2D Voigt Boussinesq Equations

Mihaela Ignatova

ABSTRACT. We consider a critical conservative Voigt regularization of the 2D incompressible Boussinesq
system on the torus. We prove the existence and uniqueness of global smooth solutions and their convergence
in the smooth regime to the Boussinesq solution when the regularizations are removed. We also consider
a range of mixed (subcritical-supercritical) Voigt regularizations for which we prove the existence of global
smooth solutions.

1. Introduction

The Boussinesq equations are basic models of incompressible fluids in which density variations are
due to variations of the temperature [4]. They form the basis of studies of thermally generated turbulence,
with applications to geophysics and theoretical physics. In addition, in the absence of molecular friction
due to viscosity and neglecting thermal diffusivity, in two spatial dimensions, the Boussinesq equations are
similar to the 3D axisymmetric incompressible Euler equations, and as such they have been extensively
studied numerically and theoretically in the context of the famous problems of finite time singularities. This
connection between the 2D Boussinesq and 3D axisymmetric Euler singularities dates back at least as far as
December 1991 [26], but it had a significant resurgence in recent years [5, 6, 9, 10, 11].

Fractional dissipative Boussinsesq equations generalize the original dissipative system. The equations
have the form

Oy + vA“u +u - Vu + Vp = Kgbes, (1)
V-u=0, 2)
040 + kAPO +u- VO =0 )

where u is the two dimensional divergence-free velocity, @ is the temperature, p is the pressure. Above

A= (—A)% is the square root of the periodic Laplacian. For s € R, the periodic fractional Laplacian A®
applied to a mean zero function f is a Fourier multiplier with symbol |k|*, that is, for f given by

F=Y e, )
kez2\{0}
and obeying
> R < oo, ©)
keZ2\{0}
we have '
ASF = Z |k|® fre®®. (6)
keZ2\{0}

In (1), the vector e is the unit vector pointing in the direction opposite to gravity. When o = 3 = 2, then
we have the classical system, and v > 0 is the kinematic viscosity, x > 0 is the thermal diffusivity, g is the
constant of gravitational acceleration, and K > 0 is a constant thermal expansion coefficient. The reference
constant density is taken to be 1.

Global existence and uniqueness of regular solutions have been proved for the fractional dissipative
Boussinesq system, when « = 2, > 0,k = 0 or when v = 0, 8 = 2,k > 0 in [2] and in [15] for smooth
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enough initial data. See also [18] for persistence of regularity with less smooth initial data. Several works
[8, 21] treat anisotropic viscosity cases and [16] considers regularity in bounded domains.

Smaller powers of the fractional Laplacians have been successfully considered in [13, 14] with o =
1,v >0,k =00rv =0,8=1,k > 0. Global regularity for the 2D Boussinesq equations with vx > 0
and fractional dissipation was obtained in [28] when o + 8 = 1, > 0.798103... and # > 0 and
(up,00) € (H*(R?))? for s > 2 (see also [12]).

In this paper, we consider a Voigt regularization of the Boussinesq system. Voigt (or Kelvin-Voigt)
equations have been introduced to model complex fluids with polymeric interactions [25]. Mathematically,
they have been widely studied as Voigt regularizations in the context of incompressible fluid dynamics and
magneto-hydrodynamics [1, 19, 20, 23]. Equations with Voigt regularizations have been used to obtain
statistical solutions [22, 27], in the limit of the regularization parameter tending to zero. More recently, a
Voigt regularization approach was used in [7] to tackle the problem of magnetic reconnection (topological
change of magnetic field lines) and asymptotic approach to equilibrium.

As opposed to viscous regularizations, the Voigt regularizations are not dissipative, rather they are con-
servative. They work by regularizing the conserved energy. They have the advantage of preserving the
steady states of the system, and are hence well suited for long time behavior studies, and also, they do not
introduce spurious boundary layers. On the other hand, the Voigt regularizations do not respect the transport
structure of the equations.

We consider the 2D Voigt Boussinesq equation,

(I +eN)Owu+u-Vu+ Vp = bes, 7
V-u=0, (8)
(I+ €MDl +u-VO=0 ©)

on the torus T2, where u = (u1,ug): T? x [0,7] — R? is the fluid velocity, #: T? x [0,7] — R is the
temperature, [ is the identity operator, A = (—A)%, e > 0 is a parameter, and ez = (0,1). We study the
initial value problem for the system (7)—(9) with initial data

u(-,O) = UuQ and 9(, 0) = 90. (10)
The curl w = V- - u, with V4 = (=02, 1) obeys the vorticity equation
(I + eN)Oyw +u - Vw = 016.

Thus, the Voigt Boussinesq equations (7)—(9) can be closed in terms of vorticity and temperature (w, 6),

(I +€eN)Oyw +u - Vw = 010, (11)
w=VtATlw, (12)
(I+eMN)df+u-VO=0 (13)
with initial conditions
w(,0)=wyp=V+t-uy and 6(-,0) = 6. (14)

Our main result is the global regularity of the Voigt Boussinesq equations.

THEOREM 1. Let s > 1 and let (wo,0p) € (H*(T?))2. Let T be arbitrary. Then, there exists a unique
solution of 2D Voigt Boussinesq equations (w,0) € C([0,T); (H*(T?))?) with initial data (wg, o).

The proof is based on the following elements. We first prove the solutions (w, #) exist and are unique
locally in time in the framework of Sobolev spaces H® x H?, as soon as s > 1 (Theorem 6). Then,
for s > 1, for any local solution defined on some time interval, we exploit the fundamental conservation
property of Voigt regularizations. This conservation is shown to imply a priori information on the velocity
u € L>®0,T,H %), with bounds that depend only on the initial data and grow at most linearly in 7". This
is used, in conjunction with the local existence and uniqueness theorem to obtain global unique solutions in
the Sobolev phase space H® x H® for 1 < s < % Next, we prove a natural Beale-Kato-Majda-type theorem
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(Theorem 7) that gives sufficient conditions for persistence of regularity which do not involve the Lipschitz
norm of the temperature. Finally, based on the Theorem 7, we prove that global regularity holds for any
3
S > bR
The inviscid 2D Boussinesq system has a local existence theory which is similar to that of the 3D
incompressible axisymmetric Euler equations.

THEOREM 2. Let s > 1 and let (wo, 0p) € (H*(T?))2 There exists a time Ty > 0 and a unique solution
of the Boussinesq system (corresponding to € = 0 in (11)—(13)) (w, 0) € C([0, To]; (H*(T?))?) with initial
data (wo, 6p).

The proof of this result is done by energy methods [24, Chapter 3, Section 2]. The fundamental open
problem of blow up is whether or not a finite maximal time of existence 7y < oo can arise from some
smooth initial data.

In view of the interest in the blow up problem, it is important to study various relaxations of the regular-
ization. In this paper we prove that the limit of vanishing regularization is the original equation, in a smooth
enough regime.

THEOREM 3. Let (wg,0y) € H*(T?) x H"(T?), s > 1 and let (wg,0p) € L>(0,T; H*(T?) x
H*%1(T?)) be a solution of the 2D Boussinesq system on [0, T|. Then the solutions (we, 0.) of the 2D Voigt
Boussinesq equations with the same initial data converge as € — 0 in L>(0,T; H1(T?) x L%(T?)) to the
solution (wp, 0p) of the 2D Boussinesq system.

REMARK 1. The s + 1 regularity requirement for 0 is needed because of the conservative nature of the
Boussinesq equations, to ensure VO € L uniformly in e.

We consider also fractional Voigt Boussinesq equations and prove global regularity for certain cases
whereby lower powers of the fractional Laplacian are used for the temperature field.

THEOREM 4. Let s > 1. Let o, > Owithoo+ 8 > 2, o > 1, B > 2. Let (wo,bp) € (H*(T?))>
Let T > 0 be arbitrary. Then there exists a unique solution (w,0) € L>(0,T; (H*(T?))?) of the fractional
Voigt Boussinesq system

(I +eM)*Ow +u - Vw = 040,
uw=VItA~ly, (15)
(I4+€eN)PO0 +u-VO=0.

The proof of this result is based on commutator estimates and on bounds on @ in H'. We obtain also

THEOREM 5. Let o > 2, and 3 = 0. Let (wo,0p) € (H*(T?))2. Let T > 0 be arbitrary. Then there
exists a unique solution (w,0) € L>(0,T; (H*(T?))?) of the fractional Voigt Boussinesq system (15)

REMARK 2. Theorem 4 and Theorem 5 imply regularity for 5 > % when o > % and for B = 0 when
a > 2. It would be natural to conjecture global regularity for the whole range oo+ 8 > 2, but at present we
do not know how to prove this result.

2. Proof of Theorem 1

2.1. Local existence and uniqueness in H°, s > 1. The 2D Voigt Boussinesq equations can be written

in divergence form as
Ow = —(I 4+ eA)7IV - (uw) + (I + eA)71010 16
{ 0,0 = —(I + A1V - (uf), (16)

where we used that u is divergence-free.
THEOREM 6. Let (wo,0) € (H*(T?))? with s > 1. There exists a time T depending only on ¢ > 0

and the norms of wy and g in H*(T?) and a unique solution (w, 8) of the 2D Voigt Boussinesq equations,
with initial data (wo, 0) and with (w, ) € L>(0,T; (H*(T?))?).
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Proof of Theorem 6. The nonlinearity in the 2D Voigt Boussinesq equations is
w ) —(I+eN)7IV - (uw) + (T +eA)71010 \ [ Ni(w,0) 17
0 —(I 4+ eA)7IV - (uh) -\ My (w,0) )

This follows from (16) by using that v is divergence-free. For s > 1, we have that H*(T?) is a Banach
algebra, and that H*(T?) C L°(T?). Moreover, the map (I + ¢A)~!V is bounded in H*(T?). We deduce

N1, 0) 7= < Ol + 6] s
[ Na(a0,6) 1 < e 6]

by using also the Poincaré inequality ||u||gs < C||w||gs. The local existence and uniqueness of solu-
tions follows from a fixed point argument and the fact that the nonlinearity (bilinear continuous plus linear
continuous) is Lipschitz in the function space (H*(T?))?:

[|N(wr) — N(wQ)H(Hs(’]I‘Q))Q < Lpl|jwy — 'LUQH(HS('H‘Q))Q, w1, wy € B,

where w; = (w;, 0;) and B is a ball in (H*(T?))2. We omit further details. [
From now on, until we discuss convergence as € — 0, for simplicity of exposition we set € = 1.

2.2. Basic Voigt energy bounds on H®, s > 1 solutions of the 2D Voigt Boussinesq equations.
Multiplying the temperature equation (13) by 6 and integrating, we obtain

161172 + 1617 5 = 16l + 166]% 4 = Ao. (19)
Multiplying the vorticity equation (11) by w and integrating, we have
d 2 2
Gl + 1l ) =2 [ @i0wds < 2ol 3 v/ 0)
It follows that
d
il < VAo, 1)
lw D,y < ool g+ t3/Ao, 22)

and thus (w,0) € L*(0,T;(H %(Tz))z) with a priori bounds in terms of initial data that grow at most
linearly in 7T'.

2.3. Proof of global existence and uniqueness for 1 < s < % The aim is to show that local solutions
in H°forl <s< % satisfy [/° bounds
d
2 W0ls + llwllz) < Cllullas +1)(0llzs + wllae). (23)
Then, because of the a priori bound due to the basic energy structure (22), specifically that w € L (H 2 )s

it follows that u € L>*(H %) C L°°(H?) with bounds that depend only on initial data, and grow at most
linearly in time. The inequality (23) implies that the H® norms of w and # are finite. Thus, by the local
existence and uniqueness in H*°, obtained in Theorem 6, the solution can be continued indefinitely.

In order to obtain (23) we use the calculus inequality

1fgllms < C U fllLeelgllzs + 1 fllmsllgllze)

valid for any s > 0, to obtain from (16), using the boundedness of Riesz transforms in H* spaces,

d
g Uwllzs +100ze) < Nz (lwllzs + 101z) + (lwllzee + 10 o) lull s + 10llzs- 24)

We then apply the embedding H® C L to estimate |[wl||p~ + ||6]|z by [|6||ms + ||w]|| = and ||u||z~ by
||UHH5. O
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2.4. A Beale-Kato-Majda-type theorem. We give here a regularity criterion which can be used to
uniquely continue solutions.

THEOREM 7. Let s > 1 and let (wo, 0o) € (H*(T?))2. We define the maximum existence time T* > 0
to be
T* =sup{T > 0| (w.0) € C([0,T]; (H*(T*))*)}
where (w, ) is the solution of the 2D Voigt-Boussinesq equations with initial data (wy, 6p). Then T* < oo
implies
T

lim [ (lw(,8)l[zee + 10, 1)|| Lo )dt = oc. (25)
T—T* 0

Proof of Theorem 7. We return to the inequality (24). From the basic energy estimates, (w, 6) are bounded
L°(0,T; H2(T2)2) in terms of the initial data and 7. The Sobolev embedding H2 C L° implies in

particular that
T
/ ||u|| Lo dt < 0o
0

is bounded a priori in terms of initial data and 7, so that the only amplification factor that remains to be
controlled in (24) is ||w||zee + [|@]| L, which is then controlled by the assumption (25). We omit further
details. [

REMARK 3. We note that for the Voigt-Boussinesq system the Beale-Kato-Majda criterion does not
require the finiteness of ||V 0|| L1 (o, 1.0), as opposed to the criterion for the Boussinesq system [3].

2.5. Proof of global existence and uniqueness for s > % We use the result for s = % which gives a
priori bounds for (w, 8) in L>(0, T (H% (T?))?). Then the embedding H2 C L™ implies that the BKM

quantity (25) is controlled, and higher regularity is propagated. [J
3. Proof of Theorem 3

Denoting by 5 and up the solutions of the 2D Boussinesq equations, by 6y and wy the solutions of
the 2D Voigt Boussinesq equation, we set

u=uy —up, 6=~0y—0p,
and we have the equations

(I +eN)O+ (u+up)-VO+u-Vlp = —eA0ibp,
(I +eMNu+ (u+up) - Vu+u-Vup — ey = —eAdyup, (26)
V-u=0,

with vanishing initial data. We multiply the first equation by 6, the second equation by u, integrate and add.
Because wp € L>®(H?®) and g € L°(H**!), s > 1, we have Vug € L*™ and Vfp € L* bounded
uniformly by a constant C'. Hence

< Cllull 2110l 2 + [l z2)-

/p((u -VOp)0 + (u- Vup)u)dz

We consider the quantity
B = |[ulfa + 18122 + ¢ (lul? 5 + 1611%,5)

and note that we have

d
C8 < Cullfs + 10132) + € 1051, 1613 + 100l g el ]
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Using the Boussinesq equation, the assumptions wp € L®(H*®),0p € L°°(H*'1), s > 1, ensure that

|0:05 HH 3 and [[Qrup HH 1 are bounded uniformly by a constant. From Young’s inequality we have
d

%E < CQE + 603
with initial data F(0) = 0, and thus we have the convergence lim._,o F(t) = 0 uniformly on finite time
intervals. [

4. Proof of Theorem 4

We consider the 2D fractional Voigt Boussinesq

Ow+ (I +A)"%u-Vw)=(I+A)"%010, 27)

w=V+A~lw, (28)

00+ (I+AM)"Pu-Vvo) =0 (29)
written in divergence form with initial conditions

w(0)=wp=V+-uy and 6(-,0) = bp. (30)

We have set the parameter ¢ = 1 for simplicity.
Multiplying equation (29) by (I 4+ A)?# and integrating,

1d
510+ M2l =0, 31
multiplying equation (27) by (I + A)%w and integrating,
1d
a0+ Al = [ 0100 < CUBllrl v (32

if /2 + /2 > 1. By (31), we get € L(HP/?) with ||6]| 52 < ||60||gss2. By (32), we have
w € L®(H*?). Now we consider s > 1 and look at the evolution of the H* norm of w. We use the
equivalent form |lw|[s ~ ||({ + A)*w|| 2. We have from (32)

1d

§£||w||§ =A+B (33)
with
A= —/(I+A)S3(u.vu)(I+A)S§wdx (34)
and
B= /(I +A)° 7010 + A)’wdx (35)
Now we use incompressibility, integration by parts and the commutator estimate
I+ A)% u- Viw| g2 < Cf|Vul| e ||w]ls (36)
valid for o > 0 [17], together with the embedding inequality
IVullee < Cllwlls (37
which is true because s > 1, to conclude that
4] < Cllwllllwl?_a- (38)
We choose first s = a > 1 and deduce in view of (31) and (32) that
[A] < Cllwlisllwlls < (lwollg + Catllfolls)*llwlls = (a+ bt)*w]s (39)

holds for all t > 0. When s = « we see that
1Bl < C[8]l1]|w]ls (40)



and we have to estimate the H' norm of 6. This evolves according to

thuenl /(I+A) S(u-VO)T + A3 0dw 1)
and using the commutator estimate (36) we obtain
5 IO < Cllll o)z, “2)
Interpolating we may write
||9||f_§ < 110111110111-5 < ClIOl11160] 5 43)

where we used 5 > % and (31). We have thus from (42) and(43),

5 <161 < okl 18l (44)

The ODE inequality system in X = ||w||s (withs = «)and Y = ||0]|1,
{ 14X2 < (a+bt)’X + CXY

(45)

follows from (33), (39), (40), (44). From this ODE we deduce a priori bounds for the quantities X and Y
which are finite for all ¢. Once we know these bounds, we know that ||V u|| 1 is controlled. The evolution
of ||0||s then obeys, using the commutator estimate (36),

d o 2
g1l < ClIVull =181 (46)
and it implies a priori bounds on ||#||s. The bound (38) is replaced by
A| < OVl < lwl3_s @7
and (40), is replaced by
B < CJl0]]s[[wlls (48)

where we used > 1. Then from (33) it follows that ||w|| is controlled. [J

5. Proof of Theorem 5

We start by noticing that because 5 = 0 we have that

16()]|e < |00l » (49)

holds for all ¢t > 0 and all 1 < p < oo. Then multiplying the u equation (29) by (I + A)®u and integrating,

we obtain L d
5 gpllull = [ busde < 802 ul (50)

from whence we deduce that
lu()]|2 < Cpt. (51)

Let us consider first s = 1 + ¢ where 0 < ¢ = a — 2. Multiplying the w equation (27) by (I + A)?*w and
integrating, we have

1d
5 dtHsz /(I + A V(uww))(I + A)’wdx + /(I +A)*7010(1 + A)*wdzx. (52)
We note that s — o + 1 = 0 by our choice of s, so we obtain that
1d
5 g 1wls < Cllullzallwlzallwlls + Cléollz2llwlls (53)

Thus we have that ||w||s is bounded on [0, T']. Because s > 1, implies that ||Vul||z~ is bounded on [0, T
and the regularity for arbitrary s > 1 follows as in the proof of Theorem 4 above. [J
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