQTj and integrating over R2, we achieve

1
2 dt

= /AijQTj — /(TuVAQ’/‘]) A2’f‘j +/|:Tu‘,Aj]VA2TA2Tj — /AjT/VAzT,UAZ’/‘j.

o o 7

(39 5 oAl + IVAGIZ + 18%505] + w[I18%13: + 1VA%)%:] =

The nonlinear terms of the above equality are bounded making use of Lemma below, whose
proof is postponed at the end of this section.

Lemma 5.5. The following inequalities are satisfied, for some suitable constants also depending on
the fixed value of o > 0:

() TV < CIVu®)ee [|A%0)] . [[VA> (0],
(i) (1) < CIVu®)lee [|A% 0] 0 VA% )] 2 a5t 2797

(i) I9(t) < C ||A% ]|, | Vul o |[VA%]],. 3 27wy,
q>j—5

Izl

IN

IN

where the sequences (a;j(t));>—1 and (by(t))g>—1 belong to £ for any time t > 0, and they verify the
inequality

, t 5upH q> 1

supH a;( ))]> L S

t>0
Combining estimate and Lemma together, we gather

1d
2 dt

< C277 A flle ||[VA?| . + C(Ivullm [A%r5]] 2 [[VA»rg]| . +

(Iarslzs + 198r51E + 182750152 ) + e (187572 + 1922115 ) <

b IVl 8% 0,29 [ 987+ 8% ¥l 987, 3 257,).
q=2j—5
Hence, we multiply both sides by 2277, and we take the integral in time; after using Young inequality

for each term on the right-hand side of the previous relation, we perform a sum over j > N, and we
finally deduce that

h ! 2 h||2 2 h||2
&[] +2u | (225, + VA", ) dr <

C | .
<&l + =) 22J(0_1)||Ajf||2L$(L2) +opy 290 HVA2rj||i$(L2) +
j>N Jj=N

+ / IVuls S 2% A% |12, dr + = / IVuls 225, > a2dr+
j=N >N
2

t
Lt X (S )

J=2N \g=2j-5
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Observe that, by definition of 7, we can absorbe the third term in the right-hand side into the left-
hand side. Moreover, recalling the properties of the sequences (aj(t)) and (bq(t)) stated in

g=—1
Lemma [5.5| above, we can estimate

Yo a(1)? < |[(a;(n) 5

JzN

j=z—-1

2

Z Z 2—(q—j)<7 bq(T) < (Qk)k>_1 * (bq(T))qz—l

J=2N \g=2j-5

2

c,

‘(bq(T))q2_1

where, for all k& > —1, we have defined 6, = 27%° and where the constants C' are uniform with
respect to time. Therefore, we obtain the inequality

2
< (gk)kz—l

Iz 22

t
(35) & [(0)] + “/0 (222, + [[vaz®|?, ) ar <

C [t c [t 5 9 112 C (" a2 2
< Efrol + = | Ifllfordr + = [ |Vuliz A% . dr + = [ || A% IVully. dr,
K Jo o Jo KHoJo

where we used also the fact that (Id —Sx) is a bounded operator from LP into itself, so that &, [r(}ﬂ
is actually bounded by &, [rg], up to a multiplicative constant.

At this point, since v = V+(Id —A)r, we use the continuity of the Calderén-Zygmund operator
VZ(=A)~! over LP for all 1 < p < 400, to deduce

IVul < ¢ (larl2 + A%,

IVullye < C (1Al + A%, ) < &,

Therefore, from inequality we immediately obtain, for all ¢ > 0, the bound
t
& 0]+ [ (1AL + 98207 ) ar <
0

C t ) t 9 ) 9
<&l + = ([ WBorar + [ (Ianis + 18%]3,) plar)
1% 0 0

which corresponds exactly to inequality . Therefore, as already explained above, this relation
concludes the proof of Proposition provided we show the bounds of Lemma [5.5 O

In order to complete the proof to Proposition [5.3] it remains us to get the estimates of Lemma [5.5

Proof of Lemma[5.5. We begin with proving inequality (i). First, using the almost-orthogonality
property of the dyadic blocks, namely the fact that A;A; = 0 for any couple (g, j) such that |¢—j| > 2

(see e.g. Proposition 2.10 of [2]), we can reformulate the term Il(j) as follows:

Ifj) :/ (Tu.VA?rj) A?rjde = Z/ (Sq-1u- AgVA?r;) A%rj dx
R2 R2

g=—1

/ (Sq—1u- AGVA?r;) A?r; da.
R2

g=-1,[q—jI<1
Next, we isolate the localized function S;_;u from the above term: namely, we split Il(j ) into
(36) Ifj) = Z / ((Sq,1 — ijl)u . AqVA2T‘j> A27‘j + / (S]—,lu . VAz’I“j) A2T‘j y

q>-1,
lg—3I1<1
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where we have used also the fact that Zlq—jlél Agr; =15, Le. Z|q—j\§1 Ay = 1 on the support of
Aj. Such a decomposition has two fundamental consequencies in our estimates. First of all, since
Sj_qu = VE(Id—A)S;_ir is divergence-free, by an integration by parts we gather that the last
non-linear term in equality is null:
(37) Sj_lu . VAZTJ‘ AQ’I“J‘ dr = 0.

R2
We remark that this cancellation, which can be viewed as the analogue of Lemma in a frequency
localization context, plays a main rule: indeed it allows one to get a better estimate in the case s > 1
with respect to the case 0 < s < 1, see the statement of Theorem [2.4] Therefore, I ) reduces to

77 = 3 [ ((Se1 = Sja)u- AVA) A%y,
lg—3l<1
© Y WSut— Syl [ATAM L %
lg—jl<1

Now we observe that (this is the second main consequence of decomposition above), if one fixes
N € N large enough (e.g. N > 5 is fine at this level), the support of the Fourier transform of the
term (Sq—1 — Sj_1)u is contained in an annulus, whose radius is proportional to 27 (since j and g are
comparable). Hence, Bernstein inequality and the property |¢ — j| < 1 yield the following chain of
inequalities:

1(Sq—1 = Sj—1)ullpee < C27 [(Sg—1 = Sj-1)ull . < C [[(Sg-1 = 5j-1)Vull2 < Cf[Vulr2.
Summarizing what we have done until now, we finally get inequality (7):

V<0 3 1Vl [AVAT| s [18%]| . < C IVl [|A%5]] . [IVA%] . -
lg—jI<1

Next, we take into consideration inequality (i), involving the nonlinear term Iéj ),

ately remark that, by spectral localization, one has the equality

Let us immedi-

12(3') = / [T, A, ]VA2TA2T] de = / Z Sqg—1u, A ]VA Ty A1 dz.
R lg—j1<4
Thus, Holder inequality implies
< 30 [Serus AJVA| L (|87,
lg—j|<4

Making use of Bernstein inequality and the commutator estimate provided by Lemma [A-6] since j
and g are comparable, one gets

H [Sq—1u7 Aj]VA2rqHL2 <Cc271 HSq—lvu”L‘x’ HVAQTqHLz <C \lSq—1VU||L2 HVAquHL?a
and hence one deduces (by Bernstein inequalities again)

) <0 Y [Vuls 8% (VA% < Co IVule |47
lg—3j|<4

Pllge VA5 2 0502777,

where the constant C's depends also on s and the sequence (aj (t))jz—l € (? is defined by the relation
a;(t) == Z A HAQTq(t)HLQ/||A2r(t)HH<, for j > N, a;(t) = 0 otherwise.
lg—jl<4
It is worth to remark that
las @il < — > 2 At < ¢,
HA ||H" j=N |g—j|<4

for any time ¢ € Ry. Thus inequality (i¢) is proven.
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It remains to control I:gj ), the non-linear term given by the reminder A;T¢ 12, u. Since divu = 0,

by a repeated use of Bernstein inequalities, one has

1) = /AJ‘T/VA%«HA%U = > /Ajdi" (Aqu Sgr2A%r) A%r,

q>j—5
<C Z 27 || (Aqu Sgs2A%r) || o [|A%r]] . < C Z 1Al oo || S o [[VA%T|
92j=5 q>j—5
< C A% VA . D 1AVl -
q2j—5

At this point, we remark that
DAVl < [Vullyge D 279,

q>j—5 q>j—5

| is defined, for all ¢ > 0, by the formula

b(t) = [Vu(®)lza 2% 18,Vu(®)] 4o -

_, belongs to £2 and it has unitary norm. In the end, we gather

where the sequence (bq(t))q>_

Notice that (bg(t))

q=>
I < O ||A% |, IVull . [[VA%] . S 27wy,
q>j—5

This estimate concludes the proof of inequality (7i7), and so of the whole Lemma. O

5.3. Propagation of intermediate regularities. The central issue to be discussed in what follows
is the propagation of regularities when the initial datum 7 is assumed to belong to H3%S, with
s €]0,1[. This result completes the analysis started in the previous section, devoted to the propagation
of higher regularities H4+*, with s > 0. We aim at proving the following result.

Proposition 5.6. Let us assume the initial datum ro to be in H>7*(R?) and the source term f to be
in L, (R+; HS*Q(RQ)), for some s €]0,1[. Let r be the solution to , gien by Theorem , Then

r e C(RJr; H3+S(R2)) N L§C<R+; H3+S(R2)) n Ll20(: (RJr? H4+S(R2)) .
Moreover, there exist two positive constant Cy and Cs, depending just on the reqularity index s, such

that the following estimate holds true for all t > 0:

(38) ()] + p / (IAr(F) 2 + [V Ar(R)2 + [A2r(7)[3.) dr <

. e C. I 2
<l + 1 [ W@ dr) e {Zew (i + 5 [ 10I-aar)}

where, for all s > 0 and all functions ¢ € H*3, we have defined &, [¢] by
Elel = llelhs + IVeliz + 8¢l + VARl -

Remark 5.7. The proof of Proposition [5.6] should be seen as a coupling technique between the proof
to Proposition [5.3| and the one to Theorem where we introduced a first-type balance equation.
This balance was achieved as an energy estimate of the continuum variable (Id —A)r, leading to the
non-trivial cancellation of the most challenging non-linear term:
(39) (A(ry r), Md=A)ry2 =0
One should expect this cancellation to be somehow preserved also in higher regularities than L?(R?).
Moreover, once introduced the paradifferential localization used in Proposition [5.3] it is natural to
believe that a similar approach can be performed also in the case of low regularities, treated in
Proposition

Eventually this claim results to be false, since the structure of the system does not allow any sort
of preservation of the identity , whenever L? is replaced by H*® with s > 0. More specifically,
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Bony’s decomposition, that was successful for Proposition here fails when used to cancel the
corresponding term in (37): namely, one has (A(Sq_i7, Agr), Id—A)Agr)2 # 0. Moreover, we
notice that, by symmetry, one can write

A(p,Q) = VH(Id=A)p- VA% = —VEA2 - V(Id—A)p,

from which we deduce the cancellation of the term (A(Agr, Sg—17), (Id —A)A4r) 2. But this relation
reveals to be only of partial help, since it does not allow to get rid of the most dangerous term (i.e. the
previous one (A(Sq_17, Agr), (Id —A)A,r) 2, where the high frequencies of the highest order term
appear).

The previous remark, although being quite technical, represents one of the main challenges when
propagating H3*(IR?) regularity, with s €]0,1[: we cannot rely on our previous energy balances and
we need to independently estimate each non-linear term. This fact is deeply analyzed in Lemma [5.§]
below, whose proof is postponed at the end of this section.

Proof. With the notations introduced in 7 we decompose once again 7 = r! + 7. In the same
spirit of the proof of Proposition [5.3] it is enough to separately estimate the quantity on the left-hand
side of when computed in 7' and in r".

Similarly as for proving inequality in the previous subsection, one can control the low-
frequencies ! through

(40)  E['()] + u/o (IAr () Fre + 2V A (7 + A% (7)) dr <

<C (50[Tl(t)] + u/o (IAr' ()12 + 2V Ar (n)]IZ: + | A% (7)]1Z2) dT)

< ¢ (&l + £ [ ar)

and this last quantity is clearly controlled by the right-hand side of . Thus, we can focus on the
control of &[r"(t)], the term of higher-frequencies origin.

We start by multiplying equation by (Id —A)r; and integrating in R?: we gather
1d
2 dt
(1875132 + 21V A 3 + 18205 13:) = (g, (= A)ry) s —

_/R2 (T, VA?r;) (1d—A)r; +/Rz [T, A;]VAZr (Id—A)r / AT po e (Id —A)r

(1) 5 (Il + 209503 + 2 A3 + VAR ) +

T 7 7
1 2 3

We provide now an important lemma, that allow us to control each non-linear term on the right-hand
side. Its proof is postponed at the end of this section.

Lemma 5.8. The following inequalities are satisfied for some suitable constants, which depend also
on the value of s > 0:

OEEVANG!
(@) At < CIVu®)|lzz [IVAT(E)] e

Cllull,2* [ Vull )27 IV A 132 (| (Ary, A%)|3
|(A7’j, Azrj )| 2 ai(t)277°

IN

A

i) TP < C (8% o llullyre [[(Ars, A%rp)l|e 30 278y,
q=j—5
where we clarify the notation ||(f, 9)llx = || fllx + llgllx, for any elements f, g in a normed space

X. The sequences (a;(t))j>—1 and (b;j(t))j>—1 belong to €% for any time t > 0, and they fulfill the
inequality

20

+supH

supH a;( ))J> L Sup

>0 j> 1
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for a suitable positive constant C.

Combining estimate together with Lemma we obtain

1d

522 (I3l + 20975132 + 201 Ars 32 + VAR 32 ) + n(1Ar 13 + 21 VAR 3 + [A%75)3) <
94 1/2 1/2 3/2

< 0(2 2|2 a1 (A, A% llga + [full 57|Vl 21V A2 Ay, %) |57+

+ I Vullz (VAT g

(Arg, A%r))|| o ;277 + [|A%7]| o IVl g (Vg VAR Y 277 bq)-
q=2j—5
Hence, we multiply both sides by 2%/, and we take the integral in time; after using Young inequality

for each term on the right-hand side of the previous relation, we perform a sum over j > N, and we
finally deduce that

t
E o)+ [ (Iar 5 + VA5, + a2, ) ar <

. C L y
<&+ Z 92i(s 2>||Ajf||2Lg(Lz) + gz 2295 ||(Ary, A%r)) ||ig(L2) +

JzN Jj=2N

C [t s 9
+ ¢ / lal2:Vul2. | 3 22 Va2, | dr+
K Jo SN
2
¢ tv2 VAr|? 2) gr 4 © tAZZ 2 9-(a=isp | 4
o IVl VA | 32 ad | dr At e 30 32 o) dr

Jj=N J=N \q=j—5
Observe that, by definition of 7", we can absorbe the third term in the right-hand side into the left-

hand side. Moreover, recalling the properties of the sequences (aj(t)) and (bq(t)) stated in

j>-1 ¢>-1

Lemma 5.8 above, we can estimate
) 2
Sarr<ce, Y ( S 2_(q_j)sbq(7')) <0,
Jj=N j>N q>j—5

where the constant C' is uniform with respect to time. Therefore, we obtain the inequality

t
42) &[] + u/ (Hth; + 2| vart|}, + ||A2rh“2LQ)d7- <&, [ro)+
0

C ¢ 2 C ¢ 2 2 2 C ¢ 2112 2
o £ Vg2 dr + ; (lullze + DIVelze VAT, dr+ - ; [A%r[[ . llull. dr,

where we used also the fact that (Id —Sy) is a bounded operator from LP to itself, so that & [r}] is

actually bounded by &; [r], up to a multiplicative constant.
At this point, since u = V+(Id —A)r, we use the continuity of the Calderén-Zygmund operator
V2(—=A)~! over LP for all 1 < p < 400, to deduce

c (I9rl3s + Ivari3.)

IN

lull72
2
IVul3s < € (Jarls + [|a%3.)
luly < € (197l + I9ArI5.) < &)
Therefore, from inequality we immediately obtain, for all ¢ > 0, the bound

& 1.h ' |2 |2 2, k|2
E 0]+ n [ (Il + 29, + A, ) ar <



28 Francesco De Anna & Francesco Fanelli

C ¢ 9 K 2 2 2 2112
<Elrol + = ([ Wfledr + [ (1419013 + VA3 (IAr3s + [|a%].) &lldr ).
H 0 0

Combining this relation together with , we finally gather an estimate for &[r(t)], namely

t
&) + o [ (187l + 209 ArE. + A%, ) dr < & frol +
0

S ([ Upnar + [ (19012 + 1980EL) 1871 Enplar)
Then, Gronwall inequality together with Proposition conclude the proof of Proposition O
It remains us to show the estimates of Lemma [5.8
Proof of Lemma[5.8 We begin with estimating the term Jl(j )(t). Classical Holder’s inequalities yield
Tty = /R (T VA?) (1d-A)r; do < | | Z<5Sq_1quVA2rj“L2 |aa-ay| ,
q—jl<

> SamrullallAgVAZr] |ty s Ar)ll -

lg—37|<5

IN

On the other hand, by Gagliardo-Nirenberg inequality we infer ||f||;« < C||f ||1/ S\ H1L/22, for a

positive constant C' which does not depend on f. Thus, we deduce -
IO < C N Saaull [ S0 Vull 20 A%r 2 | A0A% |1
lg—3]<5

Ol 27 19ull 2 [V A% |2 1A% 1 s Ar)] o

1 H(rj7 Arj)HLz

IN

Now, to handle the large number of derivatives in A3rj, we make use of the Bernstein inequalities
(see Lemma in the Appendix) to find

||A3TjHL2 < C2% HAQTJ'HLZ and 27 ||(7"j , Arj)HL2 < C H(Vrj, VArj)||L2 ,

for a positive constant which does not depend on j. Using the same trick also to handle the term
VAZ?r;, we finally gather

T < Clull & [Full 5 9 Ar | 1A% 12 [ (Ary, A%l
< Cllull s 19l 1V Ar 52 | (Ary, %[5

1/2

Hence inequality (7) is proven.
Next, we take into consideration inequality (ii), involving the nonlinear term Jz(j ). We proceed
similarly as for proving (i¢) in Lemma By spectral localization, one has the equality

7 :/ [Ty, A;] VA2 (1d —A)r; da —/ > [Seru, Aj] VA%, (1d=A)r; da.
R? lg—j]<4
Thus, Hélder’s inequality implies
\72(]) < Z H[Sq—lua Aj]VAQTqHLz H(Id _A)T]‘HL2 .
lg—j|<4

Making use of Bernstein inequality and the commutator estimate provided by Lemma since j
and g are comparable, one gets

[So-r, 2] VA% || o < C270|Spa Vullp [[VA%r|| s < Cl1Sq-1Vul 2 [VA%rg | 12
and hence one deduces (by Bernstein inequalities again)

J < C 37 | Vullee [VA[| . [I(d=A)r] .
lg—jl<4
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<C Y IVl A% 227 l(rjy Ary)ll e
lg—jl<4
S Os ||VUHL2 ||A2T||HS (VT'j, VA’I’]‘)”LQ aj (t) 2778 5
where the constant Cs depends also on s, and the sequence (aj(t))j>_1 € (2 is defined by the relation
a;(t) == Z 2% HAQTQ(t)HLZ/HAQT(t)HHS for j > N, a;(t) = 0 otherwise.
lg—j|<4

As already exposed in Lemma it is worth to remark that

22qa A2
||A2 W Z Z A% @) . < C,

J=N |g—j|<4

(a; )57 <

for any time ¢ € Ry. Thus inequality (i¢) is proven.
It remains to control jg( 2 the non-linear term given by the reminder A;T. v A2y U Since divu = 0,
by a repeated use of Bernsteln inequalities, one has

JD = /A Topopu(ld=A)r; = > /A div (Agu Sy40A%r) (Id —A)r;
q>j—>5
<C Z 2 [| A (Aqu Sqr2A%r) ||y (I =A)r; |
9255
< C > Agull e [[Sqr2A%|| o 11(Vrs, VAT o
q>j—5
< O || A%, |(Aary, A%, Z 1Al -
q>j5—5
At this point, we remark that
STolAgule < fully. > 27%b,,
q>j—5 q>j—5

where the sequence (bq(t)) is defined, for all ¢ > 0, by the formula

ba(t) = [lu(t)l| 7= 2% 1Aqu(t)]| o -

belongs to ¢ and it has unitary norm. In the end, we gather

(Arj, M%) D 279 b,

q>j—5

qg=>—1

Notice that (bq(t))q>_1

T < C||a% L ull g

This estimate concludes the proof of inequality (ii7), and so of the whole Lemma. O

6. Long-time dynamics

In this section, we investigate the long-time behaviour of (smooth enough) solutions to equation
. Not surprisingly, we prove that they converge to the solution of the linear parabolic equation
with g = 0, which we recall here for convenience:

{@ (Id—A+A%)w + pA?(Id-A)w = f
(43)
Wit=0 = Wo,

where wgy and f are respectively the same initial datum and external force as for .
Remark 6.1. Equation being linear, it is easy to establish energy estimates (see also the dis-
cussion at the beginning of Paragraph [4.2.1)) of first and second type, and propagation of higher

regularities (just test the equation on (—A)*(Id —A)w, for s > 0, and repeat the computations as for
first-type energy estimates).
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For all rg € H3*$ and f € L2(H*2) for all T > 0, a straightforward adaptation of Theorem
(where we take g = 0) immediately gives us the existence and uniqueness of solutions

w € C(Ry; H*M(R?)) N L. (Ry; H*T(R?)) N Ly (Ry; HT(R?))

loc

which verify in addition the energy estimates

t 1 t
WOl + 4 [ 180t < 0ot (unlfps + & 15z ar)
0 0

Remark 6.2. Notice that, whenever f € L? (R+;Hs_2(R2))7 orf € Lt (R+;H5_1(R2)), one deduces

the uniform (in time) control

t
o) ose + [ 1Ar(r) e dr < € Vi 0.

Indeed, in the former instance this estimate is clear from the inequality in Remark above, where
one can avoid the presence of the exponential term arguing as in Lemma below (see also the
subsequent Remark for further comments).

In the latter case, instead, let us sketch the proof for s = 0: the general case follows by similar
considerations. Summing up relations and , estimating

(f, Ad=A)) -1 < C|lflg— VX
and forgetting about the viscosity terms, one gets

94X < OlflurVE — VE@®) < VE0 +C [ U dr < C.

Coming back to the resulting expression with the viscosity terms, using the previous bound and
integrating in time, one finally discovers the claimed inequality.

This having been pointed out, let us state the main result of this section. For reasons which will
appear clear in the course of the proof, we need to consider smooth enough initial data and forces.

Theorem 6.3. Let s > 0. Take an initial datum ro € H*T(R?) and an external force f €
L?(Ry; HS71(R?)). Suppose that

fe LRy HY(R?) N L¥[R; L' RY)) , [fO)llgene: < KA +8)7177,

for some constant K > 0 and some exponent 1/2 < n < 1, for almost every t > 0. Let r be the
solution to equation , given by Theorem and let w be the solution to , given by Remark
above.
Then, there exists a constant C > 0 (depending only on pu, K and ||ro||ga+s) such that, for all
t >0, one has
Ir(t) = w(®)lgs < C (L+)/277.

The rest of this section is devoted to the proof of the previous theorem. In a first time (see Sub-
section 7 we study the linear problem, establishing some decay properties for w. These properties
turn out to be not strong enough for proving our result; hence, we need to investigate the non-linear
equation and to show (in Subsection dispersive estimates also for r. Finally, in Subsection
we put these estimates together to gather the result.

6.1. The linear problem. Let us consider the linear problem : we want to analyse dispersive
properties for its solution w.

We recall that we have defined above A(D) = Id —A + A2, see ; for notational convenience,
let us also set H(D) := A?(Id—A)A~Y(D), namely A(D) and H(D) are the pseudo-differential
operators associated to the Fourier multipliers

14 ¢

(44) a(€) =1+ [¢ + |¢* and h(€) = TEEE + &f

€l
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The first step is to apply the Fourier transform F to equation and rewrite it as
0@ + ph(§)® = fo.
where we have defined fy := A~!(D)f. From this relation we immediately deduce that

t
(45) B(t€) = MOty + [ MO0 fir ) ar.
0
We first study the evolution through the free propagator, namely the case f = 0. From this analysis,
we will then deduce bounds for the term related to the external force in a standard way.

Hence, let us suppose f = 0 (and then fo = 0) for a while. We begin with presenting an intermediate
estimate, which we include it for the sake of completeness.

Lemma 6.4. Let w solve equation with initial datum wy € H?(R?) and f = 0.
Then there exists a positive constant C' > 0, just depending on p > 0, such that, for all s > 0, one
has the following estimate:

lw®) = < C (llwollzr + [lwollz+) (1+8)~H*%.

Proof. Recalling (see e.g. Theorem 1.19 of [2]) that F~! = (2r)~¢F, where d is the space dimension
and F is defined by the formula Fh(¢) = Fh(—£), by use of we can estimate

46)  Jw®)llz= < C @)L with — [J@(#)] L = /R2 e MM g (€)] dE .

We observe that this quantity remains finite for (say) ¢ € [0,1]. Indeed, it is enough to multiply and
divide the term inside the integral by the factor (14 [¢]?)(1*%)/2 and use Cauchy-Schwarz inequality, to
bound it by C ||wg|| g1+s. Hence, we can restrict our attention to large times: namely in what follows
we assume that ¢ > 1.

We now split the previous integral as the sum of the integral over the ball B(0,1) of center 0
and radius 1 and the integral over the complement R? \ B(0,1). After passing in polar coordinates,
straightforward computations lead us to

+oo
/ MO G0 (&)] de < C ol o / O dr < C e flug|
R2\B(0,1) 1

where, with a little abuse of notation, we have set h(r) = r* (14 72)/(1 +r? +r%).
As for the intregral over B(0,1), instead, we use the fact that (1 +72)/(1 +7? +r*) > 1/2 for
0 <r < 1. Hence, passing again in polar coordinates we can estimate

1
[ O (@) d < €l [ et ar,
B(0,1) 0
and a simple change of variables implies the final estimate

/ MO 3 (E)] dé <
B(0,1)

W HU}OHLl-

The previous inequality completes the proof of the lemma. O

Let us remark that the decay estimate of Lemma [6.4] is much worse than the one expected for the
classical heat equation, namely ~ t~%2. As it appears clear from our computations, this is due to
the fact that our parabolic operator vanishes at a higher order for || ~ 0.

Nontheless, exactly due to the high smoothing effect of the parabolic operator, we can improve the
decay rate if we consider first and higher order derivatives of w, and this with no loss of derivatives.
This is in sharp contrast with what happens in non-diffusive cases: we refer to e.g. paper [10],
concerning the inviscid incompressible porus medium equation, where the decay can be improved if
one accepts to lose a high enough number of derivatives.
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Lemma 6.5. Let f =0 and wyg € H***(R?), for some s > 0. Let w be a solution to system .
Then the following estimates hold true:

V@~ < C (lwoll > + min{llwollzs, wollzz} + [Fuwollems) (14+1)71/2

A

IVAw@)| < € (min{lwollzr, fwollzz} + [Vwollor + [V Awo|ms) (14+)77,
for a suitable positive constant C, also depending on p > 0.

Proof. As above, we can limit ourselves to consider the case t > 1, since for ¢ € [0,1] the quanti-
ties ||[Vw(t)||p~ and ||[VAw(t)| L~ remain uniformly bounded by (up to a multiplicative constant)
(IVwol| gi+s and ||V Awgl| gr+s respectively.

Take then ¢ > 1. We start by considering Vw. Arguing as in the proof of Lemma we can
estimate

Vol < € [ et an(e)] de
R2
<¢C ( / e MO Ie] [ (8)] d + / e MO Ie] [iDo(€)] d£>
B(0,1) R2\B(0,1)
<

1/2
C </ e~ 2Hh(E©) §|2d$> lwoll 2 + Ce™* min{||wollzr, wollz2},
B(0,1)

where, in order to get the last line, we have also used Cauchy-Schwarz inequality. Passing now in
polar coordinates, it is easy to bound

1
Jon O e < 2 [ttt < 0,
B(0,1) 0
which finally implies, for some suitable constant C' > 0, also depending on p,

IVw(®)z= < C (lwollpe + min{[lwollzs, Jwollz2}) ()~

Let us consider now the term VAw. Applying the same technique as above, we easily find

IVAw(t)]| L= < C/RQ e MM |@o(€)| de

IN

C (/ e MO | F(Vwo) ()] dE + / e MO g (6)] df)
B(0,1) R2\B(0,1)

IN

C </ e HhO! |€2d1‘> [Vwol o + Ce™ min{|lwollzr, lwollr2}
B(0,1)

At this point, dealing with the integral in the last line is absolutely analogous to what we have done
before: this allows us to arrive at the claimed inequality. 0

Remark 6.6. Let us come back to the estimate for ||VAw(t)||r~. Notice that, passing from the
second line to the last one, we could use Cauchy-Schwarz inequality for the former term, to obtain

1/2
HVAU)(t)HLoo <C (/ 6*2#«71(5)15 |£‘2 dm) ||V2wOHL2 —+ Cefu‘t min{HUJoHLl, HU}()HLz},
B(0,1)

and this would give rise to the bound
IVAw@llo~ < € (min{luollze, lwollze} + [ uwollze + [V Al goe- ) (145)72,

We now consider the case when the external force f is not 0.
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Lemma 6.7. Let s > 0 and f € L? (R+;H5). Suppose moreover that there exist n €10,1[ and a
constant K > 0 such that, for almost every t € Ry, one has

Lf@le < K@+~
Set fo = A~Y(D)f (as defined above) and let g be defined by the formula

t o~
3(t.6) = /0 MO =) T ) dr

Then there exists a constant C' > 0 such that the following estimate holds true, for all time t > 0:
IVg@®)lp + [VAYD) e < CK (14172

Proof. These estimates are deduced in a standard way from the ones of Lemma Indeed, arguing
as in the proof of that result, we easily get

t
Vool < [ [ 00 gl[fro)] dear

1

i
< 0 [ e UhOle + IVl dr.

At this point, we use the fact that, since A is an operator of order 4, one can control

[fo(DllLz + IVfo(Ml e < CNfF(M)lg—20e < C NIl -

Hence, using the dispersion hypothesis over the last quantity together with Lemma 2.4 of [10], we
gather
K 1 1
IVg()ll L < CK/O (1 +t—n)/2 (1+7)+

The proof of the estimate for |[VAg(t)||;~ is absolutely analogous. The only difference is the use
of Remark in order to make the L? norm of Afy(7) appear; noticing that

1A So(Dl L2 + IVAfo (Dl grse < NF () 1o

completes the proof of the estimate, and hence of the whole lemma. O

dr < C'K(141t)71/2.

Putting Lemmas and together, by Duhamel’s formula we finally get the next statement,
which reveals decay properties for the solutions to the linear problem .

Proposition 6.8. Let s > 0. Take an initial datum wy € H***(R?) and an external force f €
L (Ry; H*(R?)) such that

IFO s < K@Q+8)777,

for some constant K > 0 and some exponent n €10,1[, for almost every t > 0. Let w be the solution
to system , with initial datum wo and forcing term f.

Then there exist positive constants C1, depending on the viscosity u, and Ky, depending on the
H**3(R2)-norm of wy and on K appearing in the estimate for f, such that, for all times t > 0, one
has the inequality

IVw(t)] g + VAW < C1Eo(14+1)72.

6.2. Coming back to the non-linear problem. The decay rate provided by Proposition for
the solution to the linear problem turns out to be too weak to prove the convergence of r to w. So,
we need to establish dispersion properties also for the solution r to the non-linear equation: this is
the main goal of the present section.

First of all, we need some preliminary lemmas.



34 Francesco De Anna & Francesco Fanelli

Lemma 6.9. Let rg € H3*(R?) and f € L?*(Ry; H %(R?)) N L*(Ry; H2(R?)). Denote by r the
unique solution to related to the initial datum ro and bulk force f, as given by Theorem ,
Then, for all t > 0, r satisfies the estimate

t
IOl + u / A2 dr < C.

Moreover, if ro € H*(R?) and f € L*(Ry; H ' (R?)), then one also gets
t
[Ar@)I72 + [VAr(®)|2: + [Ar(®)]Z: + M/O 1A% (7) |3 dr < C.

Proof. Arguing as in the proof of Proposition [3.5] and using the same notations adotped therein, it is
easy to obtain the following modified version of estimate @D:

(47)  X(t) + u/o (Iar(P)lIZz + [V Ar(7)|[Z2 + [A*r(7)][12) dr <

< Xp+ % / 1) dr + C / (Ir@lize + 197 z2) 1 llg-2 dr

At this point, by Young inequality we can bound
t

/ (Il + IVAOz2) 1@ lge dr < 2 / (X(7) + 1) | F(7) g dr
0 0

then, forgetting the viscosity term and applying Gronwall’s inequality give us

t
@l < € (Irollms + 113202 + 1flirs ) exp (c / £ ()5 dT) <c.

Now, insterting this estimate into yields, for some positive constants C' depending also on p,

t
X(t) + / (IAr()3s + VA3 + 1A% () 2:) dr < C (Ko + 11230 + I e -

The former inequality is thus proved.

As for the latter one, it is just a matter of following the computations of Proposition to get
estimate . Noticing that, under our hypotheses, the right-hand side is uniformly bounded in time
completes the proof of the second inequality, and thus of the lemma. O

Remark 6.10. Easy modifications in the control of the forcing term (keep in mind also Remark
above) show that:

e the former inequality still holds true even when f is not globally in L?(R,; H~2), provided
we assume that f € L'(Ry; H1(R?));

e the latter inequality still holds true even when f is not globally in L?(R,; H 1), provided we
assume that f € L!'(Ry; L?(R?)).

The second preliminary result which is needed in our study is the following one.

Lemma 6.11. Let ro € H*(R?) and f € L} (Ry; H2(R?)) N LY (Ry; H1(R?)). Denote by r the

loc

unique solution to related to the initial datum ro and bulk force f, as given by Theorem ,
Then r verifies, for almost every t > 0 and & € R?, the pointwise estimate

t
RO < (@] + lla(© Villnle + [ a7(@) [Fir.0)] ar.
0
Proof. Passing in Fourier variables, we recast the equation for r in the following form:

7 + wh(&)7 = fo — a 1(&) Fu- VA%,
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where we have set u = V+(Id —A)r and fo = A~1(D)f as before. Multiplying by 7 and forgetting
about the viscosity term, we get, after integration in time,
PO < [Fo©)] + | fo| + a7 (@) |F(u-va2)|.
Now, since divu = 0, we deduce
| F(u- VAP < Jg] lu &% < I Hlull 2 [A%r]] . < ClellIrllme A7) g .

Plugging this estimate into the previous inequality and using Lemma allow us to arrive at the
desired control. O

We are now ready to state and prove dispersive estimates for the solution r to the non-linear
problem. We will argue in a similar way as in [8] (see also the original approach of [23], [24] and [1]),
paying attention to remainders coming from the different operators involved in our computations.
Notice also that our result is consistent with Theorem 3.4 of [8] (our n here plays the same role of
their «, which has to be taken equal to 1 to match the order of the parabolic operator).

Proposition 6.12. Let ro € H3R?) and f € L} (Ry; H2(R?)) N LY (Ry; H1(R?)). Denote by
r the unique solution to related to the initial datum ro and bulk force f, as given by Theorem .
Suppose moreover that there exist positive constants K1 and Ko and exponents n €]0,1] and v > 0
such that, for almost every t > 0 and & € R?, one has

IFOll-r < Ko (427 and Fo| < Ko 0+ 1)

Then there exists a constant C (just depending on u, K1, Ko and ||rol|gs) such that, for all t > 0,

one gets the decay property
C

[r®)llgs < e

Proof. Multiplying equation in L? as to get first-type energy estimates (see Proposition [3.5)), by
Fourier-Plancherel theorem we get

335 [ FEOP (U 206 + 206l + ) de+

+ u/ (O (1 + 21¢* + [¢]) de = / F(t,€) (1L + [€P)R(t, ) dg
R2 R2

For convenience of notation, we set R(t,£) = [¢] (2 + 2(¢* + ¢ )1/2 7(t,€). Then, from the previ-
ous relation we easily deduce

(48) /|rt§|2d§+2dt/|Rt§|2d§+ /|§|2‘Rt§‘d§<

< CFOlg— Irllgs < CNFON - lrollgs -

Next, for ¢t > 0, we define the ball B;(0) C R? as the ball centered in 0 and of radius v(t), for some
function v(t) to be determined later. Then we can write

~ ~ 2
[1ee ol de= [ e Aol a
R2\ B, (0)
~ 2
> ) [ R de -0 [
R2 B,(0)
plugging this inequality into and multiplying everything by 2 yield

d [ .

a/WMW@+f/WMF%+W ) [ [Reof ae <

R a

2
< C O ol + 020 [ |Re)| de

B:(0)
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At this point, we notice that, after setting V(t) := u fo 7)dr, we can write

dt/|Rtf|2df+uu /‘Rtf de = VO & ( /‘Rt{“ dg)

Moreover we have

d [ v d
a/lr(t,S)IQdf = e VO ( v /Ir (t.€) |2d£> — v’ /|7” ()" d¢
> Vi L ( V() /|r (t,£) |2d£> — pv?(#) Iroll

where we have made use of Lemma- in passing to the last line. Putting all these relations into
we gather

(0) < VOL (O ()2 + IROI)) <

dt
< CUWr rolls + 12O ol + () |

R a.
B(0)

for a new constant C' > 0 also depending on u.
Now, we pass to estimate the last term in the previous inequality: Lemma [6.11] implies

[, JReol = [ ere 216l + e i of o
B¢(0) B¢(0)

IN

2Wﬂ%-+/ €' (2 216 + [€1") a2(€) lrol o de +
B.(0)

+ [, o 7 (2 2 i) ¢ ([ |fe dT) d

C@m%y+fwwmmy+uwu+W>ﬁ%

IN

where we have used also the pointwise hypothesis on ‘f(’i’, f)‘

Hence, we can insert this bound into and integrate the resulting expression in time: after
noticing that ||R(¢)[|3. ~ ||V7"(t)||§127 we find, for a new constant C, depending also on g and on
ol s

(51) WWMmm<wwm+c/ V) (12 (r) + 04 () 7) dr +

+c/ YO (7)) (1 +07)? Td7+c/ VO f()] -1 dr .
for a new constant C' > 0 also depending on u.
To conclude the proof, we choose the function v2(t) := «a/(1 + t), for some constant o > 0: then

we get V(t) = (1 +t)*. After remarking that the worst terms are

t t
/ V) 200 dr < C (1 +4)° and / YO ()l gr dr < C (14 1),
0 0
we finally discover that ||r(t)||3s < C(1+¢)~", for a suitable positive constant C.
The proof of the proposition is then accomplished. O

We have to remark that, in light of Proposition (see also Subsection below) the previous
decay is not enough for our scopes. So, we need also the following statement.

Proposition 6.13. Under the hypotheses of Proposz'tion suppose moreover that ro € H*(R?)
and that f € L*(Ry; L?(R?)) is such that, for some n; €]0,1[,

If()llze < K 48)~17m.
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Then there exists a constant C' (just depending on u, Ky, Ko of Proposition and on K and
lrollra) such that, for allt > 0, one has
c

lr@ s < e

Proof. The proof of the previous statement follows the main lines of the proof to Proposition [6.12
So, let us just sketch it.

We start by multiplying equation by A2r, as in the proof of Proposition after passing in
Fourier variables, thanks to the latter inequality in Lemma we find

52 e or e + 5 5 [1Rorde + [ 162 |Raceo)f e <
< ONFWIge 8% 2 < C 1@ e ol

where we have defined By (t,€) = (€]° + |¢[8)"/*7(t, ).
As above, we define B;(0) to be the ball of center 0 and radius v(¢), for some positive function v
to be defined later on. Therefore we can estimate

[ e \E(t,f)f 62 [ ol s —vo [ [Reof a.

Moreover, if we set V(t) 1= u fo 7) dr, then we have

£/|§1<t,£>|2d5 + uu2<t)/]f?1<t,s)} g = 0 4 (@0 [|Ro ac)

while Lemma [6.9] implies that

& [t reopa > o2 (V“/m 7 thd&) ) AR s

Putting these relations together, we deduce the estimate

(52) e O 2 (0 (Jart) + IRIE.)) <

< CFOlge lIroll s + pr? @ IAT @[T + pr?(t) /

‘Rl (t,€) ‘ d .
B, (0)

Once again, we resort to Lemma to control the last term in the right-hand side of the previous
inequality. After some easy computations, we gather

~ 2
/ ‘Rl(t,g)‘ de < v2(1) [roll%s + t04(1) llrolldys + vA(8) (1+07(2) 2.
B,(0)

Using this estimate in , together with the hypothesis over f and Proposition for the term
|Ar(t)||32, we finally find, after integration in time, for some constant C' also depending on the norm
of the initial datum,

t t
VO ARG < lrollZe + / VO (L g 1) dr 4 / ) 2 (r) (14 7)1 +

+ /0 eV(m) 1/4(7') (1 + TVQ(T>) dr + /0 V() 1/6(7-) 72 (1 +V’Y(T)>2d7'.

As before, we define v2(t) := «a;/(1 +t), with g > 0 to be fixed. Then, the worst term is the first
integral in the right-hand side:

t
/ eV (1+ )lTmdr < ¢ (I4+t)y*—m,
0

while the other terms all present a better bound (namely, a bound in terms of a lower power of 1+t).
The desired inequality easily follows. O
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6.3. Completing the proof. We are now ready to complete the proof of Theorem To this end,
let us introduce the quantities

z(t,z) == r(t,x) — w(t, ) and 20 =79 — wy = 0.
Then, z satisfies the equation
(53) O(Id—A+ A%z + pA*(Id=A)z = —u- VA®r,

where u = V+(Id —A)r, related to the initial datum zy = 0.
First of all, we need the equivalent version of Lemma [6.11

Lemma 6.14. Under the hypotheses of Theorem[6.3, z fulfills the pointwise estimate
2(t,€)] < [€la™(€) Vi |rollFs
Proof. As done above, we recast equation on the Fourier side: we have
OZ 4+ ph(€)z = —a (&) F(u-VA»r).
Since divu = 0, we deduce
P Va%)| < el lu &%, < lel flulle 8% 0 < Clrllae [1Ar] e
The desired estimate is thus a striaghtforward consequence of Lemma O

IN

Remark 6.15. We exlicitly point out here that, under our hypotheses, we can assume that there
exists a constant C' > 0 large enough, so that

t t
()l + M/O |Aw()[Z dr + r()llFs + M/O |Ar(T)|F2 dr < C
for all times ¢ > 0. This is a consequence of Lemma [6.9 and Remarks [6.2] and [6.10}

We are now in the position of proving Theorem We argue in a similar way as in Proposition
s0, let us perform energy estimates of first type for equation (53). We observe that

VEId—-A)r-V(Id —A)z A?rde = VEId —A)r - V(Id —A)w A%rdx;
R? R?
hence, after passing in Fourier variables, the same computations as before yield

60 5 [EeOPd+ 5 [1Z0oPd +u [ 167 20.0] d <
< CTI-2)r D)l x [[A%(0)] s V0 =A)w (o)

where we have defined Z(t,¢) = [¢] (24 20 + |§\4)1/2 Z(t,€) as above.
Next, for ¢ > 0, we introduce the ball B;(0) C R? as the ball centered in 0 and of radius v(t), for
some function v(t) to be determined later. Then we can write

~ 2 _ 2
[1e8 |2wo] @ = v [ |20 de - v [
R2 B:(0)
and plugging this inequality into we find, after setting V(¢) := pu fot v2(7)dr,
L NPT v 4 (v / 7k ol
63 4 [EeoPrd+ 0 L (0 [|zwel] d

< CIVAA=A)r(®)] s [|A%r (0] . VA =A)w(®)] - + /wz(t)/B o

206 e,

de .

29|

Repeating the computations performed for 7 in the proof of Proposition [6.12] and using Remark
above, we can bound

d d
G [Eeora = 0 (00 [Eropa) - wio [Eeora
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d N
> e-vw@ (ev(t)/|z(t7§)|2d§) — Cur?(t).

On the other hand, the last term in the right-hand side of can be controlled in view of Lemma
denoting by C' a positive constant possibly depending also on the norm of the initial datum 7o,
we gather

||z
B.(0)

2
[ = [l 2k ) RO de
B:(0)

< C/ o |§|4 (2+2|f\2 + |§|4) aiz(f)tHT’oH%IS e < Cl/z(t)t,
B¢ (0
Therefore, plugging these inequalities into (55) leads us to

56) O (0 (s + 120)12)) <
< C(IVAd=2)r(@®)l 2 A% O] IVEd=A)w(t)] 2 + (0t + v2(1)).

for a new constant C' > 0 also depending on .

At this point, we use estimates provided by Propositions and in order to bound
the first term in the right-hand side of the previous inequality. Since ||Z(t)[|2. ~ HVz(t)H?{g, an
integration of in time yields

t t
B7) VO ()l < c/ e’ (14 1)~ 2 ar 4 c/ e’ (WA (r) T + VA (r)) dr.
0 0

To conclude the proof, we choose as before the function v%(t) := /(1 + t), for some constant
B >0, so that V(t) = (1 +t)?. First of all, we notice that

/t eV (1/4(7') T4+ V(1)) dr < C ((1+ P72 + 1+ t)ﬁfl) < C(14t)P 1.
Then, we treoat the other integral: we have
/t V() (1+ 7-)—(71-4-1/2) dr < C(1+ t)ﬁ+1/2—n ,
and this inequality completgs the proof of Theorem [6.3]

Appendix A. Fourier analysis toolbox

We recall here the main ideas of Littlewood-Paley theory, which we exploited in the previous
analysis. We refer e.g. to Chapter 2 of [2] for details.

For simplicity of exposition, let us deal with the R? case; however, the whole construction can be
adapted also to the d-dimensional torus T¢.

First of all, let us introduce the so called “Littlewood-Paley decomposition”, based on a non-
homogeneous dyadic partition of unity with respect to the Fourier variable.

We, fix a smooth radial function x supported in the ball B(0,2), equal to 1 in a neighborhood
of B(0,1) and such that 7 ++ x(re) is nonincreasing over R, for all unitary vectors e € RY. Set

(&) = x (&) — x(26) and ¢;(§) := p(277¢) for all j > 0.
The dyadic blocks (A;);ez are defined byE|

A; =0 if j< -2 Ay = x(D) and Aj = @(277D) if j>0.
We also introduce the following low frequency cut-off operator:
(58) Sju = x(27/D) = > A4 for  j>0.

k<j—1

IThroughout we agree that f(D) stands for the pseudo-differential operator u — F~1(f Fu).
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By Remark 2.11 of 2], the operators S; and A; map LP into itself, for all j > —1 and all p € [1, +o0],
with norms independent of j and p.

The following classical property holds true: for any u € S’, then one has the equality u =) ; Aju
in the sense of S’. Let us also mention the so-called Bernstein’s inequalities, which explain the way
derivatives act on spectrally localized functions.

Lemma A.1. Let 0 <r < R. A constant C exists so that, for any nonnegative integer k, any couple
(p,q) in [1,4+00)?, with p < q, and any function u € LP, we have, for all A > 0,
supp@ C B(0,AR) = ||[VFullpe < ¥ ARG =0) |lu s
suppt C {E € R PA < |¢| < RA} = C* M ulle < |VFulle < CFPENF|Jul| L
By use of Littlewood-Paley decomposition, we can define the class of Besov spaces.

Definition A.2. Let s € R and 1 < p,r < 400. The non-homogeneous Besov space By, is defined
as the subset of tempered distributions u for which

lulls,, == || @ 1Ajulles) o, < +oo-

Besov spaces are interpolation spaces between the Sobolev ones. In fact, for any ¥ € N and
p € [1, +0o0] we have the following chain of continuous embeddings:

B, — WP — Bk

p,o0 ?

where W*P denotes the classical Sobolev space of LP functions with all the derivatives up to the order
k in LP. Moreover, for all s € R we have the isomorphism of Banach spaces B3 5 & H*, with

1/2
(59) I fllrrs ~ Z 2%7° || A f1I7
j>—1

More in general, the previous isomorphism is an isomorphism of Hilbert spaces. As a matter of fact,
if we define the B3 5 scalar product by the formula,

(f, 9By, = > 2297(AGf, Agg) L2,
g>—1

by Proposition 2.10 of [2] we get a scalar product which is equivalent to the classical one over H*.
As an immediate consequence of the first Bernstein’s inequality, one gets the following embedding
result.

Proposition A.3. The space Bp! . s continuously embedded in the space B2,  for all indices
satisfying p1 < po and

1 1 1 1

52<31—d(—) or 82281—d<—> and 1 < 7r9.
p1 P2 P1 P2

We recall also Lemma 2.73 of [2].

Lemma A.4. If1 <r < +oo, for any f € B, . one has
li -5,
i f = 851

Let us now introduce the paraproduct operator (after J.-M. Bony, see |3]). Constructing the para-
product operator relies on the observation that, formally, any product of two tempered distributions
u and v, may be decomposed into

(60) uv = Tyv + Tyu + R(u,v),
where we have defined

(61) T, = ZSj,luAjv, and R(u,v) := Z Z Ajuljv.

J Jo i’ =i1<1

. =0.
Bs,
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The above operator T is called “paraproduct” whereas R is called “remainder”. We recall that, for
all v and v in &', the sequence (Sj,lu Ajv)jeN is spectrally supported in dyadic annuli, whose radius
is proportional to 27.

The paraproduct and remainder operators have many nice continuity properties. The following
ones have been of constant use in this paper (see the proof in e.g. Chapter 2 of [2]).

Proposition A.5. For any (s,p,r) € R x [1,00]? and t > 0, the paraproduct operator T maps

continuously L x By in By, and B} x By, in By *. Moreover, the following estimates hold:

b,r p,r T

Twollsy, < Cllulli= [Vollges  and | Tuollger < Cllullger_ [V0llge -

For any (s1,p1,71) and (s2,p2,72) in R x [1,00]? such that sy +s2 >0, 1/p:=1/p1+1/p2 <1 and
1/r:=1/r1 + 1/ra <1, the remainder operator R maps continuously Byt . x B,? . into B;}j”, In
the case s1 + sg = 0, provided v = 1, operator R is continuous from BS! —x B32  with values in the

P1,71 P2,72
space Bg’oo.
We recall also a classical commutator estimate (see e.g. Lemma 2.97 of [2]).

Lemma A.6. Let ® € C'(R?) such that (1+] - |)§> € LY. There exists a constant C such that, for
any function h for which Vh € LP(RY), for any f € L4(R?) and for all X > 0, one has

[[e(A'D),R] . < CATH VAl L, (1£llLe

where r € [1,+00] satisfies the relation 1/r = 1/p + 1/q.

Going along the lines of the proof, it is easy to see that the constant C' depends just on the L'
norm of the function |z| k(z), where k = F.- '® is the inverse Fourier transform of .
To conclude, let us quote a compactness result (see Theorem 2.94 of [2]).

Theorem A.7. For any s' < s, for all smooth ¢ in the Schwartz class S(RY), the multiplication by

. . /
¢ 1s a compact operator from B; . into B ;.

References

[1] C. Amick, J. Bona, M. Schonbek: Decay of solutions of some nonlinear wave equations. J. Differential Equations,
81 (1989), n. 1, 1-49.

[2] H. Bahouri, J.-Y. Chemin and R. Danchin: “Fourier Analysis and Nonlinear Partial Differential Equations”.
Grundlehren der Mathematischen Wissenschaften (Fundamental Principles of Mathematical Sciences), 343,
Springer, Heidelberg (2011).

[3] J-M. Bony: Calcul symbolique et propagation des singularités pour les équations aux dérivées partielles mon
linéaires. Ann. Sci. Ecole Norm. Sup. 14 (1981), n. 2, 209-246.

[4] D. Bresch, B. Desjardins: Ezistence of global weak solution for a 2D wviscous shallow water equation and conver-
gence to the quasi-geostrophic model. Comm. Math. Phys., 238 (2003), n. 1-2, 211-223.

[5] D. Bresch, B. Desjardins, C.-K. Lin: On some compressible fluid models: Korteweg, lubrication, and shallow
water systems. Comm. Partial Differential Equations, 28 (2003), n. 3-4, 843-868.

[6] V. Busuioc, D. Iftimie, M. C. Lopes Filho, H. J. Nussenzveig Lopes: Uniform time of existence for the alpha
Euler equations. J. Funct. Anal., 271 (2016), n. 5, 1341-1375.

[7] J.-Y. Chemin, B. Desjardins, I. Gallagher, E. Grenier: “Mathematical geophysics. An introduction to rotating
fluids and the Navier-Stokes equations”. Oxford Lecture Series in Mathematics and its Applications, 32, Oxford
University Press, Oxford (2006).

[8] P. Constantin, J. Wu: Behwvior of solutions of 2D quasi-geostrophic equations. SIAM J. Math. Anal., 30 (1999),
n. 5, 937-948.

[9] F. De Anna: A global 2D well-posedness result on the order tensor liquid crystal theory. J. Differential Equations,
262 (2017), n.7, 3932-3979.

[10] T. Elgindi: On the asymptotic stability of stationary solutions of the inviscid incompressible porus medium
equation. Arch. Rational Mech. Anal., to appear (2017).

[11] F. Fanelli: Highly rotating viscous compressible fluids in presence of capillarity effects. Math. Ann., 366 (2016),
n. 3-4, 981-1033.

[12] F. Fanelli: A singular limit problem for rotating capillary fluids with variable rotation azis. J. Math. Fluid Mech.,
18 (2016), n. 4, 625-658.

[13] F. Fanelli: Geophysical flows and the effects of a strong surface tension. Submitted (2016), preprint available at
https://arxiv.org/abs/1605.09210.



42
[14]
[15]

[16]

24]

[25]

Francesco De Anna & Francesco Fanelli

A. Farhat, E. Lunasin, E. S. Titi: A data assimilation algorithm: the paradigm of the 3D Leray-alpha model of
turbolence. Submitted (2017), preprint available at https://arxiv.org/abs/1702.01506.

E. Feireisl, I. Gallagher, A. Novotny: A singular limit for compressible rotating fluids. STAM J. Math. Anal., 44
(2012), n. 1, 192-205.

A. Jingel, C.-K. Lin, K.-C. Wu: An asymptotic limit of a Navier-Stokes system with capillary effects. Comm.
Math. Phys., 329 (2014), n. 2, 725-744.

J. Leray: Sur le mouvement d’un liquid visqueuz emplissant ’espace. Acta Math., 63 (1934), n.1, 193-248.

A. Majda: “Introduction to PDEs and waves for the atmosphere and ocean”. Courant Lecture Notes in Mathe-
matics, 9, New York University, Courant Institute of Mathematical Sciences, New York; American Mathematical
Society, Providence, RI (2003).

A. Majda, X. Wang: “Nonlinear dynamics and statistical theories for basic geophysical flows”. Cambridge Uni-
versity Press, Cambridge (2006).

M. D. Novack, A. F. Vasseur: Global in time classical solutions to the 3D quasi-geostrophic system for large
initial data. Submitted (2016), preprint available at https://arxiv.org/abs/1610.04764.

M. Paicu, A. Zarnescu: Energy Dissipation and Regularity for a Coupled Navier—Stokes and Q-Tensor System.
Arch. Rational Mech. Anal., 203 (2012), n. 1, 45-67.

J. Pedlosky: “Geophysical fluid dynamics”. Springer-Verlag, New-York (1987).

M. Schonbek: L2 decay for weak solutions of the Navier-Stokes equations. Arch. Rational Mech. Anal., 88 (1985),
n. 3, 209-222.

M. Schonbek: Large time behaviour of solutions to the Navier-Stokes equations. Comm. Partial Differential
Equations, 11 (1986), n. 7, 733-763.

V. Zeitlin: “Nonlinear dynamics of rotating shallow-water: methods and advances”. Elsevier, Amsterdam (2007).



	1. Introduction
	1.1. Derivation of the model
	1.2. Related works, and content of the paper
	1.3. Organization of the paper
	Acknowledgements

	2. Well-posedness results
	3. Mathematical structure of the equation
	3.1. Analysis of the bilinear term
	3.2. Basic energy estimates

	4. Weak solutions theory
	4.1. Global in time existence
	4.2. Uniqueness of weak solutions

	5. Propagation of higher regularities
	5.1. On the H4-theory for weak solutions
	5.2. Higher order energy estimates
	5.3. Propagation of intermediate regularities

	6. Long-time dynamics
	6.1. The linear problem
	6.2. Coming back to the non-linear problem
	6.3. Completing the proof

	Appendix A. Fourier analysis toolbox
	References

