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Well-posedness of the Kolmogorov two-equation model
of turbulence in optimal Sobolev spaces
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Abstract. 1In this paper, we study the well-posedness of the Kolmogorov two-equation model of turbulence
in a periodic domain T, for space dimensions d = 2, 3. We admit the average turbulent kinetic energy & to
vanish in part of the domain, i.e. we consider the case k > 0; in this situation, the parabolic structure of the
equations becomes degenerate. For this system, we prove a local well-posedness result in Sobolev spaces
H¥, forany s > 1+d /2. We expect this regularity to be optimal, due to the degeneracy of the system when
k ~ 0. We also prove a continuation criterion and provide a lower bound for the lifespan of the solutions.
The proof of the results is based on Littlewood-Paley analysis and paradifferential calculus on the torus,
together with a precise commutator decomposition of the nonlinear terms involved in the computations.

1. Introduction and main results

In this paper, we study a system of PDEs which was proposed by Kolmogorov [9]
(see the Appendix of [19] for an English translation) to describe fluid flows in a fully
developed isotropic turbulent regime.

1.1. The system of equations

As in other (yet more recent) one-equation or two-equation models (see e.g. [13]
and [18] for details and more references about the latter, [3] about the former), the
Kolmogorov model postulates that one can identify related, but somehow independent
variables to describe the large-scale behaviour (i.e. the mean motion) of the fluid and
the small-scale fluctuations (i.e. the turbulent character). Here, the average has to
be intended always in a statistical sense, namely as an ensemble average, although
Kolmogorov seemed to refer to time average in his original paper.

Thus, let t € Ry denote the time variable and x €  C R¥ be the space variable,
with d > 2 and Q being a smooth domain. Define u = u(t,x) € R4 to be the
mean velocity field of the fluid, ® = w(¢, x) > 0 the mean frequency of turbulent
fluctuations and k = k(¢, x) > 0 the mean turbulent kinetic energy, that is, the kinetic
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energy associated to the variations of the velocity field from its mean value u. Then,
the Kolmogorov model [9] reads

k
oo + (u-Vyu + Vo — vdiv (—Du) =0
w

k
0w + u-Vo — oy div (—Vw) = —ayw?
@ (D

k k
ik + u-Vk — azdiv <—Vk> = —ko + as— |Du|’
w w

divu = 0.

The flow is assumed to be homogeneous, thus incompressible, whence the last equation
appearing in the system. The function 7 = 7 (¢, x) € R represents the pressure field
of the fluid; its gradient Vr can be interpreted as a Lagrangian multiplier associated to
the divergence-free constraint (i.e. to the incompressibility condition). The symbol D
appearing in the first and third equations stands for the symmetric part of the gradient
of u:

Du = %(Du + Vu),

where we have denoted by Du the Jacobian matrix of u and by Vu its transpose ma-
trix. Finally, the quantities v, o1, . .. a4 are strictly positive numbers, which represent
physical adimensional parameters; in [9], Kolmogorov even gave explicit values for
some of them. Notice that, in system (1), we have assumed that no external forces are
acting on the fluid.

We do not enter into the discussion of the physical explanation or motivation of
system (1). Let us simply point out that equations (1) seem to retain one of the main
aspects of turbulence theory, namely the transfer of energy from large scales to smaller
scales through viscous dissipation. This is exactly the meaning of the presence of the
a4-term in the third equation. We refer to books [5,8, 14], about this matter and many
other theoretical aspects linked to turbulence in fluids.

1.2. Overview of the related literature

Interestingly, in Kolmogorov’s model the fluid is assumed to be, to the best of our
understanding, inviscid. As a matter of fact, the only viscosity which appears in the
equations is the so-called eddy viscosity of Boussinesq (see Chapter 4 of [5] for more
details about this), which takes the form

k
Veddy = 5 .

As already said, for a physical insight on turbulence theory we refer to the previously
mentioned books. Here, we rather comment on the mathematical properties of the
Kolmogorov system.
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Despite the absence of a “true” viscosity, the eddy viscosity veqqy endows system
(1) of a nice parabolic structure as soon as k > 0. On the other hand, an underlying
maximum principle for those equations allows to establish that, if the mean turbulent
kinetic energy is strictly positive initially, namely if

ko > ks >0 on £, (2)

then for any later time ¢ > 0, one has ki () := min,eqk(, x) > 0 (see more
details in Subsection 3.1). Hence, condition (2) ensures the preservation of the above-
mentioned parabolic structure.

Thus, first mathematical studies on well-posedness of the Kolmogorov model (1)
focused on the situation in which condition (2) holds true. In particular, in [17] (see also
[16] for an announcement of the result), Mielke and Naumann proved the existence
of global in time finite energy weak solutions to (1) in the periodic three dimensional
box T3, under condition (2). The same condition was used by Kosewski and Kubica
to set down a strong solutions theory, see [11,12] and for, respectively, a local well-
posedness result and a global well-posedness result for small initial data (see also [10]
by Kosewski for an extension to the case of fractional regularities).

At this point, we observe that, from the physical viewpoint, condition (2) looks
somehow a bit restrictive. For instance, we quote from the introduction of [17]:

“It would be desirable to develop an existence theory without this
condition, because this would allow us to study how the support
of k, which is may be called the turbulent region, invades the non-
turbulent region where k = 0.

In other words, taking into account the possible vanishing of the mean turbulent kinetic
energy k may help in the description and understanding of the transition from turbulent
to non-turbulent regimes, and vice versa.

Nonetheless, very few results seem to deal with a situation in which assumption
(2) is not considered. For instance, in [2] Buli¢ek and Madlek studied system (1) in a
smooth bounded domain  C R3; under the conditions

ko >0 in Q, logko € LY(),

they established the existence of global in time finite energy weak solutions, similarly in
spirit to the result of [17]. It is worth to point out that, however, many differences in the
analysis arise between the two works [2, 17]: for instance, in [2], non-trivial boundary
conditions are taken into account, thus allowing for a description of boundary-induced
turbulent phenomena. We avoid to comment more about the specific contents of the
two papers here, as this discussion would go beyond the scopes of our presentation.
More recently, in work [6] the authors considered a one-dimensional reduction of
the Kolmogorov system (1) and investigated its well-posedness in the torus T! in the
generic situation kp > 0. As a matter of fact, some mild degeneracy assumptions for
ko close to the “vacuum region” {ko = O} have to be assumed, in the sense that +/ko
must be regular enough. Under this condition, the authors established, on the one hand,
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the existence and uniqueness of local in time regular solutions to the 1-D model and,
on the other hand, the existence of smooth initial profiles which give rise to solutions
which blow up in finite time. These results were later extended in [7] for a class of
toy-models introduced in [15] (see also the introduction of [6] for the discussion of a
specific toy-model).

1.3. Statement of the main results

The results of [6] constitute the starting point of the present work. We observe that,
in that paper, the well-posedness result was stated only for integer regularity indices
H™, withm € N and m > 2. In addition, the blow-up mechanisms highlighted in [6]
and [7] seem to be quite specific to the one-dimensional situation.

These remarks are the main motivation for our study. While it is not clear, at present,
whether or not the blow-up results of [6,7] may be extended to higher dimensions, in
the present paper we generalise the local well-posedness result of [6] in two aspects:
first of all, we extend it to the physically relevant situation of two and three-dimensional
flows; in addition, we prove well-posedness in optimal Sobolev spaces H*(T%), with
s > 14+d/2and d = 2, 3 (in fact, the result is stated for a generic dimension d > 2).
Here, “optimal” refers to both minimal regularity and integrability.

Let us comment a bit on the previous sentence. First of all, we observe that, because
of the appearing of transport terms in equations (1), we need to solve the system in
a functional framework able to guarantee a LIT(LOO) control for the gradient of the
velocity field. Unfortunately, the degeneracy of the parabolic character of the equations
when k =~ 0 prevents us from using any kind of smoothing property in the dynamics.
From this point of view, then, it is natural to look for well-posedness results in spaces
H? such that s > s9 := 14 d/2 or, more in general, in Besov spaces B;’,, with
s > 1+4+d/pandr € [1,+400] up to the endpoint case s = 1 +d/p and r = 1.
On the other hand, even in the integer case s = m € N, m > 1 4 d/p, using the
degenerate parabolic smoothing seems to be necessary in order to close the estimates
for the higher-order norms of the solution. However, in order to do that, one needs
to use integration by parts and the symmetric structure of the viscosity term, a fact
which forces us to take p = 2 in the previous conditions. We refer to [6] for more
explanations about this.

With this considerations in mind, we can state the first main result of the paper,
which contains local existence and uniqueness of solutions in H*, for any H* initial
datum. Inspired by [6], conditions are formulated on +/k instead of k itself. Throughout
this work, we set equations (1) in the d-dimensional torus

Q=T with d>2.
The precise statement is the following one.

Theorem 1.1. Let s > 1+ d/2. Take any triplet (ug, wo, ko) of functions satisfying
the following assumptions:
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(i) ug, wo € H'(K2), with the divergence-free constraint divug = 0;
(ii) there exist two constants 0 < wy < w* such that w, < wy < w*;
(iii) ko > 0 is such that By = ko € H*(Q).

Then, there exists a time T > 0 such that system (1), equipped with the initial
datum (ug, wo, ko), admits a unique solution (u, Vi, w, k) on [0, T x Q enjoying the
following properties:

1) the functions u, w and vk belong to the space L°°([O, TI; HS(Q)) NN

C([O, T]; H® (Q));
2) the non-negativity of w and k is propagated in time: for any (t,x) € [0, T] x
Q, w(,x)>0andk(t,x) > 0;

3) the gradient of the pressure Vi belongs to LOO([O, TI; HS’I(Q)) NN

c(lo, T1; H°-H(Q));

. k k k )
4) the functions .| —Du, .| —Vw and .| —V~/k all belong to the space L ([O, T];
1) 1)) 1)
H® (Q)).

In addition, this solution (u Vr, w, k) is unique within the class

og<s

og<s

X7(@) = [, Vm 0.0 | u, 0, VE e c(10. 71 12®),
Vo e L¥([0,T1; H'(Q)),
w, 0 ke L®([0,TIxQ), >0, k>0,
divu =0, Vu, Vo, Wk e L2([0, 7] x 2)}.

The previous statement generalises the corresponding well-posedness result of [6]
to the case of higher dimension d > 2 and from the angle of minimal regularity
assumptions on the initial data. Notice that the passage from integer regularity indices
to fractional ones involves some technical difficulties, that we want now to discuss.

The first major difficulty we encounter in our analysis is related to the use of the
degenerate parabolic regularisation effect on the solutions. In the case of integer reg-
ularities s = m € N, it is natural to see how to use this effect, as all the computations
are explicit and factors v/k /e can be easily moved from one term to another, in order
to make the right coefficient appear in front of the term with the highest number of
derivatives. In the case of fractional regularities, instead, differentiation of the equa-
tions is replaced by commutators with frequency-localisation operators (indeed, we
will broadly use Littlewood-Paley characterisation of Sobolev spaces H* in the torus).
Finding the right commutator structure of the equations, which enables us to use the
degenerate parabolic smoothing, thus becomes rather involved and not straightforward
at all. We refer to Paragraph 3.3.2 for more details; see in particular the splitting of
the commutator terms (DZ[ f, f1, for f € {u w, \/E}, into the sum of four terms. In
addition, the use of frequency-localisation operators on the viscosity terms entails a
control on a rather strange quantity S (which is a sum of norms of dyadic blocks)
related to f, which cannot be reconducted to the H’*! norm of f because of the
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degeneracy of the viscosity/diffusion coefficient k/w when k ~ 0. At this point, a key
observation (contained in Proposition 2.3) establishes the equivalence of this quantity
S with the H® norm of v/k /o V f, up to lower-order terms. This combines well with
the above-mentioned commutator structure, which indeed allows us each time to put
in evidence a factor vk /o in front of the term with the highest-order derivatives.

One last point which should be mentioned in this context is the control of the
Sobolev norm H* of the negative power ™~ /2. The problem is that the lower bound
for w degenerates with time, namely ming w(f) —> 0 when t — +o0. This further
degeneracy prevents us from using classical paralinearisation theorems, as a very
precise control of the ||a)’1/ 2 H s 0 terms of ming  is needed in the analysis. Of
course, such a problem does not appear when s = m is an integer, because in that
case one disposes of explicit computations. In the end, we will establish the required
precise bound in Lemma 2.5.

After the previous comments on the statement of Theorem 1.1 and its proof, let us
move forward. We now present the second main result of the paper, which comple-
ments Theorem 1.1 with some information about the lifespan of solutions and with a
continuation criterion.

The precise statement is the following one.

Theorem 1.2. Lets > 1 + d /2. Take an initial datum (uo, wo, ko) which verifies the
assumptions of Theorem 1.1. Let (u Vr, w, k) be the corresponding unique solution
satisfying the conditions stated in that theorem. Denote by T > 0 its lifespan.

Then, if we define the energy &y of the initial datum as

2
. 2 2
& = lluoly: + lloolds + | Vo -
there exists a constant C = C(d, s, v, A1, ..., 04, W, ©*) > 0, only depending on

the quantities inside the brackets, such that

C }
&o (1 + 5())2“]-’_3 ’

where the symbol [s] stands for the integer part of s.

Furthermore, we have the following continuation/blow-up criterion. Let T* < +00
such that the solution is well-defined in the time interval [0, T*[. Then, the H* norm
of the solution becomes unbounded when t — T* if and only if

T > min{l, (3)

T*
/ A(t) dt = + oo,
0

where we have defined

[s]+4

A@) = |(Vu, Vo, VB) |}~

+ (1+19BI) (1+1velfL) [ >0 Hv(ﬁ G)

Ge{Du,Vo,VB}
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A few comments are in order. First of all, we notice that the definition of the function
A(t) in the continuation criterion looks more complicated than the one appearing in
the corresponding result from [6]. More precisely, the big sum on the second line
is apparently missing in that reference. The reason for this has to be ascribed to the
involved commutator structure mentioned above and to the impossibility of moving
the coefficients +/k /w freely from one term to another, which is instead possible when
one simply differentiates the equations.

For somehow related reasons, also the lower bound (3) for the lifespan of the
solutions looks a bit different from the one established in [6]. This bound is a direct
consequence of inequality (45), which would however allow us to establish more
precise estimates for 7', at least in the two regimes & < 1 (in which case we expect
T > 1) and & > 1 (in which case we expect, conversely, 7 < 1).

Organisation of the paper

To conclude this introduction, we give an overview of the contents of the paper.

The next section is a toolbox. There, we review classical results from Fourier analysis
and Littlewood-Paley theory on the torus, which will be needed in our analysis. In
particular, we also establish therein the above-mentioned Proposition 2.3 and Lemma
2.5, which will play a fundamental role in our study.

The following sections are devoted to the proof of the main results. In Sect.3 we
exhibit a priori estimates for smooth solutions to system (1). At the end of the argu-
ment, we show the proof of Theorem 1.2. Section4, instead, is devoted to the proof
of Theorem 1.1. In particular, in a first time we show how to deduce, from the a priori
estimates of the previous section, existence of a solution at the claimed level of regu-
larity. Then, we derive uniqueness of solutions from a stability estimate in the energy
space L2

2. Tools from Littlewood-Paley theory

We present a summary of some fundamental elements of Littlewood-Paley theory
and use them to derive some useful inequalities. We refer e.g. to Chapter 2 of [1] for
details on the construction in the R? setting, to reference [4] for the adaptation to the
case of a d-dimensional periodic box T¢, where a € R? (this means that the domain
is periodic in space with, for any 1 < j < d, period equal to 27t a; with respect to the
Jj-th component).

For simplicity of presentation, we focus here on the case in which all a; are equal
to 1. We denote by |T?| = L£(T“) the Lebesgue measure of the box T¢.

First of all, let us recall that, for a tempered distribution u € S’ (T?), we denote by
Fu = (1) 1z its Fourier series, so that we have

~ i oy~ 1 _i
u(x) = Z ap ekr . with W = —— u(x) e dx.
4] Jra
kezd
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Next, we introduce the so-called Littlewood-Paley decomposition of tempered distri-
butions. The Littlewood-Paley decomposition is based on a non-homogeneous dyadic
partition of unity with respect to the Fourier variable. In order to define it, we fix a
smooth scalar function ¢ such that 0 < ¢ < 1, ¢ is even and supported in the ring
{r e R|5/6 <|r| <12/5}, and such that

VreR\{0}, Y o(277r) =1

JEZ

Then, we define | D| := (—A)!'/? as the Fourier multiplier' of symbol ||, for k € Z<.
The dyadic blocks (A ;) jez are then defined by

VjeZ, Aju:= Q2 7/|Dhu = Z 0277 k|) Ty €.
kezd

Notice that, because we are working on a compactly supported set, one has that even-
tually, A; = 0 for j < 0 negative enough (depending on the size of Tg). In addition,
one has the following Littlewood-Paley decomposition in S'(T¢):

VueS(T, u=io+ Y Aju in S(T. 4)
JEL

In the decomposition above, iy stands for the mean value of u on ']I‘d, ie.

u(x)dx.

Uy = u = |’11‘d| -

It is relevant to note that the Fourier multipliers A ; are linear operators which are
bounded on L? forany p € [1, +00]. In addition, their norms are independent of both
Jj and p.

Littlewood-Paley decomposition can be used to characterise several classical func-
tional spaces. For instance, it is well known that Sobolev spaces H* (']I‘d), fors € R,
are characterised in terms of Littlewood-Paley decomposition (see Section 2.7 of [1])
through the following equivalence of norms:

lullZs ~ ldol* + Y227 | Ajull?,. ()
JEZL

This characterisation involves the low-order term [ |2. In fact, this term can be sub-
stituted by the square of the L? norm, by noticing that |i1g|> < ||u ||2L2: one thus has

lllZs ~ NullFz + D227 | Aul)3,. (6)
JEZ

lThroughout we agree that f (D) stands for the pseudo-differential operator u > F —I¢ f Fu), where F -1
is the inverse Fourier transform.
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For later use, let us observe that the high-order term is equivalent to the homogeneous
Sobolev norm of regularity s, namely

2 2sj 2
el %y ~ > 22T 1A jull7,.
JEZ
Next, let us present a version of the classical Bernstein inequalities adapted to our
functional framework (see Chapter 2 of [1] for a general statement of this result).

Lemma 2.1. There exists a universal constant C > 0, only depending on the size of
the torus T and on the support of the function ¢ defined above, such that for any
Jj € Z, for any m € N, for any couple (p, q) such that 1 < p < g < 400, and for
any smooth enough u € S'(T%), it holds

1

|Ajul,, < c2*(G) 1A jull e

and C7"N27M | Ajulle < | D" Ajul,, < C"TR2IM A ullLe

Now, we apply the Littlewood-Paley decomposition and the Bernstein inequalities
to deduce the following useful inequality, similar in spirit to the Poincaré-Wirtinger-
type inequality:

—- 2/(d+2 d/(d+2
Vfewh o) suchthat 7 =0, [fl < U172 1V AT
@)

The proof relies on an optimisation procedure for the dyadic partition of f and the
systematic use of Bernstein inequalities. In particular, for N € N to be fixed later, we
can estimate

N
Al < D 1A F e + D185 e + D [45F ]
j=0

j<0 J=N+1

A

N
IS IV PSS 3Ll INVI R SIS Y TV N

j<0 j=0 J=N+1

(1+2"2) 1 £l + 27 1V F s

A

Now, we can choose N such that

IV fllzes \ 72
(FAY )
Inequality (7) follows immediately from the previous choice of N.

In the next section, we will present a priori estimates for smooth solutions to our
system (1). Those estimates will be essentially based on energy methods. However,

V12, ~ 27N |V R = 2V & (
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owing to the nonlinearities appearing in the equations, the estimates of the higher-
order Sobolev norms of the solutions will involve some commutators. In particular,
the structure described in the following lemma will be present through all the estimates.

Lemma 2.2. Lets > 0 andd > 1. Let f be a scalar function and u a d-dimensional
vector field, both defined over T?. There exists a constant C = C(s,d) > 0, only
depending on the quantities inside the brackets, such that

1/2
S22 (A ul VAL | = € (U9l 1 f s + 1V F s 90l ),
JEZL

®)

In addition, if d > 2 and divu = 0, then one has

1/2
(Z 227 |div ([A,.u] f)l!iz) = (Vullzoe £ 1as + 1V F oo [ Vul gt )-
JEL

)
Proof. Estimates (8) and (9) are particular cases of Lemma 2.100 in [1]. We adapt the
proof in the previous reference (performed in the whole space case) to the geometry
of the torus.

For that purpose, we show that the estimates do not depend on the mean values of
u and f. As a matter of fact, keeping (4) in mind, we can write

u=u-+u and f=7+7f

where u and f are functions with zero mean over T¢. Then, as both f and 7 are real
numbers, we have V? =0and [Aj, ﬁ] = 0, which in turn implies the equality

[Aj.u]-Vf = [A0]-VF.

Therefore, without loss of generality, we can assume that the functions u and f have
zero mean. Now, the proof of (8) easily reduces to the one given in [1]. In addition,
we notice that, if divu = 0, then we have the identity

div ( [Aj, u] f) = [Aj, u] -Vf.
In particular, when div u = 0, estimate (9) immediately follows from (8). ]

Remark that, in inequality (8), the structure of the scalar product u - V f is not really
used. In particular, the same inequality applies to any scalar functions « and f: for
any k € {1...d}, one has
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. 2
S22 (A alaf (7 = € (IVallie £l + 19 Fll Vel )
JjEZ

(10)

In the light of this observation, we can establish the next result, which will play a key
role in our analysis.

Proposition 2.3. Letd > 1 and s > 1 + d/2. Take two scalar functions o and f
defined over T¢, both belonging to H*(T¢). Let P(d) be a differential operator of
order 1 with constant coefficients. Assume that

Sila. P@d) f] = sz / o? |A,-P(a)f|2 dx < +oo0.
JEZ ™
Then, the product a P(d) f belongs to H*(T?). In addition, one has the following

“equivalence of norms modulo lower-order terms”:

2
la P@) [y S Sifoe P@F] + (1971 Nl + IVetllzoe 1f Il )
2
Sifo PO ] S Nl PO, + (19l s + IVallz 1/ ) -

The previous statement extends to vector-valued functions f. In particular, it holds
true if we replace f by any d-dimensional vector field u € H*(T¢) and if we take
P(0) = D to be the symmetric part of the Jacobian matrix of u.

Proof. The proof of the previous proposition is based on the dyadic characterisation
of Sobolev spaces, the equivalence of norms (5) and an application of Lemma 2.2.
Indeed, by relation (5), one has

2
1 .
lo PO f I3 ~ (_|Td| | er@rs dx) + 325 8 POV )G

J€EZ

At this point we observe that, for any j € Z we can write
2 2 2
8 P@ i = [ o 1@ ax + [[a;.0] PO
Therefore, by use of the inequality
| 2
= | aP@fdx] <[ 2 IP@SP dx S IVFllie llal?,,
<|T‘1|/Td @) f ) N/Td |P(3)fI S IV llze lellys

and of Lemma 2.2, or better of estimate (10), we can conclude the proof. O

Before concluding this part, we still need some nonlinear estimates in H*(T¢). The
first one concerns the product of two functions and is a classical property.



68 Page 12 of 41 O. CUVILLIER ET AL. J. Evol. Equ.

Lemma 2.4. Given s > 0, the space L®(T¢) N HS(T¢) is a Banach algebra. In
addition, a constant C = C(s) > 0 exists such that, foranyu,v € L (T?)NH*(T9),
one has

vl < € (Nl ol + Nl ol ).

In addition, the same estimate holds true even when replacing the H* norm with its
homogeneous counterpart H®.

The proof goes along the main lines of Corollary 2.86 of [1] (where the property is
established in the R? setting). In particular, it is based on paraproduct decomposition.
It is easy to see that everything can be transposed to the geometry of the torus, up to
defining, for any N € Z, the low frequency cut-off operators

Syu:=u + Z Aju.
JSN-1

We also refer to Section 2 of [4] for more details.

The second nonlinear estimate which we need is about left composition of H*(T%)-
functions w by smooth functions F. However, we are in a situation where we cannot
apply the classical paralinearisation results (for which we refer to e.g. Section 2.8 of
[1D.

As a matter of fact, in view of applications to the study of well-posedness of equa-
tions (1), we need to consider the case in which F(t) —> +oo for t — 07T, whereas
® > wy > 01is uniformly bounded away from 0, but its infimum w, is in fact time-
dependent and approaches O when the time increases. We refer to Subsection 3.1 for
more details.

As a consequence, we need to track the precise dependence of all the estimates on
the value of w, = inf w. As this of course heavily depends on the function F', we will
do so only for a special choice of such F, which is relevant for applications to the study
of the well-posedness of system (1). On the other hand, we will exploit the fact that,
for integer values of the regularity index s € N, one has precise computations which
easily allow to track the dependence on w,. Therefore, for general s > 1 + d/2, we
need to pass to integer” regularities [s], thus losing some derivatives in the estimates.

Lemma 2.5. Letd > 1 and s > 1+ d /2. Take a positive function o € H*(T¢) and
define w, := inf ¢ w(x). Assume that w, > 0.

Then the function F(w) := 1//w belongs to H® (T9). In addition, there exists a
“universal” constant C = C(s) > 0, only depending on the value of the regularity
index s, such that the following estimate holds true:

|

2Throughout this text, we note by [s] the integer part of a real number s € R, namely the biggest integer
which is lower than, or equal to, s.

I B

o (19)2+15]

(1+ 1volbL) ol .
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Proof. Inorder to give a precise dependence of the estimates on w,, we need to exploit
the explicit computations which are available in the case of integer regularity indices
n € N. This prompts us to use (6) and write

2 1 2 1 1 2
R o I M 60 I o MO
Now, thanks to Lemma 2.4, we can bound
1 2 1 2
ol 5 (e, v+ [ )
2
< (a% ol + H# - ||Vw||%oo> .

Assume that s — 1 > 1 for a while. Then, in order to estimate w3/ in Hs_l, we
can proceed in the same way. More precisely, we write

[, ~ TG = el
032 | e 032 )| o2 w3/2 PR
which implies, together with Lemma 2.4 again, the estimate
RN (RN R BN )
032 | g ~ \ | 032 Hs= 5/2 Le=

A

Lol + 21 pvar
I a) s -y a) o0 .
) " @32 || o2 L

Iterating this argument [s] times, and inserting the resulting expressions into (11), we
find

Lo L L els + — el 10l
w s w s || oo
Vol ~ Voo o " w2 H L
1
s]—1 S
ot el Vel +H | Vel
0)02 w? Hs—s]
(12)

As a last step, we take advantage of the factthat 0 < s — [s] < 1. If s — [s] = O,
we can bound

1
ol

w2t

1
I_'Is,[s] ~ w3+[5]+1

whereas in the case s — [s] > 0 we rather compute

1

H 1 1
Frs—Is] ~ w%+ls] H!

1 + 1
5 +ls] 7 +s]+1
Wy Wy

IVoll 2 .

” 1
1 .
w2 Ths]
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Then, inserting this last bound into (12) and observing that, for any real numbera > 0,

one has
1
[”i RS DS D
= a%Jrn ~ a% an+% an+%
we finally deduce the sought estimate. g

3. A priori estimates

The goal of this section is to establish a priori estimates for smooth solutions to
system (1). Similarly to [6], their derivation is based on a two-step procedure: first of
all, we bound the low regularity norms using the parabolic maximum principle and
basic energy estimates; after that, we use the Littlewood-Paley machinery to derive
bounds for the higher regularity norms. All together, those estimates will imply the
sought control of the Sobolev norm H* of the solution.

We point out that, in order to carry out the higher-order estimates, it will be fun-
damental to resort to the formulation of the system, pointed out in [6], in the new
unknowns (u, w, ,8), where we have set g := Vk.

3.1. Bounds for the low regularity norms

Here we derive a priori estimates for the low regularity norms of a (supposed to
exist) smooth solution (u, , k) of (1).

First of all, we notice that, using the parabolic structure of the equations, we can

derive pointwise lower and upper bounds for the functions w and k. Let us define the
quantities

Wy = minw(x), ©* :=maxwy(x), ks = minky(x),
xe xe xe

where we have w, > 0 and k,. > 0. Then, arguing as in [6] (see also [2,17]) allows us
to get the following bounds:

Vi, x) eRy xQ, 0 < opin(t) < o(t,x) < o™ () < o, (13)

where we have defined

*

Wi
in(t) = ———— and "*(t) i= ———,
@min (1) wyoat + 1 and &™) w*ayt + 1
and also
ke
V(t,x) e Ry x Q, k(t,x) > kpin(t) ' = ———— > 0. (14)

(a)*otz + 1)1/0{2

In particular we deduce that, if k, = 0, then k(¢, x) > O at any time # > 0 and for any
x € Q.
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Next, we perform energy estimates. To begin with, we observe that a simple energy
method for the equations for u yields the identity

1 d k
- — |u|2 dx + v/ —|]Du|2 dx = 0,
2 dt Q Q W

where we have used also the L? orthogonality between u and Vrr, owing to the
divergence-free condition div # = 0. Integrating in time the previous relation, we find
that

! k
Vi>0, [u@®|i, +2v / f — [Dul*dxdr < fluol7, . (15)
0 Jo @
Performing similar computations on the (scalar) equation for w, we get

1 d k
- — |a)|2 dx—i—oel/ —|Va)|2 dx+a2/ > dx = 0.
2 dt Q Q W Q

After an integration in time, we deduce that
t
2 k 2
vVt >0, ||a)(t)||L2 + 20 — |Vo|” dxdt
0 Jo @

t
200 [ [ 0 drdr < ouli. (16)

Unfortunately, the same computations have no chance to work for the last unknown
k, owing to the presence in its equation of the a4 term, which is merely L,I,x (keep in
mind (15) above). Instead, we perform a simple integration of the equation over €2,
getting in this way

d k 2
— k dx + kowdx = oy — |Du|” dx.
dt Jo Q Q @

Integrating in time the previous relation and using (15), we find
t o 5
Vi>0, k@l + ko dydr < = luoll> + llkollr. (A7)
0 Jo

The discussion in [6] suggests to introduce the “good unknown”  := +/k. Thus, the
previous estimate translates into a L? control for variable 8, namely

t o
Viz0. B0 +/0 / Frodrde = 2 ol + 1ol (18)
Q
3.2. Reformulation of the system and localisation

After having established estimates for the low regularity norms (i.e. for low fre-
quencies), we need to control the high regularity norms, namely the high frequencies
of the solution. However, before doing that, some preparation is needed.
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To begin with, in order to deal with the degeneracy of the system when k£ ~ 0,
inspired by [6] we resort to the new unknown

,B::x/z

introduced above, keep in mind (18). In particular, propagation of high regularity
norms for k£ will be done through propagation of high regularity for g.

Observe that, by (formally) multiplying the third equation in (1) by 1/(2 vk), we
easily derive the equation satisfied by B:

2
B + u-Vp — asdiv (%Vﬂ) = —% L ub ~ |Duf* +a3'8|v,3|2.

Thus, we can recast system (1) as a system for the new triplet of unknowns (u, w, B):
we get

2
oou + (u-Vyu + Vo — vdiv ('B—Du) =0
w
,82
0w + u-Vo — oy div <—Va)> = —ayw?
w
. 2 w 107
OB + u-Vp — azdiv (%w) _/37 + —4E|ID> | +a3'6 |VB|?
divu = 0.
(19)

Our next goal is to perform H® estimates on this new system. This can be done in
a classical way, by taking advantage of the characterisation (6) of Sobolev spaces in
terms of Littlewood-Paley decomposition. As a matter of fact, we notice that, owing
to the bounds established in Subsection 3.1, only H? estimates are needed.

In order to tackle H* estimates, the first step consists in localising the equations
in frequencies via the operators A ;. Of course, this procedure will create some com-
mutators. Indeed, by applying the operator A; to each equation appearing in (19),
standard computations yield

2
(8t+u~V)Aju+AjV7r—vdiv ('i)]D)Aﬂ) = ,L,j—l-ng,j
/32
(at—l—u-V)A./a)—aldiv ;VAja) =Ci),j+a1®i’j—a2Aj<a)2>

(B
(8; + u~V)A]~ﬂ — a3 div <wVA]/3> = Cﬂ] +a3Cﬂ] _

B
+ %Aj (5 yDu}2>

Aj(Bw)
2
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B
+a34; awmz

where, for f € {u, w, 8}, we have defined the commutator terms

. i
(D}.’j = [u,Aj]-Vf and (D?j = div <|:Aj7; V).

with the convention that, when f = u, one has to change Vu into Du in the definition
of Ci, j

The goal of the next subsection is to perform energy estimates on the previous
localised equations. As we will see, the main problems will come from the analysis
of the commutator terms. Observe that, while bounding the terms (D}q j is somehow
classical, the estimate for the (D2 7 will be much more involved, due to the degeneracy
of the system for k & 0 (that is, for 8 ~ 0).

3.3. Estimates for the localised system

We are ready to tackle energy estimates for the localised equations written above.
Thanks to the Littlewood-Paley characterisation of Sobolev spaces and to the estimates
of Subsection 3.1, it is enough to bound the homogeneous part of the Sobolev norm,
namely

1l ~ 2% | as £
JEZ
Recall that this sum reduces in fact to a sum for j > —N, for some large enough
N e N.

However, before performing estimates,, let us introduce some convenient notation.
In what follows, we generally use the notation f < g to denote that there exists a multi-
plicative constant ¢ > 0, only depending on the parameters (d , S, D, 0], 00, 03, 4, Wy,
a)*) of the system, such that f < ¢ g. In addition, for the sake of simplicity and when
it does not cause any ambiguity, we will drop the time dependence from the notation
through the estimates.

3.3.1. Energy estimates for the dyadic blocks

We start by considering the equation for A ju. Performing an energy estimate for
this quantity, owing to the divergence-free condition over u, we find

1 d 2
Al +U/Q% DA uf? dx = /QC;’],-Ajudx+v/;2®3’j.Ajudx.

By multiplying the previous equation by 22/¢ and summing over the integers j € Z,
we infer the following identity:

2 dt222]Y }A u”LZ + v Zzzji‘

JEL jez

B

T D(A; u) (20)
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222”/ wj Aj u dx + UZZZ”/QC;J--AJM dx.

JEZ JEZ

Itis apparent that we need to control the commutator terms appearing in the right-hand
side of the previous relation. This will be done in Paragraph 3.3.2. For the time being,
let us perform similar computations on the equations for A jw and A ;8.

So, let us consider the equation for A jw. Similar computations as above yield

1 d 2

2 dr

225 | Ajool7a + o Y 2P %VAjw

JEZ JEZ

222”/ Ch Ajodx + a Zzszf €} ;Ajo dx
Q

JEZ JEZL

—a2222”/ ( )Aa)dx

JEZ

L2

where we have used once again the fact that divu = 0.

Let us leave the commutator terms on a side for a while and rather focus on the last
term appearing in the right-hand side of the previous relation. This term can be easily
controlled thanks to the Cauchy-Schwarz inequality in the following way:

1/2 1/2
2
2 28 2 28 2
32 ﬂ/ i (0?) ajoax| S | 2022 |8y (o)), 322 Ao
JEZL JEL JEL
< [e?], 10tae S ol ol . @1

where we have used also Lemma 2.4. Inserting this bound into the previous relation,
we get

2

2 2
2dt22” Ia; w|}L2+a122” =V
JEZL L
< Zzzﬂf C,; Ajodx + a 222/“/&2@;]. Ajo dx + ol llol?, .
JEZL JEZ

(22)

As before, we postpone the control of the commutator terms to the next paragraph.

Finally, let us consider the equation for A ;8. Testing it against A;f itself and
integrating over €2, we obtain
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2

“= VAP

2 dr 222” [8j811: + e 22| =

JEZ

—22215/@3 AjBdx + a3 Zzzﬂfc2 Ajp dx

JEZL JEZ

—72221‘/ (Bw) A dx

JEZL

2! - B 2 ' B
+ 52 221S/ Aj <; |Du| ) AjBdx + a3y :2215/ Aj <;|V13|2> Ajp dx.
jez @ @

JEZ
(23)

L2

Notice that, repeating mutatis mutandis the computations leading to (21), we can
estimate

S22 [ 8,(60) 8,8 x| S 150l 1B 5 (@A), (0. B

J€EZ

However, the same argument has no chance to work when applied to the terms ap-
pearing in the last line of (23), because V8 and Du do not belong to H*, but only to
HS~L

In order to avoid the previously mentioned loss of derivative, the idea is to take
advantage of the coefficient 8/+/w appearing in front of the bad terms and of the
(degenerate) parabolic smoothing of the equations. More precisely, we notice that we
can write

ZZZJY/ /(é |]D)u|2> AjB dx 2221‘/ — AjDu:DuA;pdx + Clu, Bl,

JEZ JEZL

where we have defined the new commutator term
Clu, Bl = 222”/ |:A,', EID)M:| :DuA;B dx.
JEL 2 @ l

At this point, it is easy to bound the former sum in the right-hand side as

1
22213/ i AjDu:DuAj;p dx < IVull oo
JEL m
| 5\ 12
X ZZZIY A]DM
JEL L2

12
(Z 238 HAjﬁ“i?)

JEZ
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5\ 12
L2

< iAj]D)u

~ W
181 s -

JEZL

IVl .00 (Z 221

From analogous computations, we deduce also that

Zzzﬂf ](g |Vﬂ|2> AjBdx = ZZZjS/;ZgAJ-Vﬁ :VBA;B dx + CHB, B
JEL

JEZ

where this time we have set

222”/[ ’BV,B}:VﬂAjﬂ dx

JEZ

and where the next estimate holds true:

22”//3AV,8 VB A;B dx
€T

J
1/2

18155 -

LA
w

1 .
< VBl | Y 2%
A/ @Pmin L ez

Inserting all those bounds into (23) and making use of the Young inequality, we
find, for any § > O to be fixed later, the bound

2
2 222” [aj817: + a3 322 | =
JEZ
< Zzzﬂf CﬂjA B dx + a3 Zzzﬂf C; JABdx + Clu, Bl + C*B, B
JEZL JEZ

1
+ ¢ (J@. Al + o 105} ) H(@ﬁ)“%x

2
+38y 2% p +5222N

7AjDM
JEL L2

Jo

2
(24)

where the multiplicative constant C > 0 depends also on § > 0.
It is time to sum up inequalities (20), (22) and (24). For simplicity of notation, let
us introduce the (homogeneous) Sobolev energy of the solution,
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Eyt) = (0. B) 0] e ~ 322 [Aju]

JEZ
+ 22 A0 + 227 4807
JEL jez
and the higher-order energy
2 2
Fy(t) = 222” Dul + 222” —=VAjo
ez L2 L2
2
+ 222” —=VA; Bl
JEZ

coming from the (degenerate) parabolic effect.
Then, summing up (20), (22) and (24), choosing § = min{v, «3}/2 in (24) and
finally integrating in time, we infer, for any time ¢ > 0, the inequality

t t 1
Es(t) + /0 Fy(r) dr < E,(0) + / (|| (@ B)| g + — | (Vu,Vﬂ)lliw) Es(t) dr
(X (evnser f]) +©lu 1+ C1B. 1) dr.

FASUNCN:)
(25)

where E;(0) denotes the same quantity as Eg, but computed on the initial datum
(1o, wo ko), and where, for € = 1,2 and f € {u, », B}, we have set

C'Uf f1:= 222”/ € Ajf dx.
JEZL

At this point, adding estimates (15), (16) and (18) to (25), we deduce a similar
inequality for the full H® energy of the solution, namely for

() = [, 0. B) 0] o ~ (.0, B)0)]72 + Es0).

More precisely, we find, for any ¢+ > 0, the bound

t t 1
E, () +/0 Fy(1) dr < E(0) +/ (Il(w’ﬂ)IILoo +— H(Vu’Vﬂ)HzLoc> E,(7) dz

/0 > (Cf A1+ CLL 1) + Cla, 1+ C1B. B1) dr
felu,w,B}
(26)
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3.3.2. Commutator estimates

In order to close the estimates, we need to control the commutator terms appearing
in inequality (26): this is the scope of the present paragraph.

We will start by bounding the terms of the form C'r f, f1, as their control is a direct
application of Lemma 2.2. Then we will switch to the bounds for the terms C3[u, 8]
and (D4[,3, B], which are also based on Lemma 2.2, but are slightly more involved.
As a matter of fact, the control of the Sobolev norm of the coefficient 1/,/w will
cause some problems, due to the lower bound for w, which, as established in (13), is
not uniform in time. Finally, we will consider the terms of the type @2[ f, f1, whose
bounds are more difficult to obtain and require a further decomposition.

Bounding the terms C'[f, f]
Given f € {u, w, B}, our first goal is to control

C'if. f1 = Zzzﬂfgc}d Ajf dx, with Cy; = [u,Aj]-Vf.
JEZ

A direct application of the Cauchy-Schwarz inequality and of Lemma 2.2 allows
us to bound those terms as

1/2 172

. 2 )
PR (V31 W I D BEALR Vg
JEZ =4

< (1Vulles 1 s + IV Fllo 19ullgo ) 151 e

't 1|

A

1
Cyj

This yields the control

> [C' A S [(Vu Vo, V) Eso). @7)
VSURCN:)

Bounding the terms C3[u, 8] and C*[8, 8]

We now consider the commutator terms C>[u, Bland (a1 B, B1. We recall here their
definitions:

Clu, ] := 222”/

jez @

and CY[B, B] = Zzszfﬂ[A,-,gVﬂ] :VBA;B dx.

jez

Aj,é]D)u :DuA;p dx
w

Let us focus on C3[u, B] first. Proceeding as above, thanks to the Young inequality
and Lemma 2.2 we find
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1/2 1/2
2
] < (2 |[a5 Eou] o > 2 a8l
jez L JEL
< ( v(ﬁm) luall s + Hﬁmu ||Vu||Loo) IBlgs - (28)
w Lo w Hs

At this point, on the one hand we observe that

Pod)| s —=|v(L g |
HV(“’DM) Lo~ A/ @min V(@Du) oo + (@min)?/2 Vel oo ﬁDM e
1 p
S Omin v (ﬁ ]Du) Lo + @2 1Bl ||(Vu, Vo) ||iOO

and, on the other hand, we use product rules of Lemma 2.4 and Proposition 2.3 to
bound

e I b I ot o W
— Du S|l—= —— Du + |— — Du
Ha) HS Vo || Vo H’ Vol gs | Vo L®
) 172
< 1 22js iAj]D)u
~ / Wmin ez \/5 L2
1 B B
+ —— | Vullpe | —= + H— ll2ell s
A/ Wmin ( L «/6 Hs ﬂ Lo© H
1
+ 1Bl IVull o | —= )
Vool g
Owing to Lemma 2.5, we can further bound
1 I+ (wmin)mJrl [s]
Hﬁ S e (1 IV T @9
P 1 1+ (a)min)m—H [s]
2l o< ¢t 1Bl e omin) (1 +v m) ..
H«/E o N o 1Bl + 1Bl PG IVollix ) llolly

(30)

In the end, putting all those inequalities into (28) and using that, by virtue of (13), one
has wmin ~ (1 + t)_l, by careful computations we gather

L, g 5 407 V(imu) Eg + (1402 [Vull~ VEs VFy
\/5 LOO
+ (L4 D2 (14 (18]l ) (1 + [ (Vi Vo) ||‘Lsij2) E, . 31)
Remark that the term
=)
V| —Du
()],
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cannot be decomposed further, as we do not know, at our level of regularity, whether
V2u is bounded or not in L.

In a completely analogous way, we also find

g8l s a4+ |V (i Vﬁ) E; + (1402 VBl = VE Vs
Vo )|
+ (02 (L4 18l1) (14 (V8. Vo) [5E) B 32)

Bounding the terms C2[ f, f]

As alast step, we bound the terms of the form C[ f, f], forany given f € {u, w, B}.
Recall that

2
Cf, f1 = Zzzj‘vfgcif Ajf dx, with CF; = div ([A : } VI ) '

]
N w
JEZ

Recall the convention we adopted above: when f = u, the term V f has to be replaced
by Du in the definition of Cﬁ’ j

As it appears clear by e.g. performing an integration by parts inside the integral
term, it is not possible to control C?[ f, £]in a simple way by a direct use of Lemma
2.2. This lack of control is essentially due to the degeneracy of the system when
B ~ 0. In order to overcome this problem, the basic idea is to take advantage of
the degenerate parabolic smoothing, represented by the term Fjy in the estimates. For
doing so, we must “distribute” enough powers of the viscosity coefficient 8/+/w to
the terms presenting spatial derivatives: this requires to find a suitable commutator
structure.

So, let us start performing careful computations in order to find the sought commu-
tator structure. To begin with, we observe that we can write

. o [ B(8
> 2% ‘/QC?I-Ajfdx=’Z’1+222/ /de ([AJ-,%] (ﬁw» Ajf dx,

=4 jez

where we have defined

7—1 = ZZst/

jeZ &

div (% [A,-,%} Vf> Ajf dx.

Observe that, after an integration by parts, the term 7] can be easily estimated by use
of Lemma 2.2. Indeed, thanks also to the Cauchy-Schwarz inequality, we have
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|7:] 222”/—[ j,%}Vf-VAjfdx

J€EZ

< N s VA ” [A~, ﬁ} \%
2 S Y v A
5 1/2
< 2%s [A,ﬁ] v
~ EZ: J \/5 f 2
,3 ,3 1/2
< LA . o
< VE (HV<ﬁ) . 1l + 09 | HS)

Keeping in mind inequality (30) and the definition of wp;y,, in turn we get
51,3 172 s\ /2
T S VEAVE A4+ (14 1812)" (14 [(Vu, Vo, V) 52
(34

On the contrary, it is clear that a similar approach cannot work with the second
term appearing on the right-hand side of equality (33), because, after an integration by
parts, we would have no coefficients B//w to put in front of VA f. Thus, the only
solution is to explicitly compute the divergence: we find

p o (o 5] () o

JEL
=T+ 222”/9 [Aj,V (%)] (%W) Ajfdx, (35

JEZ

where this time we have set

T = %2213/9 ([A,-, %}dw (%Vf» Ajf dx.

The term 73 can be controlled in a quite direct way: by applying the Cauchy-Schwarz
inequality and Lemma 2.2, or rather of inequality (10), we infer that

5 1/2 172
[Aj, %] div (% Vf> Lz) (Zzzj's HA,»inz)
jez

JEL

FARS (222”

(7 (&), o (F).. 15 =
< (&), 1, =

B

+(1+t)[51+% (T+1IBlIL) (1+||v ||“])H (ﬁVf> E;.

L
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At this point, Proposition 2.3 enters into play in a fundamental way. Indeed, a direct
application of this result allows us to bound

0\ 12
o, = (2l ()
Py < 25 |la; (= v
e, = (21 (el
7l (%)
+ ||V oo || —= + |V s
IV £l ol o)l /1 e
< V4 VE L+ 083 (141811 ) (1+ |(Vu, Voo, v5)||[£'io) .
(36)
This estimate in turn implies that
Tl < A+03 (1+18l=) [(Vo. VB)| n vEs vVEs
+ (14l (1 + ||ﬁ||%oo) (1 +] (V. Vo, Vﬁ)n[L‘lj') E,
[s1+3 [s] B ‘
+ A+0EE (14 1Bl) (14 1VelbL) HV(ﬂVf) et
(37)

The other term appearing in (35), instead, needs a further decomposition. As a
matter of fact, we notice that we can write it

moe oo (&))(rr) -0

where we have defined

N7 2 B ﬁ)} .
T : ,%2 /Q[A],@v<@ VA fdx,

wm g [() (] ) oo

The advantage is that we can now estimate 73 and 74 as above, by use of the Cauchy-
Schwarz inequality and of Lemma 2.2. Therefore we get

(+ (D), e[ o (5)

Vo '\
HV (%) N (RAIPE

73]

A

IIVfIILoo) ILF 1l s

e (|9 (2)

Now, it is a long but fairly straightforward computation to see that

(& (%)

H.&'
| 741

N

o [£] o)

3 B
S A4+02 (1+1Bllz~) (HV (ﬁ Vﬂ)

L>® L
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ol (&w)l..)

+ A0 (1+1813x) [(Vo. VB [ -

Similarly, we can bound

Ly (L) : E
—=VI—Z=])| S a+02 (1418l 7o
H@ )l SO0 0TI 2 Ve,
) L
+ (1+ 0 1Bll= (Vo V:B)”LOO (ﬂ’ \/5) s
Lo —
+ (1+02 [Bllz= Vol 02 |y

which yields, by use of (29), of inequality (36) and of Lemma 2.4, the estimate

L

Hia v (ﬁ)) S A+02 (1+1Bl~) VE

+ (1 + 0 (14 8124) (1 + ”(Vw,Vﬂ)”[lejl) VE; .

HS

Putting all these inequalities together, we infer that

TS 402 (14 1Bl) [ D HV(ng) E,

g€fw,p} Vo
+ (1 )l (1 + ||ﬂ||§oo) (1 + [ (Voo VB) ||[§ii2) E,

+ (1 +03 (14 1Bl) (14 | (Vu, Voo, VB) | ;o) VFs VEs . (38)

As for 74, by direct computations and using inequality (30) again, we obtain
2
Tl < B +0° (141B13) (Vo V) [

1+ E, (14 p)bs+3 (1 + ||5||%w> (1 + [ (Vu, Voo, VB) ||[Lsio+2>

LOO

< Ey (1 4+ 0)lsi+3 (1 n ||,3||%oo) (1 + [ (Vu, Vo, V) H[LSJJZ) . (39)

All in all, we have written

4
C’lf. f1 = sz/ﬂﬁ% Ajfdx =Y T

jez j=1
where the terms 77, ... 74 satisfy the bounds (34), (37), (38) and (39). In particular,

this implies that, after an application of the Young inequality, for any § > O to be fixed
later and for any f € {u, w, B}, we have

S| A 2 38 F 4 CA+0lTE (141813
Jelu,w,p)
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(14 [(Vu, Vo, VB) [1X7) E

"5

F O+ (1L 1Bl) (14 1VwlL)

B
(oo, 7 (F)
Ge{Du,Vw,V B} \/5

where the multiplicative constant C > 0 only depends on § and on the various param-
eters of the problem, but not on the solution.

I\J

Es, (40)

LOC

3.4. End of the argument

At this point, to conclude our argument and close the estimates in some (possibly
small) time interval [0, T'], we have to insert inequalities (27), (31), (32) and (40) into
estimate (26).

First of all, using again the Young inequality at the right place, we see that

[( X @+ 1)+ O+ ) oo
0 fe{uwm

< 55] F, dr + c/ A+ (14 1812) (1+ | (Vu, Voo, VB H[””) . dr
+ c/t<1+f>m+% (L+1Bl) (1+1velEL) [ X |V L E, dr,
A L Jo )|~
for a new “universal” constant C > 0.

Ge{Du,Vw,VB}
In view of this bound, using (13) for controlling w in L° and taking § > 0 small
enough, from inequality (26) we get

t

t
B0+ [ R@d 2 QRO+ G [ (60+A@)E@dr, @D
0 0

where, for t > 0, we have defined the functions

60 = A+0 (14 1813) (14 (V. Vo, v8)[2572)

s1+3 [s] P
A) = (L+ 082 (14181 1) (1 +IVollf ) ( > HV (ﬁ G)

Ge{Du,Vo,Vp}

)

Recall that the constants C; > 0 and C; > 0 only depend on (d LS, UV, 0], ... 04,
ws, w*), but not on the solution.
Thus, an application of the Gronwall inequality yields

t
V=0, E0) = QE©) exp( /(§(r>+A(r>) )
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Coming back to (41) and using the previous bound, we discover that

t t
Vi=0, E) + / Fy(t) dr < C; E4(0) <1 + exp (CZ/ (g(f) + A(r)) dr)).
0 0

(42)

Concluding the argument from this inequality is now a standard matter. Let us define
the time 7' > 0 as

t
T = sup{t . 0’ c2/ (g(r) " A(t)) dr < 10g2}.
0
Then, from (42) we deduce that
13
Viel[0,T], Eg@) + / Fy(7) dr < 3C1 Es(0). (43)
0

Now, on the one hand, we want to deduce a suitable lower bound for T and, on the
other hand, we want to establish a continuation criterion for solutions to system (1).

Lower bound for the lifespan
By definition of the functions £(¢) and A(¢) and Sobolev embeddings, it is easy to
see that, for any time r > 0, one has

£1) < (14D (14 Ey(r)lsIH

A0 S A+ (g (1vall) | X (L26)
Ge{Du,Vw,VB}

HS
S A+0 (14 Bl~) (1+1VolEL) VE®
+ 1+ r>2[”+3 (1+1813) (14 1Yol ) VE,

< §Fy(t) + (1 + 021 (14 B, (1)1

where we have also used inequality (36) for controlling A (¢). Notice that the previous
inequality holds true for any fixed § > 0 and that the constant C > 0 depends all
the parameters of the problem. Therefore, from estimate (43) we deduce that, for any
t € [0, T], one must have

t
/ (6@ + A@) dr < %m + 02 (1 4+ E,0) ™1 + 6 K2 E,(0),
0

for suitable positive constants K| and K3, only depending on the parameters of the
problem. In particular, by definition of 7', at time + = T it must hold

K
-1 —Ta + )23 (14 B, (0)) 1 4+ 6 Ky B, (0) = K3, (44)
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where K3 = log?2/C> only depends on (d, S, V, 0], ...04, W, a)*) At this point, we
choose

5= K
2K E(0)°

Then, from (44) we obtain that

(45)

2 | K
— KL K B0 T (L4 TP (14 B, 0) 1 = 22
3

At this point, if T > 1 we are done. So, let us assume that 7 < 1. Then the previous
estimate in particular implies that

Ko

EO T (1+E0)"" > kg—7T >
E(0) (1 + E(0))

2[s]+3”

for a suitable “universal” constant K. This proves the lower bound on the lifespan of
the solution claimed in Theorem 1.2.

Continuation criterion

Let us now turn our attention to the proof of the continuation criterion. This part
will conclude the proof of Theorem 1.2.

To begin with, we remark that, as a direct consequence of inequality (42), we have
the following claim: given a time 0 < T < +00, if one has

T
/ (g(z) 4 A(t)) dr < 400, (46)
0

then the solution remains bounded in H* on the time interval [0, 7']. Hence, by classical
arguments, this solution may be continued beyond the time 7" into a solution possessing
the same regularity.

The previous argument already provides us with a first continuation criterion. Our
goal now is to refine it, in order to match the one claimed in Theorem 1.2. As a matter
of fact, as T < +o0 has finite value by assumption, it is easy to remove the factors
(1 + t) from that criterion and see that condition (46) holds true if and only if

/OT (E(r) + 7\(:)) dr < +oo,
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where this time we have defined

E0 = (1+1813x) (14 ] (Vu, Vo, vB)[1X7)

Ry = (14 18l~) (1+1VolbL) > Hv<% G)

Ge{Du,Vo,VB) Lee

In addition, using the Poincaré-Wirtinger-type inequality (7) and estimate (18), we
see that we can bound

T
4/(d+2 2d /(d+2
[ s ar g/ (B + 18IS 1vpIZL ) e
0 0

< ||,30||%2 T + C(” (u(),,Bo) HLZ) /0 ||V,3||2d/(d+2) dr

Therefore, as 2d/(d +2) < 2 on the one hand we can bound

T
/ E() dr < / <1+ |(Vu, Voo, VB)| 0L +4) dr
0

and, on the other hand, we also have

/Orx@dzgfor(wnvmux)(wlell[iio)( ) HV(%G>

Ge{Du,Vo,VB}

dr.
LOQ

From this last bounds, the continuation criterion of Theorem 1.2 easily follows.

3.5. Analysis of the pressure

Notice that, in our derivation of a priori estimates, the pressure term does not play
any role. As a matter of fact, this term simply disappears in our energy method, because
of the orthogonality with u, owing to the divergence-free constraint divu = 0.

Nonetheless, the pressure gradient Vrr appearing in equations (1) as an unknown
of the problem, for the sake of completeness we want to establish its regularity. This
is the goal of this subsection.

More precisely, we want to prove that

Vi e L0, T]; H~1(Q)),

where T > 0 is the time defined above, so that inequality (43) holds true.
First of all, let us derive an equation for V. By taking the divergence of the first
equation in (1), we see that the pressure satisfies the following elliptic problem:

k
— Amr = —vdiv (div (—]D)u) —u- Vu) . 47
w
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Because the average Vr = 0 vanishes thanks to periodic boundary conditions, the
previous equation implies that

Vi = —vV(—A) 'divdiv (51@”) + V(=A)"div (u - V). (48)
w

Observe that, because of the fact that divu = 0, we have div (- Vu) = Vu : Vu.
Taking advantage of this cancellation, one can establish that

HV(—A)fldiv (u . Vu) HHr S IVu: Vullgs—1 S IIMII%X ,

which is finite uniformly for ¢ € [0, T].

As for the other term appearing in identity (48), we take advantage of another
fundamental cancellation, still deriving from the divergence-free constraint divu = 0.
For notational convenience, let us set

k
— =a? with a e L%([0,T]; H(Q).

Hence, let us compute
divdiv (o?Du) = 3 0; (o® (oc; + 0jur))
J.k
= Zak(aku . Vozz) + Za,-(aju . Vozz).
k j

Observe that, as H*® _I(Q) is a Banach algebra, we have that the product oy u - Vol
belongs to L*° ([O, T1; Hs_l). This implies that

k
V(—A)~divdiv (-m) e L([0, T]; HY),
1)
thus completing the proof of our claim.

4. Local existence and uniqueness of solutions

In this section, we perform the proof to Theorem 1.1. More precisely, starting from
the a priori bounds of Sect. 3, we rigorously derive existence and uniqueness of local
in time solutions to system (1), related to given initial data (uo, wo, ko). The existence
issue is dealt with in Subsection 4.1, while uniqueness is proved in Subsection 4.2.

Our argument follows the strategy adopted in [6] for treating the 1-D model. Al-
though most arguments can be reproduced similarly in our context, we present the
proofs here for the sake of completeness. However, as in [6] the proofs are discussed
in detail, when appropriate, we will omit to give the full details and rather refer the
reader to that paper.
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4.1. Local existence of solutions

The proof of existence of a solution is carried out in three main steps. First of all,
we construct approximated solutions to system (1), by avoiding the appearing of the
“vacuum region” {ko(x) = 0}. Then, we show uniform bounds for the family of
solutions constructed by approximation, thus convergence (up to extraction) to some
target state (u, w, k) Finally, by a compactness argument we prove that the target
state (u, w, k) is indeed a solution of the original system (1). Observe that, in the
convergence step, we can avoid the appearing of the pressure function Vi, as the
weak formulation of the momentum equation uses divergence-free test functions. A
discussion about the regularity of Vr will arise only at the end of the argument.

Before starting the proof, some notation is in order. We will deal with sequences of
solutions, denoted ( f¢).. Given some normed space X, we simply write (f;). C X to
mean that the sequence is also bounded in that space. If the sequence is not bounded, we
will adopt the different notation Ve > 0, f, € X. For simplicity, we will sometimes
use the notation L%.(X) := L”([0, T]; X).

This having been said, let us start the proof of the existence of a solution, given
some initial state (uo, wo, ko) verifying the assumptions stated in Theorem 1.1.

We begin by removing the degeneration created by the possible vanishing of turbu-
lent kinetic energy k. For this, we lift the initial data: for 0 < ¢ < 1, we define

ko = (\/]704-8)2.

From the initial regularity vko € H* (), it is easy to see that
(koe), C H'(Q), koe > & > 0.

Thus, for any fixed 0 < ¢ < 1, we can solve the original system (1) with respect to
the initial datum

(o, wo. koe) € H(Q) x H*(Q) x H*(Q),

for instance by using Theorem 1 in [10] (see also [11]).

Observe that the solution (ug, we, ks) in [10]-[11] is constructed via a Galerkin
method, hence the approximation of those solutions are smooth at any step of the
Galerkin construction. In particular, for those approximations the computations per-
formed in Sect.3 are fully justified; we deduce that the a priori estimates we have
established therein are satisfied by the Galerkin approximations, hence inherited also
by the “true” solution (i, we, k¢ ).

The previous argument ensures us that some uniform-in-¢ properties hold true: let
us review them. Firstly, thanks to the lower bound (3) for the lifespan of the solutions,
one has that

T:= inf T, > 0.
£€10,1]
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In particular, all the solutions (ug, weg, k‘s)E are defined on a common time interval
[0, T].
Additionally, the pointwise bounds described in (13) imply that

(a)s)g C L°°([O, T] x Q) with 0 < we(t,x) < w*,
whereas inequality (14) yields
ke(t,x) > 0,

where the previous estimates hold for all (¢, x) € [0, T] x Q.
Furthermore, the uniform estimate (43) gives us

(e 00 Vo) C LECH") x LF(HY) x LP(H).

Then, it is direct in our setting to deduce that (k);)S C L (H*) as well. From the
uniform estimate (43) and inequality (36), we also obtain that

< k—SID)us>, <\/k:”“vws>, (\/EV\/E) C Li(H®). (49)
we . we . we .

Thus, by Banach-Alaoglu theorem we deduce the existence of a triplet (u, w, k) €
L3P (H*) x L (H*) x LT (H*) such that, up to a suitable extraction of a subsequence,
(1e, @, ke ) converges to (u, w, k) in the weak-x topology of that space. Our next goal
is to prove prove that (u, w, k) is indeed the sought solution to the original system (1).

In order to reach our goal, we are going to use a compactness argument. Let us start
by considering the velocity fields u. Recall the equation for u,:

k
due + (ue - Vyug + Vg — vdiv <—€ D%) —0.

Wg

Repeating the analysis performed in Subsection 3.5, we infer that
(Vre) € LPH).
From this property, we easily find that
(due), € LPH™) = (ue), C LPH) N WpeH ).

Hence, Ascoli-Arzela theorem implies the compact inclusion (ug) . CC Cr(H* .
By interpolation, we immediately deduce the strong convergence

u, — u in Cr(H?), forany 0 <o <s.

If follows from the previous regularities and Sobolev embeddings that, then, u, con-
verges pointwise together with its first-order derivatives:

ug — u and Du, — Du everywherein [0, T] x Q. (50)
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It goes without saying that an analogous analysis can be made for the sequences
(a)s)g and (ks)g, yielding pointwise convergence for them and their first-order deriva-
tives. At that point, it is an easy matter to pass to the limit in the weak formulation
of the equations and see that (u, w, k) is indeed a solution to the original system
(1). With this at hand, we can conclude also that the gradient of the pressure Vr,
recovered from the target velocity and its equation, has the claimed regularity, namely
Vr e L‘;O(HS_I) NCr(H°™ ), forany o < 1.

Observe that, thanks to the previous analysis and following the arguments in [6],
it is not difficult to conclude also that the triplet (u w, «/B solves the reformulated
system (19) and possesses the claimed regularity properties.

4.2. Uniqueness of solutions
Now, we focus on the proof of uniqueness of solutions in the claimed functional
framework, namely in the space
X7 (Q) = {(u,Vﬂ,w,k) u, w, vk e C([0,T); L*(Q)), Vr € L™([0,T]; H'(Q)),
w, 0 ' ke L®(0,T1xQ), >0, k>0,

divu =0,  Vu, Vo, VWk € L%([0, 7] x 2)}.

First of all, we notice that the original system (1) and the modified system (19) are
equivalent in the space X7 (€2). This claim is justified thanks to Lemma 4.1 of [6],
whose proof can be adapted with no difficulties to the multi-dimensional case.

With this property at hand, we deduce that, for establishing uniqueness of solutions
for system (1), it is enough to prove it for solutions (u, W, ﬂ) to system (19). Thus,
the uniqueness statement of Theorem 1.1 is a consequence of the following result.

Theorem 4.1. Consider two triplets (ul, w1, ﬁl) and (uz, wy, ﬁz) and assume that
they are both solutions to (19), related to some initial datum (uo, j»@o,j, Bo, j), for
Jj = 1,2. Assume also that, for some time T > 0 and j = 1, 2, it holds that

(uj,w;.B;) € Xp = {(u,w,ﬂ)‘ w, 0 ' e L®(0,TIxQ), w>0, >0,

u e L([0,T1; L2(Q)), divu =0,

Vi, Vo, VB € L([0,TI x 2)}.

Define the difference of the solutions as
U:= uy —up, Y = w —wy, B:= 81— 5

and assume that all these quantities belong to C ([O, T]; Lz(Q)). Define the energy
norm

E@t) = U7 + IZ®172 + IBOI. -
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Then, there exists a constant C = C(v,«q,...,aq) > 0, depending only on the
quantities inside the brackets, and a function © € L' ([O, T]) such that the following
stability estimate holds true:

t
vVt el0,T], E() < E(0) exp <Cf O(1) df) .
0

Proof. The proof follows the same strategy as Theorem 4.2 in [6]. First of all, we find
that U solves the following equation,

k
o0/U 4+ uy - VU 4+ V(| — m) — vdiv (—IID)U) = —U - Vuy 4+ vdiv (P Duy),
1
(51

where 7 ; stands for the pressure associated to the velocity u j, as well asits “symmetric”
version

k
0/U 4+ uy - VU + V(mp — m1) — vdiv <—2DU> = —U -Vuy 4+ vdiv (P Duy),
)
(52)

with the function P defined as

ﬁz ﬂz ﬁz 1
=L 22 = _ "l 4 (8 +p)B.
] [0%) w1 w2

P

From the properties of the functions belonging to the space XT, it is easy to see
that each pressure gradient Vr;, for j = 1, 2, belongs to the space L%O(H_l). This
can be seen from the analogue of equation (47), by observing that the right-hand side
is LP(H ~1) and the dyadic characterisation (5) of Sobolev norms. Hence, also their
difference V(n 1 — nz) belongs to L3 (H —1). On the other hand, it follows from the
assumptions on u1 and u, that U € L‘;Q(H1 ), so the pairing (V(m — nz) , U)is well-
defined, and vanishes owing to the divergence-free constraint div U = 0. Therefore,
we can safely perform energy estimates for (51) and (52), integrate by parts when it
is useful and sum the two symmetric estimates: we get

d B . B3
E||U||§2+v/9<jl+—2 IDU|? dx

w2

< (IVurllp + IVuall o) U135

+v

2
f Fi Y (Du; + Dus) : DU dx
Q wWiw2

+v

/i(ﬁl‘i‘ﬁz)B(Dul—i—Duz):Dde .
Q @2

By rather straightforward computations, we can estimate

B

Q WiwW2

Y (Duy + Duy) : DU dx
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Bi Bi
< v (IVurll = + I Vuall ) ‘ 1=z | —==DU
L L w2 /W1 Lo L Jw 12
< 5/ ﬂimuﬁdx+c<s,v>(||w1||ioo + | Vuall7 ) ‘ b 12172 -
Q W1 W2/ D1 || oo

where § > 0 will be fixed later and the constant C (8, v) > 0 depends only on the
values of § and v. Moreover, for j = 1, 2, one has

v / ﬁB(Dul—l—ID)uz):]D)Ud)c
Q W2

< v (IVur i + IVaslleo) [ 2] B | YELbu
w) L>© /Cl)j L2
B> ik
< af w—’|DU|2dx+C(5,v>(||w1||ioo+||wz||im)‘ B3, .
Q Wj L

Consequently, we get the estimate

d o Bt B >
— Ul + V(1—38)/ — + —= | IDU|" dx S ©1(t) E(1), (53)
dr Q\w1 w2

where the (implicit) multiplicative constant only depends on the parameter v and the
function ®1(7) is defined as

010 = |(F Bl + 1 )l
2
(e I o N =

Next, we move on to the equation for X, in order to get a similar L? estimate for
this quantity. It is easy to check that ¥ solves the symmetric equations

k
/X +up-VE — oy div (—1V2> +ar(w) + @)X =—-U -Vwy +a;div (P Vap) ,
w1

k
3T +us-VE — a div (—2V2> +ar(@) + @)% = —U - Vo + a1 div (P Vo).
w2

Then, we can perform similar computations as above to find

||2||L2 +ay(l —38)/ ( ’32) IVE[® dx

tor / (@1 + )12 dx < ©2(1) E(0), (54)
Q

where the multiplicative constant depends only on « and, this time, we have defined
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) 1= |( le,sz ) o + H(Va)l,Va)z) 2

[z
(=l 1

2,
+ = :
L® w) L>®

Finally, we need to find a L? estimate for B. For notational convenience, let us

introduce the quantity

~ 1
pobi_B__ B g
w1 W) w1 w2

which is needed to express the extra terms appearing in the equation for 81 and S,.
We find the following two symmetric equations for B:

1
0B +ui-VB — a3div <IBI VB) + Ea)lB

1
=—U-Vp +azdiv (PVf) = 5p

+ %gﬂw (Duy + D) + %2 PDua?

+ a3f)_1VB (VB + VB2) + a3 PV,

2
1
0B+ uy- VB — a3z div <'3—2VB> + —w2B
w) 2

1
=-U- VB +azdiv (P V) — —2/31

.
+ ?“%DU (Du; + Dus) + —P|Du1|2

+on&VB (VB1 + VB2) + a3 PV |*.

We notice that the first two terms in the right hand side are analogous to the terms
appearing in the previous equations, hence they can be estimated in the same way. The
third terms, instead, appears in the energy estimate as a contribution of the type

‘/ B+ BDEBAx| S (1B~ + 182l L) E@).

The fourth terms can be estimated as
2

ﬂ.
< uaf L DU |? dx
Q @;j

N Vi) |7 1812, .

%4 Biny . (Duy + Duy)B dx
2 wj

1
+C(6,a4,v) ‘
W

Similarly, the sixth terms can be bounded as follows:
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2

Bj Bi o2
a37v3:(v51+v;32)3dx <35 | ZLvB[2dx
Q j Q w;

|(V61.V82) |7 I1BI2,

Finally, we can easily control the terms where P appears. Indeed, we have
/ (—1’5|1D>uj|2 + (X3ﬁ|v,3j|2) Bdx
Q\2
— ) E(1).
LOO

Bi
Lo© w?

+ C (8, a3) ‘

2
quad % |5 98 (| L2

Gathering all the previous estimates, we deduce the following bound for B:

d 2 512 2 2 1
— IBll;2 + a3(1 —35) —+ |VB| dx+ (w1+wz)|B| dx
dt Q \ w1

<CO3;(OE@W) + uaf (’3‘ ﬂz) IDU|? dx , (55)
Q

where the constant C > 0 only depends on the various parameters (v, ap, ... a4) and
where we have set

O3(1) = |[(Vur, Vuz, VB1. VB2) | 1 + [ (B1: B2) | ;o

+ | (Vur, Vua, VB, VﬁZ) “ioo
(O
(= =
Lo 0 w2 /1L

e )

To conclude the argument, we sum up estimates (53), (54) and (55). Fixing the
value of § > 0 small enough to absorb the extra terms within the left hand side of the
obtained inequality, in the end we find the estimate

d
ZE® £ (0100 +020) + ©3()) B,

w]w2

+‘ B

(H Voro

where the multiplicative constant C = C(v, o1, ...04) > 0 only depends on the
quantities appearing inside the brackets. At this point, an application of the Gronwall
lemma concludes the proof of the theorem. d
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