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GLOBAL WELL-POSEDNESS FOR THE 2D BOUSSINESQ
SYSTEM WITH ANISOTROPIC VISCOSITY AND WITHOUT
HEAT DIFFUSION

ADAM LARIOS, EVELYN LUNASIN, AND EDRISS S. TITI

ABSTRACT. We establish global existence and uniqueness theorems for the two-
dimensional non-diffusive Boussinesq system with anisotropic viscosity acting
only in the horizontal direction, which arises in ocean dynamics models. Global
well-posedness for this system was proven by Danchin and Paicu; however,
an additional smoothness assumption on the initial density was needed to
prove uniqueness. They stated that it is not clear whether uniqueness holds
without this additional assumption. The present work resolves this question
and we establish uniqueness without this additional assumption. Furthermore,
the proof provided here is more elementary; we use only tools available in
the standard theory of Sobolev spaces, and without resorting to para-product
calculus. We use a new approach by defining an auxiliary “stream-function”
associated with the density, analogous to the stream-function associated with
the vorticity in 2D incompressible Euler equations, then we adapt some of the
ideas of Yudovich for proving uniqueness for 2D Euler equations.

1. INTRODUCTION

The two-dimensional Boussinesq system of ocean and atmosphere dynamics
without rotation), in a domain Q C R? over the time interval [0, T is given by

1.1a) Ou+ (u-V)u=—Vp+ ey +vAu, in  x [0,T7,
1.1b) Vou=0, in Q % [0,T],
1.1c) 0 + (u- V)0 = kA0, in Q x [0,T7,
1.1d) u(x,0) =up(x), 6(x,0)=0u(x), in Q,

with appropriate boundary conditions (discussed below). Here v > 0 is the fluid
viscosity, x > 0 is the diffusion coefficient. We denote problem (1.1) by P, ,, when
k>0 and v > 0. The spatial variable is denoted x = (z!,2%) € Q. The unknowns
are the fluid velocity field u = u(x, t) = (u!(x,t),u?(x,t)), the fluid pressure p(x, t),
and the scalar function 6 = 0(x,t), which may be interpreted physically as (the
fluctuation of) a density variable (e.g., when x = 0), or a thermal variable (e.g.,
when k > 0). We write e = (0,1) for the second standard basis vector in R2. It is
worth mentioning that all the results reported here are valid in the presence of the
Coriolis rotation term.

(
(
(
(
(

Date: July 1, 2013.

Key words and phrases. anisotropic Boussinesq equations, existence, uniqueness, regularity
theory .

MSC 2010 Classification: 35Q35; 76B03; 76D03; 76D09.



2 ADAM LARIOS, EVELYN LUNASIN, AND EDRISS S. TITI

The main purpose of this study is to remove the additional smoothness condition
on the initial density, which was crucial to the uniqueness proof in [9]. Indeed, the
authors of [9] state:

“ ..it is not clear that those global solutions are unique if there is
no additional regularity assumption [on 0].7 9, p. 425]

In this work, we resolve this difficulty, and develop a new technique which uses a
“stream-like function,” and adapt Yudovich methods to handle the present case.
This new approach allows us to not only overcome the difficulty mentioned in [9],
but also to do so using only elementary tools from Sobolev spaces, avoiding the use
of highly-sophisticated tools from harmonic analysis.

In two dimensions, the global regularity in time of the problem P, , is well-
known (see, e.g., [5, 23]), and follows essentially from the classical methods for
Navier-Stokes equations (NSE). However, in the case v = 0,k = 0, (Py ), global
existence and uniqueness still remains an open problem (see, e.g., [6, 7] for studies in
this direction). The local existence and uniqueness of classical solutions to Py o was
established in [7], assuming the initial data (ug,6y) € H? x H?. In particular, an
analogous Beale-Kato-Majda criterion for blow-up of smooth solutions is established
in [7] for the inviscid, non-diffusive Boussinesq system; namely, that the smooth
solution exists on [0, 7] if and only if fOT (IVO(t)]| L dt < 0.

It has been shown in [6, 18] that the system P, , in the case of whole space
R?, admits a unique global solution provided the initial data (ug,6) € H™(R?) x
H™(R?) with m > 3, m an integer. In fact, in [18], the authors only required
(ug, 0o) € H™(R?)x H™ 1(R?) with m > 3. In [6], it is also shown that the problem
Py, admits a unique global solution provided the initial data (ug,6y) € H™(R?) x
H™(R?) with m > 3. Global well-posedness results for somewhat rougher initial
data (in Besov spaces) is established in [16]. The requirements on the initial data
were weakened further in [10], where global well-posedness results were established
in the whole space without any smoothness assumption, namely they only require
ug, 0y € L*(R?) for both existence and uniqueness. The proof of their main results
arise under the Besov and Lorentz space setting and involves the use of Littlewood-
Paley decomposition and paradifferential calculus introduced by J. Bony [4].

In Section 3, we establish the global well-posedness of the anisotropic case in a
periodic domain T? = [0,1]? = R?/Z2. More precisely, assuming initial vorticity
wo € VL (defined below in (1.3)), initial density (or temperature) fluctuation 6y €
L°(T?), and sz wo dx = sz 0y dx = 0, we establish global well-posedness for the
following system (with the advection terms written in divergence form), which we
denote as P, o:

2
(1.2a) Oru+ Y 9;(wu) = vdfu— Vp + ey, in T2 x [0, 77,
j=1
(1.2b) V-u=0, in T2 x [0, 77,
(1.2¢) 00+ V - (ud) = 0, in T2 x [0, 77,
(1.2d) u(x,0) =ug(x), 6(x,0)=0(x), in T2.

Our key idea in proving the uniqueness result is by writing § = A¢, with fp Edx =
0, for some &, and then adapting the techniques of Yudovich in [26] (see also [21]).
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Recently, in [9], a global well-posedness result for the system P,, o (in the whole
space R?), under various regularity conditions on initial data, was successfully es-
tablished. More precisely, it is proven in [9] that, given 6 € H*(R?) N L>=(R?),
with s € (1/2,1], up € H'(R?) and wy € LP(R?) for all 2 < p < oo, and such the
wo satisfy

o [[wollLr (2)

the Boussinesq system (1.2) in the whole space with anisotropic viscosity admits
a unique globally regular solution. The condition 8y € H® with s € (%, 1] was
needed for establishing uniqueness in [9]. We relax this condition in our current
contribution. We remark again that the main idea is to write § = A¢, and then
proceed using the techniques of Yudovich [26] for the 2D incompressible Euler
equations to prove uniqueness. Furthermore, our method uses more elementary
tools than those used in [9]. During the peer review process, it has been brought to
our attention that a similar approach to proving stability estimates for equations
in spaces other than the energy space has been utilized in two fairly recent papers.
One is [17] in the context of compressible fluids, where estimates for H ! differences
in densities and L? differences in velocities are obtained by duality from bounds
for the corresponding adjoint system. The second, more recent paper is [15], where
the 2D isotropic Boussinesq system without heat diffusion but with viscosity in all
directions of the velocity field has been studied in bounded domains. In this regard,
it is worth mention, however, that already in the 2010 arXiv version [19] of this
manuscript, we have announced and posted our current results on the 2D Boussinesq
equations without heat diffusion and with anisotropic viscosity, and where we also
proposed an inviscid a-regularization for the two-dimensional inviscid, non-diffusive
Boussinesq system of equations, which we call the Boussinesq-Voigt equations.

It is also worth mentioning that recently, in [2], the global regularity of classical
solutions to the two-dimensional Boussinesq system in the case of vertical viscosity
and vertical thermal diffusion was established.

2. PRELIMINARIES

In this section, we introduce some preliminary material and notations which are
commonly used in the mathematical study of fluids, in particular in the study of
the NSE. For a more detailed discussion of these topics, we refer to [8, 13, 22, 24].

Let F be the set of all trigonometric polynomials with periodic domain T? :=
[0,1]%. We define the space of smooth functions which incorporates the divergence-
free and zero-average condition to be

V:{@E}'Q:V-goOand/ god:cO}.
’]I‘Q

We denote by LP, W*P, H* = W#2 (C°7 the usual Lebesgue, Sobolev, and
Holder spaces, and define H and V to be the closures of V in L? and H'! respectively.
We restrict ourselves to finding solutions whose average over the periodic box T?
is zero. Observe from (1.1b) and (1.1c), if we assume that [, 6o(z)dz = 0, then
Jp2 0(x,t) doz = 0 for all t > 0, and also [, u(z,t) dz = 0 for all ¢ > 0 provided
sz ug(z) dz = 0. Therefore, we can work in the spaces defined above consistently.
The notation V¢ := H*(T?) NV will be convenient. When necessary, we write the
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components of a vector y as 3/, 5 = 1,2. We define the inner products on H and
V' respectively by

2 2
(u,v) = Z/ u'v'dr and ((u,v)) = Z ojutdv" da,
i=17T? ij—17T?
and the associated norms |u| = (u,u)/?, |lul| = ((u,u))*/2. (We use these nota-
tions indiscriminately for both scalars and vectors, which should not be a source
of confusion). Note that ((-,-)) is a norm due to the Poincaré inequality, (2.16),
below. We denote by V' the dual space of V. The action of V' on V is denoted by

(-,-) = (-»*)y- Note that we have the continuous embeddings
(2.1) Ve H<=V.

Moreover, by the Rellich-Kondrachov Compactness Theorem (see, e.g., [1, 12]),
these embeddings are compact.
Following [9], we define the spaces

VL = {w||lw| 7 < o},

where || - || 7 is defined by (1.3). This space arises naturally, due to the following
inequality, valid in two dimensions, which can be proven without using Littlewood-
Paley theory (see, e.g., [20] for such a proof, with a sharper dependence on p).

(2.2) Iwll, < Cvp = 1w,

for all w € H'(T?), for any p € [2,00), and where we denote by | - ||, the usual
LP norm (see [9] for a proof using Littlewood-Paley theory). Note that clearly
L>* C VL C LP for every p € [2,00). We also recall the following well-known
elliptic estimate, which follows from Calderén-Zygmund theory and the Biot-Savart
law for an incompressible vector field u, satisfying V-u =0, and V x u = w:
(2.3) IVull, < Cpllwll,

for any p € (1,00) (see, e.g., [21, 26]).

Let Y be a Banach space. We denote by LP([0,77,Y) (which we also denote
as L7Y,), the space of (Bochner) measurable functions ¢ — w(t), where w(t) € Y
for a.e. t € [0,T], such that the integral fOT lw(t)|]5- dt is finite (see, e.g., [1]). A
similar convention is used in the notation C*(]0,T], X) for k-times differentiable
functions of time on the interval [0, T] with values in Y. Abusing notation slightly,
we write w(-) for the map ¢ — w(t). In the same vein, we often write the vector-
valued function w(-,t) as w(t) when w is a function of z and ¢t. We denote by
C>°(T? x [0,T]) the set of infinitely differentiable functions in the variable  and ¢
which are periodic in  with [1, ¢(-,#) dz = 0. Similarly, we denote by LP(T?) =
{o € LP(T?): [z ¢(x) dz = 0}.

We denote by P, : L2 — H the Leray-Helmholtz projection operator and define
the Stokes operator A := —P,A with domain D(A) := H>NV. For ¢ € D(A),
we have the norm equivalence |Ap| = ||¢|| g2 (see, e.g., [8, 24]). In particular, the
Stokes operator A can be extended as a linear operator from V into V' associated
with the bilinear form ((u,v)),

(Au,v) = ((u,v)) foralveV.
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It is known that A=! : H — D(A) — H is a positive-definite, self-adjoint, compact
operator from H into itself, and therefore it has an orthonormal basis of positive
eigenvectors {wk},;“;l in H corresponding to a non-increasing sequence of eigen-
values (see, e.g., [8, 22]). The vectors {wy},-, are also the eigenvectors of A.
Since the corresponding eigenvalues of A~! can be ordered in a decreasing order,
we can label the eigenvalues Ay of A so that 0 < A} < Ay < A3 < ---. Let
H,, = span{wi,...,w,}, and let P, : H — H, be the L? orthogonal projection
onto H,. Notice that in the case of periodic boundary conditions in the torus T2
we have A\ = (27)~2. We will abuse notation slightly and also use P, in the scalar
case for the corresponding projection onto eigenfunctions of —/A\, but this should
not be a source of confusion. Furthermore, in our case it is known that A = —A
due to the periodic boundary conditions (see, e.g., [8, 22]) and the eigenvectors w;
are of the form awe?™ > with ay -k = 0.

It will be convenient to use the following standard notation for the bilinear term

(2.4) B(w1,w3) := P, > 0;(wiws)

for wi,wo € V. We list some important properties of B which can be found for
example in [8, 13, 22, 24].

Lemma 2.1. The operator B defined in (2.4) is a bilinear form which can be
extended as a continuous map B :V x V — V' such that

(25) <B(W1,W2),W3> = / (Wl . VW2) - W3 dl‘,
T2
for every wi,wao, w3 € V. satisfying the following properties:
(i) For wi, wa, wg €V,

(2.6) (B(w1,Wa),W3)y, = — (B(W1,W3), Wa)y,,
and therefore
(2.7) (B(w1,w2),w2), = 0.
(ii) For wy, wo, w3 €V,
(28)  [(Blwi,wa),wa)y, | < Clwi[V2 w2 [wa [wa] /2] ws 12
(29)  [(Blwi,wa), wahy | < Clwi 12w |2 [wa V2wl /2wy |

Let us define the scalar analogue of the bilinear operator (2.4), motivated by the
transport term in the density equation.

2
(2.10) B(w,1) =Y 9;(w’)
j=1
for w € V and ¢ € F with ng ¥ dr = 0. We have the following similar properties

for B which can be proven easily as in the proof of Lemma 2.1.

Lemma 2.2. The operator B defined in (2.10) is a bilinear form which can be
extended as a continuous map B:V x H' — H~', such that

T2
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for every w €V and ¢, ¢ € Ct. Moreover,

(2'12) <B(W7w)7¢>H*1 = _<B(W7¢)’¢>H*1 5
and therefore
(2.13) (B(w,),¢) -1 =0.

Furthermore, B is also a bilinear form which can be extended as a continuous map
B:D(A) x L? - H™L.

Here and below, C,Cj, etc. denote generic constants which may change from
line to line. C,,C(---), etc. denote generic constants which depend only upon
the indicated parameters. K, K, etc. denote constants which depend on norms of
initial data, and also may vary from line to line. Next, we recall the Ladyzhenskaya
inequality; namely, that for f € H'(T?) such that [, f dz = 0, we have,

(2.14) I lee < LFIM2000M2.

We also recall Agmon’s inequality in two dimensions (see, e.g., [3, 8]). For
w € D(A) we have

(2.15) Wz < Clw|'/2|Aw|Y/2 .
Furthermore, for all ¢ € W'?(T?), p > 2, we have the Poincaré inequality
(2.16) lellzr < CIVellLe,

with C' = )\1_1/2 if p = 2. Finally, we note a result of deRham [24, 25], which implies
that, if ¢ is a locally integrable function (or more generally, a distribution), we have

(2.17) g = Vp for some distribution p iff {(g,w) =0 for allw eV,

which one uses to recover the pressure.

3. GLOBAL WELL-POSEDNESS FOR THE 2D NON-DIFFUSIVE BOUSSINESQ
EQUATIONS WITH ANISOTROPIC VISCOSITY (P, o)

Before we prove our main result for the case P, , we record some theorems for
the fully viscous case, which we will refer to in our proof.

3.1. Known global well-posedness results for the fully viscous case. Let
us first define the weak formulation of problem P, , in T? x [0,T]. By choosing a
suitable phase space which incorporates the divergence free condition of the Boussi-
nesq equations, we can eliminate the pressure from the equation, as is standard
in the theory of the Navier-Stokes equations. Consider the scalar test functions
o(x,t) € C®(T? x [0,T]), such that p(z,T) = 0; and the vector test functions
®(x,t) € [C°(T? x [0,T])]? such that V - ®(-,t) = 0 and ®(z,T) = 0. Then the
weak formulation of problem P, ,; in T? x [0, T'] (and similarly of problem P, o, when
k=0, in T? x [0,T]) is written as follows:
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-/  (u(s), () ds + v / T<<u<s>,<1><s>>>ds+i / (0,8 s

T
(3.1a) = (up(x), ®(z,0)) +/0 (0(s)eq, P(s))ds

- / (0(s), ¢/ () ds + / (w6, Vo) ds + & / ((8(5), o(s))) ds

(3.1b) = (bo(z), ¢(,0)).

Remark 3.1. Tt will become clear later that (3.1) will hold for a larger class of test
functions, and consequently it will be sufficient to consider only test functions of
the form

(3.2a)  ®(x,t) = D (t)e*™™ >, with 'y, € [C*([0,T])]? and m - Ty (t) = 0,
and
(3.2b)  9(r,6) = xen()E™ ™, with xum € C=(0,T]),

for m € (Z\{0})?, since such functions form a basis for the corresponding larger
spaces of test functions.

From here on, we only work on spaces of functions which are periodic and with
spatial average zero. Therefore, to simplify notation, we write L? as L2, CF as CF,
etc.

In the two-dimensional case, the global well-posedness of system P, , in (1.1),
that is, in the case Kk > 0, v > 0, is well-known, and can be proved in a similar
manner following the work of [14] (see also [5, 23]). We have the following existence
and uniqueness results for the system P, .., which will be used to prove the existence
of weak solutions for the system P, .

Theorem 3.2. Let T > 0, v > 0 be fixed but arbitrary. Then, the following results
hold:

(i) If ug € H, 6y € L? then for each k > 0, (1.1) has a unique solution
(W, 0,.) in the sense of (3.1) such that u, € C([0,T], H)NL*([0,T],V), 0, €
Cw([0,T), L?). Furthermore, there exists a constant Ko > 0 independent of k
such that the following bounds hold: ||| r2(0,r1,v) < Ko, ||usllze(o,r1,8) <
Ko, |5 uxl 20,1y < Ko, 110kl 2o fo.77,2) < 100], | 50kl L2(0,71,5-2) < Ko
and \/EHQK||L2([O,T],H1) < Kj.

(ii) If the initial dataug € V and 0y € L?, then u,, € C([0,T],V)NL?([0,T], D(A))
and we also have the bounds: ||u.| z2(j0,11,p(4)) < Ko, [[kllzo(0,7,v) < Ko,
4wl L2 o,,0) < Ko and || %0l 2 (o,7),1-1) < Ko-

(m) If g € L and ug € H, then |‘9,{||Loo([0,T]7Loo) < HGOHOO

(iv) If up € H? and 0y € H? then for each k > 0, (1.1) has a unique solution
u,, € C([0, 7], H3) N L2([0,T), H*) and 6, € C([0,T], H?) N L2([0, T], H?).

Proof. Parts (i) and (ii) are essentially proven in [5, 14, 23] following the classical
theory of Navier-Stokes equations. The uniform bounds in part (ii) will be estab-
lished explicitly in the later proofs when called for. Part (iii) can be proven using
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a maximum principle and is proven for example in [5, 23]. Part (iv) can be proved
using basic energy estimates and Gronwall’s inequality again following the classical
theory of the Navier-Stokes equations. (]

3.2. Global existence for the case of anisotropic viscosity. We now consider
the Boussinesq equations with anisotropic viscosity as given in (1.2). We will first
define what we mean by weak solution to system (1.2) and then show its existence.
To set additional notation, we denote the vorticity w := d;u? — Gou', which satisfies
the following equation

(3.3) Ow + V - (wu) — vdiw = 040.

The best global well-posedness result we are aware of for problem (1.2), prior to
the present work, in the case of the whole plane R? is stated in following theorem,
established in [9].

Theorem 3.3 (Danchin and Paicu,[9]). Let Q = R2. Suppose 0y € L*> N L™ , and
ug € V with wg € VL. Then system (1.2) admits a global solution (u, ) such that
0 € Cp([0,00); L%) N Cy([0,00); L) N L>=([0,00), L>) and u € C,([0,00); H),
u-ey € L2 ([0,00); H?), w € L2([0,00),VL), Vu € L? ([0,00),VL). If in

addition 0y € H® for some s € (0,1], then 8 € C(]0,00); H*™€) for all ¢ > 0.
Finally, if s > 1/2, then the solution is unique.

In the present work, we remove the assumption that s > 1/2 on the initial data,
and require only that § € L*°. To begin with, we weaken the notion of solution by
making the following definition.

Definition 3.4 (Weak Solutions for the Anisotropic Case). Let T > 0. Let 6y € L?,
wo := V+ -ug € L2, We say that (u,6) is a weak solution to (1.2) on the interval
[0, 7] if w € L>([0,T); L?) N Cy([0,T]; L?) and § € L>=([0,T]; L?) N Cy ([0, T); L?),
u? € L2(0,T), H?), % € L*([0,T],V"), ¥ € L'([0,T], H~?) and also (u, 0) satisfies
(1.2) in the weak sense; that is, for any @, ¢, chosen as in (3.2), it holds that

T T 2 T
_/0 (u(s),fl)'(s))ds+1//0 (81u(s),31<1)(s))ds+2/0 (wu, ;@) ds

(3.4a) :(u0,<1>(0))+/0 (0(s)ea, (s)) ds

T T
(3.4b) — / (6(s).'(5)) ds + / (0u, Vo) ds = (60, 0(0),

where ' = di.
S

Remark 3.5. Following standard arguments as in the theory of the NSE (see, e.g.,
[8, 24]) one can show that the above system is equivalent to the functional form

(3.5a) (Z—ltl +vdiu+ B(u,u) = P,(fey) in L*([0,7],V’) and
(3.5b) % +B(w,0) =0 in L*([0,T], H™?).

We now state and prove our main results for the system (1.2) (P,, o). The
global existence and regularity results will be stated in the theorem below and the
uniqueness theorem will follow.



BOUSSINESQ EQUATIONS 9

Theorem 3.6 (Global Existence and Regularity). Let T > 0 be given. Let 0y € L?
and wy € L?. Then, the following hold:

(1) There exists a weak solution to (1.2) in the sense of Definition 3.4.

(2) If wg € LP, and Oy € LP, with p € [2,00) fized, then there exist a weak solu-
tion satisfying that additional regularity properties that w € L ([0,T], LP)
and 6 € L>=([0,T], LP).

(8) Furthermore, if wo € VL and 6y € L™, then there erists a solution (u,6)
such that w € L=([0,T],VL) N Cy,([0,T],L?), % e L2([0,T],V’) and
0 € L*([0,T],L>) N C([0, T),wx-L>) (where wx-L> denotes the weak-
% topology on L>) with % € L>([0,T], H™1).

Proof. The outline of our proof is as follows. We begin by generating an approxi-
mate sequence of solutions (u(™,6(™) to P, o by adding an artificial vertical vis-
cosity Vz(,") > 0, and an artificial diffusion x(™ > 0, where x(™), uz(,n) — 0asn — oo,
and also by smoothing the initial data. Global existence of solutions to the fully
viscous system P, ., given smoothed initial condition is guaranteed (see, Theorem
3.2 part (iv)). Next, we establish uniform bounds, for the relevant norms of the
approximate sequence of solutions which are independent of the index n using ba-
sic energy estimates. We then employ the Aubin Compactness Theorem (see, e.g.,
[8, 24]) to show that the sequence of approximate solutions has a subsequence con-
verging in appropriate function spaces. This limit will serve as a candidate weak
solution. We then show that one can pass to the limit to show that the candidate
functions satisfy the weak formulation (3.4). Finally, we establish some regularity
results.
Step 1:  Generating solutions to the regularized system given smoothed initial
data.

Let v, > 0 be fixed and let (™, l/én) be a sequence of positive numbers, con-
verging to zero. Without loss of generality, one can assume that both ™ < v,
and " < v,. Let (u{™,6{") is a sequence of smooth initial data such that

uén) — up in V' and 9(()”) — 6p in L?, chosen in such a way that for each n € N,

||ué")|| < ||l + % and |0((Jn)| < |6o| + +. Notice, since u[()”) are smooth it follows
that w(()") =Vt ué”) are also smooth functions, bounded in L?. Using Theorem
3.2 part (iii) (with a trivial modification to account for values of the viscosity which
differ in the horizontal and vertical directions), we have that for each n, there exist
(u(™, ") satisfying the following equations:
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T T
(3.6a) — /0 (™ (s),®'(s)) ds + v, /0 (Ou™(s),0,®(s)) ds
T 2 T
L) Lu(™ (5), 0y ®(s)) ds o a™ 9.3 ds
0 /O<a (), 0, (5)) d +;/0< ;) d

— (ul”, 5(0)) + /0 (0 (s)en, B(s)) ds

T T
(3.6b) /0 (0 (s), &/ (5)) ds — /O O™ u™, Vo) ds

T
— 5 / (VO™ (5), VO(s)) ds — (65", (0)).

Step 2: A priori estimates and using compactness arguments to prove convergence
of a subsequence.
We next establish a priori estimates on (u(™, #() uniformly in n (independent

of ul(,n) and £(™). From the above smoothness properties of (u(™, (™), we can now
derive a priori estimates using basic energy estimates in which the derivatives and
integrations are well defined. Using the fact that div u(™=0, one easily obtains

(3.7) 16 (1)] < [657] < |6o] + L,
and

t t
™ ()2 + 20, / 0™ (7) 2 dr + 20 / 10pu™ (7)|2 dr
0 0

< (Jup| + L + t(l60] + 1))

The calculations above follow by a valid replacement of the test functions by (™)
and u™ in (3.6) and then integrating by parts.
Next, from the evolution equation of the vorticity, namely the equation
(3.8) ™ +u™ . v —y, 520uM u§”>a§w<"> = 9,0,
it follows similarly that
1d
5£|W(n)‘2 + vp|Ow™|? + yl(/")|82w(”)\2 = — (0™, 9yw™)
17 1
< 2219, 0™ 2 £ 192,
< 2o + 510"
Integrating in time, we have

t t
(3.9) lw™? + v, / |81 ™ 2 dr + ZV?S”) / |8 (™ |2 dr
0 0

1\? ¢t 1\?2
Nl < — — {16 il
(3.10) _<|wo|+n> +2V < o|+n) ,

which implies that w(™ is uniformly bounded in L>°([0,T)], L?) with respect to
n, and therefore u(™ is uniformly bounded in L>([0,T],V) with respect to n.
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Furthermore, (3.9) shows that d;w(™ is uniformly bounded in L2([0,T], L?) with
respect to n. We also observe that

O™ = 8fu2’(”) — 910,ub ™ = a%ul(n) + 8§u2’(") NN

Therefore, Au?( is uniformly bounded in L?([0,7], L?), so that u*>() is uni-
formly bounded in L?([0, T], H?) by elliptic regularity, and thus Vu(™ is uniformly
bounded in L?([0,T], H'), all with respect to n. Next we derive uniform bounds

on the derivatives (d‘é—(tn))neN. Note that

dw(™
ucjlt = —Bw™, u™) + 1,02w™ + y§">6§w(") + 0,0
Thus,
dew(™
< swp ‘B(w("),u(”)),w ‘—l,-z/w sup (afw"),w(
‘ dt |- ™ ] o=t < > Iwl 2=1 < >
S ()] e (om0
Iwll g2=1 Iwllg2=1
(3.11) = sup ’<w(”)u(n),VW>’+l/z sup < () a1W>’
Wl g2=1 Iwll g2=1
+V§”) sup ‘<w("),8§W>‘+ sup < ’81W>‘

Wl gr2=1

< Co®[a™ 2 a2 4 v o™ 4 v ™) + 0],
Since each of the terms on the right-hand side of the inequality above is bounded
independently of n, we deduce by the Calderén-Zygmund elliptic estimate (2.3)

that d;u(™ is bounded in L>([0,T],V’) independently of n. Similarly, one can
show easily that

Wl z2=1

(3.12) < 16" |[a™ 2 a2,

do™)
&

‘H2

which implies also that ddt is bounded in L>°([0, T], H~2) independently of n. To
summarize, we have from the above results that

(3.13a) (0),en s bounded in  L*([0,T], L?),
(3.13b) (™) pen  is bounded in  L*°([0,T],V),
(3.13¢) (u>™),cn  is bounded in  L%([0,T], H?)
(3.13d) (du ) is bounded in  L*([0,T7],V"),
dt neN
do . . —2
(3.13e) is bounded in  L*([0,T), H™?).
dt neN

Using the Banach-Alaoglu and Aubin Compactness Theorems (see, e.g., [8, 24]),
the uniform bounds with respect to n, as stated in (3.13) imply that one can extract
a further subsequence (which we relabel with the index n if necessary) such that
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3.14b u™ — u strongly in L*([0,T), H),
3.14c) u™ —u  weakly in L%([0,T],V) and weak-* in L*°([0,T], V),
3.14d)  w®™ —~?  weakly in L2([0,T], H?),

3.14a) 0™ —~ 9 weakly in L?(]0,T], L?) and weak-* in L*°([0,T], L?).
)

(
(
(
(

(n)
(3.14e) dl;t — c(%l weakly in L*([0,T],V’) and weak-* in L*°([0,T], V"),
o™ dg
(3.14f) T g Weakly in L?([0,T), H?) and weak-* in L>([0,T], H?).

Step 3: Passing to the limit in the system.

It remains to show that (3.14) is enough to pass to the limit in (3.6) to show that
(u, 0) satisfies (3.4). To do this, in accordance with Remark 3.1 and Definition 3.4,
we only consider test functions of the form (3.2), which we note is sufficient for
showing that (u, 0) satisfies (3.4). For the linear terms, it is straightforward to pass

to the limit (k™) uz(,n) — 0) in (3.6), by the weak convergence in (3.14c) and (3.14a)
It remains to show the convergence of the remaining non-linear terms. Let

2 T 2 T
I(TL) = Z / (ujv(’ﬂ)u(ﬂ)7 Fm(s)aje27rim-x) ds — Z / (uju, I‘m(s)aje%rim»x) ds
j=1"0 = o

T T
J(n) = /0 (W™ (5)00 (5), en () V2% ) ds — /0 (W(5)0(5), Yen (5) V2™ ) .

To show I(n) — 0 as n — oo, we write I(n) = I1(n) + Iz(n), the definitions of
which are given below. We have

B = |30 [ (@ 6) = w5 (9. 52 s

T
< / [ (s) —u(s)[[u (s)||Ve* ™ ¥y (5)| ds
0

< Ju™ —ull g2 g, [0 || L b1, | V™™ T L3 120 — 0,

as n — oo, since ul™ — u strongly in L2([0,T], H) and u™ is uniformly bounded
in L*>([0,T],V) and hence in L*°([0,T],H) . Similarly, for I, we have that as
n — 0o

2 .7

Lin) =Y / (4 ()((5) — 0($)), 8,7 Tun(s) ds — 0.
j=1"0

To show J(n) — 0 as n — oo, we write J(n) = Ji(n) + J2(n). We have

Jy(n) = / (W™ () — u())0 (5), Ve2mm=) o (5) ds — 0,
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as n — oo, since u™ — u strongly in L?([0,7], H), and also #(™) — 6 weakly in
L2([0,T), H). For Jz, we have

Jo(n) := /0 ' (u(s)(9<n>(s) —0(s)), vewm*) Xen(8) ds — 0,

by the weak convergence in (3.14a) and the fact that u € L?([0,T], H). This estab-
lishes the existence of weak solution to the system P, o when ug € H' and 6, € L?.
Step 4: Show that w € C,,([0,T); L?).

By the Arzela-Ascoli Theorem, it suffices to show that (a) {w™ (t)},en is a
relatively weakly compact set in L?(T?) for a.e t > 0 and (b) for every ¢ € L?(T?)
the sequence {(w™ (t), ) }nen is equicontinuous in C([0,77]). Condition (a) follows
from the uniform boundedness of w™ in L?(T?) for a.e. ¢t > 0 given in (3.9).
Next, we show that condition (b) is satisfied. We start by assuming that ¢ € F.
Integrating (3.8) in time, we estimate

|(w(n) (t2)7 ¢) - (w(n) (t1)7 (b)‘

to to
<v, / 1010|016 dt + v / w026 dt

t1 t1

t2 t2
V6] / ||| de + / 16|V de

tl tl

< |[Véloollta = ta| v 010™ | 12 12 + val03dloolta — tallw™ | Lee 12
+ [IVPloolta —ti] (Ilu(”)HL;ngIIw(”)HLgng + H9(”)||L§9L§) ,

where we recall we have assumed without loss of generality that Vyn) < Vg. Due
to the uniform boundedness of w™ (3.9) and ™ (3.7), the right-hand side can be
made small when [ty —t1| is small enough. Thus, the set {(w(™, ¢)} is equicontinuous
in C([0,T)) for ¢ € F. One can then extend this result for all test functions ¢ in
L?(T?) using a simple density argument as before. This completes the proof of part
(1) of Theorem 3.6.

Step 5: Proof of part (2) of Theorem 3.6.

As in Step 1, we choose a sequence of smooth initial data w(()n) — wp and similarly
0(()") — 6p in every LP with p > 2 chosen in such a way that for each n € N,
||w(()n)||p < |lwo|[p+2 and ||9((J")||p < ||6ollp+2. From Theorem 3.2, we obtain for each
n, a solution u(™ such that u(™ (t) € H? for a.e. t, which then gives us w(™ (t) € H?,
which is a Banach algebra in two dimensions, hence |w(™ (¢)[P~2w(™)(t) € H? for
a.e. t. We take the inner product of (3.8) with |w(™ |P~2w("), Integrating by parts,
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we obtain

1d
LI+ valp = 1) [ o™l do
dt -
s p=1) [ [Pl do
T2

<=1 [ 010" 2 do

<ulp —1/ or Pl ™2 dr + 22 / 100 2™ P2 g
< ulp=1) [ 10 Pl P2 do -+ Z 00l
Therefore,
cp-1 1)
w™ o 0 (n)||p—2.
22l < 22 - (n ol 3 ) Tt
It follows that
(n) 12 1)*
n n
o < 2o < 2o (joul+ 1)
Integrating in time, we obtain
n n 1 ?
(3.15) o™ O < llwgll5 + 55, = <||90||p ) t

1\? »p 1\?
< <w0||p+n) +2<||90||p > t.

Hence, w(™ is uniformly bounded in L>°([0, T], L?) for each p € [2, 00), independent
of n. It follows from the Banach-Alaoglu Theorem and a standard diagonalization
argument that there exists a further subsequence which we also denote as w(™
converging weak-* in L*°([0,T], LP) to some limit which we denote as w. w also
enjoys the limit of the upper bound in (3.15), that is

1 1\°
(3.16) ol < (et + 1)+ 2t (ool 1)

This implies that w € L>([0,T]; LP) for all p € [2,00). Similarly, one finds that
n 1
(3.17) 16 @l < 1651l < 160lls + .

which implies that §(™) converges weak-+ in L>([0,T]; L?) to 6 € L>([0,T]; LP)
for all p € [2, OO), and HQHL“([O,T],LP) < H90||p
Step 6: Proof of part (3) of Theorem 3.6.

We divide both sides of (3.16) by p — 1 and then take the supremum over all
p > 2 of both sides to find that w € L*([0,T],+/L) provided that wy € v/L and
0o € L. Next, we want to show 6§ € C([0,T]; w+-L>). We will use the Arzela-
Ascoli theorem as in Step 4. Notice that if 8y € L* then (3.17) holds uniformly
for all p € [2,00) and hence

n 1
(3.18) 167 (1)l < 160l + "
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This implies that the sequence 6(™)(t) is a relatively compact set in the weak—x
topology of L*([0,7] x T?). It suffices to show that the sequence {(60(™),¢)} is
equicontinuous in C([0,T]) for every ¢ € L'. Tt follows automatically from the
previous result and the density of L?(T?) in L!(T?) that 6 € C\,([0,T], L?). Finally,
we would like to show that % € L°°([0, 7], H~!) and hence %¢ € L?([0,T],H}).
Since w € L*([0,T],v/L), we have in particular that w € L>([0,T],L%), and
hence u € L>([0,T],W3) C L>=([0,T], L>=) by (2.3), (2.16), and the Sobolev
Embedding Theorem. From equation (3.5b), using the fact that § € L>°([0,T], L?),
we obtain,

df

(3.19) H = sup [(B(u,0),w)| < ||u|le|f] < 00 a.e t €[0,T].
Al =1

This completes the proof of part (3) of Theorem 3.6. O

3.3. Uniqueness for the case of anisotropic viscosity.

Theorem 3.7 (Uniqueness for the Anisotropic Case). Let 6y € L™, wy € VL.
Then, for every T > 0, there exists a unique solution (w,0) to (1.2), such that
w € L®([0,T),VL) N Cyw([0,T); L?) and 6 € L>=([0,T], L>) N C([0,T]), wx-L>).

Proof of Theorem 3.7. Let T > 0 arbitrary. The existence of solution on the in-
terval [0, 7] is established above, therefore it suffices to show uniqueness. We note
that some very important a priori estimates that we need in the beginning of this
proof were first elegantly derived in [9]. We recall those estimates that we have
borrowed from [9]. We have derived them rigorously in the previous theorem and
we derive them here again formally to make the proof of uniqueness self-contained.
First, one may easily show that for any p € [2, 00|, we have

(3.20) 16@)1lp < 1160]lp,

so 6 € L>([0,T], L"), p € [2,00]. Given that wy € v/L, and hence wy € L?, we have
1d v 1
Integrating in time yields

t
t
O + [ 10wl dr < [l + ol
0

This implies that w € L*([0,7],L?), and therefore u € L*°([0,7],V). Further-
more, Oyw € L?([0,T],L?). Using the divergence free condition (1.2b), we observe
that

81(4) = 8%u2 — 8182’U,1 = 8fu2 + 822 2= AUQ.
Therefore, Au? € L2([0,T], L?), so that u? € L*([0,T], H?) by elliptic regularity,
and thus Vu? € L%([0,7T], H'). By inequality (2.2), we have
(3.21) V2|, < Cv/p—1||V?|| g1

so that Vu? € L2([0,T],VL).
Next, we recall that we have global in time control over the |lwl|, 7. Taking the
inner product of (3.3) with |w|P~2w for some p > 2 and integrating by parts, and



16 ADAM LARIOS, EVELYN LUNASIN, AND EDRISS S. TITI
integrating in time, we have

p—1
(3.22) @2 < ol + 2= 160l12t

This shows that w € L°°([O,T],\/f). Using this, and the facts that O,u' =
—0ou? (by (1.2b)) and Goul = 91u? — w, we have thanks to (3.21) that Vul €
L?([0,T],v/L). Combining this with (3.21) shows that

(3.23) Vu e L*([0,T], VL).

We recall again that all the estimates above were first derived in [9] for the case
where Q = R2.

Let T > 0 be arbitrary. The existence of solutions on the interval [0,T] is
established above; therefore, it suffices to show uniqueness. Suppose (ui,6;) and
(ug, 63) are two solutions to (3.4) on the interval [0, 7], with the same initial data
(ug, bp), then they must be the equal. Define u := u; — ug, 0 =0, — 0>, and
Ei=A"10,, 0 =1,2, sz & dx =0, and 5:: & — &. Based on Remark 3.5, these
quantities satisfy the following functional equations.

(3.24a) % +v03 U+ B(W,uy) + B(uy, 1) = P,(Afey) in L2([0,T),V’') and
(3.24D) % + B0, A&) + B(ug, A =0 in L([0,T),HY).

Taking the action of (3.24a) on @ in L2([0,7],V) and of (3.24b) in L2([0,T], H~!)
on ¢ € L2([0,T], H?), thanks to the properties of the operator B in Lemma 2.1 and
the operator B in Lemma 2.2, we obtain the following:

1d 2 o~
3 O I = S D)+ (e
S LIEDI? = (006, VE) — (108 VE),
where we have used Lions-Magenes Lemma (see, e.g., [24]) to have (4 @) =

141u(t)|? and <d$5,§> =3 dt||§ (t)||>. Next, observe that, due to the divergence

free condition, e - 011 = —ey - dou1, we have
(0feri)| < [ (118es 0nii +[0sfes - o) dx
T
= /2 (|81§~e2 81ﬁ| + |82£~el . 81ﬁ|) dx
T
1 .~ v ~ 1.~ v ~
< — |01 + Slex - druf® + =[026]* + ~ler - drul?.
v 4 v 4
Combining the above estimates, we find

S vl < / Vo [ dx+ 2|8 + Zloril?
~ ~1D— 14 .
< a2 / V| 6227 dx + 28 + Ljoa?
T2 1% 2

- — 2, ~ |2
< [V ||l 2P [P 2/7 + ;Hﬁll2 + §|31U\2
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where we have used Holder’s inequality. Similarly, by Lemma 2.2

sl < | [ 5 vése i+ [ [vulvérax

< [@|VEI A&l + [[Vuall, | VEILPIVEP/2.
From the estimates above we can now adapt the well-known Yudovich argument for
the 2D incompressible Euler equations (see, e.g., [26]) to complete the uniqueness
proof. Let X2 := |u(t)|> + ||€(¢)||> + 2 for some arbitrary n > 0. Adding the above
two inequalities and using Young’s inequality gives,
1d

14 ~
5@)(2 §|alu|2

K, ([ + 112 + n?)
+ (19l + [V l,) (1127 + [IVEILP) (227 + |ve[=2/7)

< K X2+ C (Vs + [ Vuilly) (18127 + V&) x272/7,

where K, = 2/v + (1/2)]|A&||co. Neglecting the term %|811~1|27 dividing by X,
and making the change of variables Y (t) = e %v!X(t), we have after a simple
calculation,

¥ < Qe (gl + [Vl (R + IVEIL) v

Integrating this equation and using the fact that e=25v*/P < 1, we find
Y(t)

t 1 B _ p/2
< [rse [ vl + 19wl (181 + 1VEE) as|
Letting n — 0 we discover that for all ¢ € [0, T,
GOR +IED I < (18l + 1VEl iz )

(3.25) (e L us(@)ll + Vs )

Thanks to the fact that AE = 6 € L*°([0,T], L*°) C L ([0, 77, L*), we have by
elliptic regularity that & € L*([0,T], W24), and therefore VE € L>([0,T], W4).
Thus, by the Sobolev Embedding Theorem, we have VE € L>([0,T], W) c
L>([0,T),C%"), for some v € (0,1). Furthermore, @ € L*°([0,T],+/L) implies,
for instance that u € L>°([0,T], W*) by the Calderén-Zygmund elliptic estimate
(2.3). Using the Sobolev Embedding Theorem again, we have u € L*([0,T], C%7),
for some v € (0,1). Therefore, the first factor on the right-hand side of (3.25)
is bounded. Now, since Vu, € L*([0,T],VL), £ = 1,2 by (3.23), we have by
Cauchy-Schwarz

T 9 1/2
/ ||Vue Mo 45 < (/ IV ds) '
0 ps -1
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T Vu
Let M, :/ sup [Vae(s )Hp ds, £ =1,2 and M = max{M;, Ms}. Thus, from the
0 p>2 p_

above, for every fixed T € (0,T) we have
(3.26) [G(t)|? + |1€@)|1? < K(2CM7)P!*, for all t € [0,7],

where the constant C is the same constant which appears in (3.25) and
K = (il g re + 1VElLz0s ) -

Now choose 7 = 79 = min{T, ;577 }> and consider (3.26) on [0, 7o]. Taking the limit

as p — 0o, we get that [u(t)|2 + ||€(t)||2 < 0 for all t € [0, 7). Restarting the time
at t = 79 and noting the fact that

1/2
t+70 T V
[T gy ([ g T )
T 0 P22

0 p —1

we have from an analogue of (3.25) on [ro, T] that [Q(£)[2+ [|€(¢)||2 < K (2CMo)?/?
for all ¢t € [r9,27g]. Since we defined 79 < ﬁ, we take the limit p — oo and find

that on the interval [ry,27], we also have that [G(t)|> + [€()||> < 0. We can
continue this argument on the intervals [27g, 379], [370,470], and so on. Thus, we

have |t(t)|2 + [|€(t)[|2 < 0 for all ¢+ € [0,7]. This implies that, [i(t)] = 0 and
I€E@®)]l = 0 for all ¢ € [0,T]. O
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