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Abstract

We study the Kolomogorov two-equation model of turbulence in one space dimension. Two are the main results of
the paper. First of all, we establish a local well-posedness theory in Sobolev spaces even in the case of vanishing
mean turbulent kinetic energy. Then, we show that, in general, those solutions must blow up in finite time.

To the best of our knowledge, these results are the first establishing the well-posedness of the system for
vanishing initial data and the occurence of finite time singularities for the model under study.
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1 Introduction

In 1941, in a series of papers Kolmogorov and Obukhov layed the foundations of the celebrated
mathematical theory of turbulence which now goes under the name of Komogorov’s 1941 theory.
We refer e.g. to Chapter 6 of [10] and to Chapters 4 and 14 of [4] for an account of that theory,
as well as to references quoted therein.

As an outcome of that theory, in [7] (see the Appendix of [16] for an English translation)
Kolmogorov formulated the following system of partial differential equations to describe a fully
developed homogeneous isotropic turbulence:

;

k
Ou + (u-V)u + Vo — vdiv (Du) =f
w
Ow + u-Vw — apdiv <ka> = —apw?
w

Ok + u-Vk — azdiv (kw> = —kw + as " Duf
w w

( divu = 0.



In the previous system, the three unknowns u, w and k are functions of time and space variables
(t,z) € Ry x Q, where  is a domain in R?, with d = 2, 3. The vector field u € R? represents the
average velocity of the fluid: it is the time-averaged velocity in the original paper by Kolmogorov
(see again [16]), but it is interpreted as an ensemble average in the modern approach (see [14],
[10]). The velocity field u is assumed to be incompressible, whence the last equation in (1) and
the presence of the lagrangian multiplier V7 in the first relation of the system, where 7 is the
mean pressure of the fluid. On the other hand, w and k are positive scalar functions, representing
respectively the mean frequency of the turbulent fluctuations and the average turbulent kinetic
energy (called “pulsation velocity” in [16]). The vector field f € R? is a known (average) external
force acting on the fluid, which we will set soon equal to 0. Finally, all the parameters v, a; ...ay
are physical adimensional parameters which are strictly positive numbers: we have

v >0, ay, ag, az, ag > 0.

In general, their values depend on the characteristics of the flow; however, for some of them
Kolmogorov is able to specify the precise numerical value (we refer once more to [7] and [16]).

From a mathematical point of view, system (1) is a parabolic system, with viscosity (diffusion
coefficient) proportional to k/w. As a matter of fact, 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 © and by Vu its transpose matrix. Notice
that, despite the presence of the two damping terms —ap w? and —wk in the second and third
equations respectively, the mean motion is feeding energy from the larger scales to the small
scales, namely to k, through the ay-term in the third equation.
To begin with, let us spend a few words on the derivation of the previous model.

Derivation of the model

As well explained in [10] (see especially Chapter 4) and [14] (see Chapter 3 therein), for instance,
the common approach to the turbulence theory starts by decomposing the incompressible velocity
u = wu(t,z) into its mean part (u) and fluctuating part uw: namely, in the turbulent regime we
write u = (u)+u. Notice that the new velocity fields (u) and @ are still incompressible. Injecting
the decomposition v = (u) + w into the incompressible Navier-Stokes equations solved by u, we
derive the so-called Reynolds averaged Navier-Stokes equations, denoted with the acronym RANS.
These are a cascade of differential equations for (u), u and their higher order correlations. The
main problem is that RANS models are not closed.

For instance, one can start by taking the average of the Navier-Stokes system to derive a
differential relation for (u); however, owing to the non-linearities coming into play in the original
system, when doing that an additional term appears, often called Reynolds stress, which depends
on the oscillating component u. More precisely, one needs an information on the correlation (u®u)
in order to close the system and derive an equation for (u). This reflects the physical principle
that small-scale processes affect the mean motion at larger scales. The problem is that such an
information is not given a priori; in order to find it, one can use the equation for @ and write an
equation for the Reynolds stress, but it is easily seen that a third-order correlation appears. In
this way, one can generate a cascade of equations for the correlation functions of any order, but
again, the equation for the n-th order correlation will depend on the moments up to order n + 1.

Thus, a closure hypothesis is needed in order to obtain a closed system and work on it.
From this point of view, Kolmogorov’s system (1) belongs to the class of two-equation models
of turbulence, for which, as the name suggests, the closure is given by imposing two additional
equations. After having been almost left aside for a long time in favour of the one-equation models



(whose main example is the k-model proposed by Prandtl in [15], and where the closure is given
by imposing only one equation, typically for the turbulent kinetic energy k), two-equation models
have recently gained a renewed interest, essentially because in those theories the local length scale
£ of turbulence has not to be prescribed arbitrarily, but can be deduced from the solution of the
system.

The most known two-equation models of turbulence are probably the so-called £ — ¢ models.
Here, ¢ typically' denotes the turbulent energy dissipation rate. In fact, any pair of variables of
the form k&P, with integer values of @ and b, can be used to derive a different but equivalent
k — e model. In Kolmogorov’s system (1), the small-scale unknowns are instead k and w: in this
case, the energy dissipation rate ¢ and the length scale ¢ can be recovered via the formulas

(2) e =kw and E—c\c/f,

where ¢ > 0 is an adimensional physical constant.

Previous mathematical results

The systematic mathematical analysis of equations (1) is quite recent. Let us give a short account
of previous works devoted to their study.

In [13] (see also [12]| for an announcement of the results), Mielke and Naumann proved the
existence of global in time weak solutions to system (1) set on the torus T2. The solutions
constructed therein are analogous in spirit to Leray’s finite energy solutions for the incompressible
Navier-Stokes equations, except for the fact that k cannot really belong to L?, because of the last
term appearing on the right-hand side of its equation, which is merely in L! (yet, the authors are
able to prove a gain of integrability for that quantity). Also, due to the lack of space compactness
for that L' term, the solutions are in fact weak solutions of the system, but one has to admit the
presence of a defect measure in the weak formulation of the equation for k. We refer to work [13]
for more details.

An important point of the analysis of [13| is that the initial frequency function wg and the
initial mean turbulent kinetic energy kg are taken strictly positive: more precisely, the authors
assume that

(3) 0 < wox < wp < wy and ko > kox > 0,

for suitable positive constants wg «, wg and kg .. As a matter of fact, those positivity conditions
are preserved by the flow, in the sense that, for later times ¢t > 0 and for any € T3, one gets

0 < wi(t) < w(t,x) < w*(t) and k(t,z) > ki(t) > 0,

for suitable time-dependent functions wy(t), w*(¢) and k.(t). See also our discussion in Subsection
3.1 below. Thus, system (1) becomes really parabolic under conditions (3), and this is a key
ingredient in the analysis of [13].

The same positivity assumption (3) is formulated (and plays a fundamental role) in works
[8] and [9] by Kosewski and Kubica. There, the authors prove respectively local in time well-
posedness, global in time well-posedness for small data, for the Kolmogorov model (1) set in T3,
at H? level of regularity on the initial data.

At this point, let us comment more on assumption (3). As far as our understanding of
turbulence theory goes, we observe that, while the first condition on wg is somewhat expected
from the physical point of view, the strict positivity of kg may look as an ad hoc assumption,
formulated in order to guarantee the non-degeneracy of the parabolic smoothing for the solutions.

!Be aware that, in the original Kolmogorov paper [7], the symbol € was used instead to represent the term |]D)u|2
appearing in the third equation of (1).



To the best of our knowledge, the only work which is able to deal with a possible vanishing
of the function kg is paper [3] by Bulicek and Méalek. There, the authors study the existence of
global in time finite energy (in the same sense as the one described above for [13|) weak solutions
to system (1). Here, the word “weak” has to be intended in a classical sense, since no defect
measures are needed. Remarkably, the problem is set on a bounded domain £ C R3, and suitable
boundary conditions are formulated for the three unknowns u, k (called b in [3]) and w. However,
the authors reformulate the system in terms of the energy function F, which is defined (in our
notation) as

1
E= -+ Zk.
2 (7]

The energy function F satisfies a better relation than k itself, inasmuch as the higher order terms
appearing in its equation are in a divergence form. Moreover, for reasons linked again to the lack
of integrability for k, also the equation for w is reformulated: essentially, one integrates by parts
the non-linearity occurring in the parabolic term of the second equation of (1). Thus, the analysis
is performed on a system collecting the (new) equations for u, w and E (and not on the original
system), and the existence of weak solutions is proved for that system. It is worth noticing that,
as pointed out in [3], the two systems of equations are equivalent for smooth solutions, but they
are not in a weak setting. However, the authors show that, recovering k from u and E, the triplet
of functions (u, w, k:) are a kind of suitable weak solutions for the original system (1), where the
equation for w is yet the modified one.

Concerning the possible vanishing of the mean turbulent kinetic energy, in [3] ko is assumed
to satisfy

ko > 0, with logky € LY(Q),

instead of (3). Thus, kp is not assumed to possess a strictly positive lower bound, but the
logarithmic hypothesis gives a control on its possible vanishing. Correspondingly, the solutions
constructed in that paper are proved to satisfy the same type of bounds for &, uniformly in time.

Contents of the paper and main results

In this paper, we study the 1-D version of the Kolmogorov two-equation model of turbulence.
Dropping the divergence-free condition on the velocity field, and correspondingly erasing the
pressure function from the equation for u, system (1) reduces to

(

Ou + uwOyu — v Oy <Zzamu> =0

(4) Ow + udw — a1 Oy (f} wa) = —ayw?

k k
Ok + wOzk — a3 0, (waxk> = —kw + 044; |8xu‘2,

supplemented with suitable initial data
Ujg=0 = U0, Wit=0 = W0 k=0 = ko

The precise assumptions on those initial data will be specified below.
We avoid here any consideration about boundary effects, and we set the previous system (4)
in a very simple geometry, namely in the spacial domain

Q=T :=[-nm7|/~,

where ~ denotes the equivalence relation which identifies —7 and 7. Of course, this is a quite
important simplification, because it completely removes all boundary-induced turbulent phenom-
ena in the dynamics. However, our focus here is rather on understanding the well-posedness vs
ill-posedness problem of Kolmogorov’s model in the case of vanishing turbulent kinetic energy k.



The main contribution of this paper is twofold. On the one hand, we prove that, even for
vanishing k¢ (which implies that k(t) also vanishes at any later time), the system is locally in
time well-posed in spaces H™, for any m € N such that m > 2. We refer to Theorem 1.1 below
for the precise statement. On the other hand, we show also that those solutions, in general, blow
up in finite time: this is the content of Theorem 1.3.

We will comment more below about our results and their meaning. For the time being, in
order to explain the main difficulties linked to our study and to motivate the assumptions we will
formulate in our main theorems, let us introduce a toy-model.

A toy-model. At a first sight, the local in time well-posedness result may appear a trivial
consequence of classical quasi-linear hyperbolic theory applied to system (4). Actually, this is not
completely true, owing to the possible vanishing of the function k£, which in fact creates some
complications and makes the argument for the local well-posedness more tricky than that.

In order to see this, let us introduce the following toy-model:

{ Ou + udyu — Oy (yOru) = 0

() 2
Oy + u0py — 0x (Y0ry) = v ‘8901“ )

supplemented with initial conditions (u, 'y) (uo, ’yo), for some vy > 0. Notice that a similar

t=0
system has been recently introduced in |1 1‘].

In system (5), the function ~y essentially plays the role of the viscosity function k/w appearing in
the original system (4). Of course, we have retained only the main structural terms of the equation
for k/w, namely transport by u and diffusion with diffusion coefficient equal to ~ itself, as well
as the apparently most complicated term 7 |d,u|?. In addition, we have set all the parameters v
and «a; equal to 1.

It is easy to see (for instance, by repeating the computation presented in Subsection 3.1 below)
that system (5) preserves the minimal value of +, exactly as equations (4) do for k. So, we can
deduce that y(t) > 0 for any time ¢ > 0 for which the solution exists. Moreover, we can reproduce
L? energy estimates for v and L' estimates for +, obtaining similar controls as the ones encoded in
the original system. Actually, the toy-model (5) preserves much more properties of the solutions
of the original equations, in particular all the properties which allow us to deduce the singularity
formation in finite time, but at this stage we do not need that in our discussion.

The problems come when we try to propagate higher regularity norms of the solution. In
order to fix ideas, let us focus on H? estimates, which are the simplest ones, because they require
to propagate the minimal integer regularity which is expected to be needed for well-posedness.
Now, if we write an equation for 92u, we get

at(?%u + u&ﬂgu — Oy ('y &ﬁiu) = [u,@i]@xu + O, ([’y, aﬁ]axu) ,

where we have denoted by [A, B] := AB — BA the commutator between two operators A and B.
The bad term comes from the second commutator: indeed, when performing energy estimates for
O2u, one has to deal with a term of the form

(6) / 0%y Opu d3u da .
Q

That integral is of course out of control, because any third order derivative can be estimated
only if a prefactor /¥ appears in front of it, but we cannot simply do that because we have no
strictly positive lower bound for /7. It is also apparent that the situation does not improve when
integrating by parts, for instance.

However, it is easy to see that the integral (6) can be estimated if one disposes of a L> bound
on J;./7. Indeed, it is enough to note that

/8%78xu6§udx = 2/ VA 027 Opu 3uda + 2/(8xﬁ)2ﬁmu8£udx :
Q Q Q

5



the first term on the right can be immediately bounded by Cauchy-Schwarz inequality, whereas
for the second we can integrate by parts once, and then apply Cauchy-Schwarz again. This
consideration motivatives us to work with the “good unknown” ,/4 rather than with ~ itself.
Because of Sobolev inequalities, H? bounds for /7 imply H 2 bounds for 7, whereas of course the
contrary is not true in general. On the other hand, when reformulating system (5) in terms of
V"7, the bad terms disappear, because whenever a third order derivative hits /¥ or u, it will be
always possible to couple that term with another prefactor ,/v.

Local well-posedness. The previous considerations constitute the main motivation to formu-
late our first main result, namely well-posedness of equations (4) in a hyperbolic functional setting,
where however conditions will be formulated on (u, w, \/E) instead of (u, w, k‘) This is the matter
of Theorem 1.1 below.

We consider solutions at H™ level of regularity, for any integer m > 2. Our proof will be
based on elementary methods (see more details below); our goal is to give a simple to understand,
but robust argument to construct solutions for vanishing k. Thus, we focus only on the case of
regularity of integer order. As a matter of fact, we expect our result to hold true more in general,
namely in H® for any s > 3/2, or even in the class of Besov spaces B3 ., for any s > 3/2 and
r € [1,+0o0], up to the endpoint case s = 3/2 and r = 1. However, the case of fractional regularity
looks a bit more involved from the technical point of view, because of the commutator estimates
discussed above and the need of coupling the highest order terms with a /7 in those computations.
This is why we prefer to leave the fractional regularity case apart from our discussion.

On the other hand, as symmetry in L? of the parabolic part of the equation plays a major
role in our argument (recall the arguments explained for the toy-model), the generalisation to
integrability exponents different than 2 does not really look straightforward.

After those considerations, it is now time to state our first result. Notice that, differently from
all previous results, no special assumptions on the possible vanishing of v/kg are needed.

Theorem 1.1. Fiz m € N such that m > 2. Let (uo, wo, k:o) be a triplet of functions belonging to
H™ (). In addition, assume that the following conditions are verified:

(i) there exist two constants such that 0 < w, < wy < w*;
(i) ko > 0 is such that By = Vko € H™(Q).

Then, there exists a time T' > 0 such that system (4), supplemented with (uo,wo, ko) as initial
datum, admits a solution (u,w, k:) on [0, T] x Q with the following properties:

(a) for any time t € [0,T], one has k(t) > 0 and mingeq w(t,z) > 0;
(b) the functions u, w and 'k belong to the space L([0, T, H™(2) N Nyern C ([0, T]; H5());

(¢) the three functions \/k/w 0T u, /k/wdP T w and \/k/w o'V all belong to the space
L2([0,T]; L*(92)).

In addition, such solution is unique in the class
Xr(Q2) = {(u,w,k) ‘ ww ke L‘X’([O,T] X Q), w>0, k>0
u,w, V€ C(0,THIAQ),  du, dw, vk € L2(10,T] x Q) }.
Finally, denote by T* > 0 the lifespan of the previous solution, and define

2
& = luoll3e + llwolis + ||v/o -




Then there exists a constant C > 0, depending only on (v,aq ...a4), such that one has

C
7 7 > min<1l, ——— 5 .
o - { @w@&w}

Moreover, one has T* < +oo if and only if

Lo

®) [ (e VAL (e Bt = o

A remark on the previous theorem is in order.

Remark 1.2. Notice that the continuation criterion (8) implies, as is classical in quasi-linear
hyperbolic problems, that the lifespan of the solution does not depend on its regularity: if the
datum is smooth, say in H™ with m > 2 large, the lifespan of the corresponding solution as a H?
solution is the same as a H™ solution.

In particular, this justify the lower bound (7) in terms only of the H? norm of the initial
datum.

The proof of Theorem 1.1 is based on elementary arguments. We approximate problem (4)
with vanishing initial £y with problems having initial ko.’s which satisfy ko, > €. We thus
construct approximate solutions by using the result from [8], and we pass to the limit in the
approximation parameter ¢ — 0T by using a compactness argument. This proves the existence,
for which we refer to Subsection 4.1. The relevant uniform bounds in suitable norms will be shown
before, in Section 3.

Uniqueness of solutions is based on a simple stability estimate in L?: see Subsection 4.2.
Notice that our argument cannot be adapted to prove a weak-strong uniqueness principle for
system (4), since higher regularity is required on both families of solutions.

To conclude this part, we point out that, in order to lighten the presentation, our proof will
be limited to treat the lower regularity case only, namely the case m = 2. Generalisation to the
case of m > 2 is rather straightforward, hence omitted.

Singularity formation. Next, we show that the solutions we previously constructed in Theo-
rem 1.1 actually blow up in finite time, in general. This is the matter of the next result. That
statement will be made more precise in Subsection 4.3, by formulating Theorem 4.5.

Theorem 1.3. There are smooth initial data (uo,wo,ko) such that the corresponding solutions
(u,w, k‘) to system (4) blow up in finite time.

Before moving on, let us spend a few words to comment the previous finite time singularity
result. It is tempting to interpret it as an indication of the fact that the Kolmogorov model (1)
is not a good model for describing turbulence. This remark would be pretty much in connection
with some physical theories, which criticise £ — ¢ models and their pertinence for the theoretical
understanding of turbulence in fluids.

However, we have to point out that system (4) is merely a 1-D reduction of the original
Kolmogorov model (1), and, as such, it loses very much physics with respect to that system. In
particular, one may object that real turbulence is expected to develop only in higher dimensions,
namely in dimensions 2 and 3. Also, in system (4) we neglect the divergence-free condition on the
velocity field, as well as the pressure term. This simplification kills completely non-local effects
(often called long-range interactions in physical theories), which though are strongly supposed to
play an important role in turbulence (see e.g. Chapter 7 of [10] and Chapter 16 of [4]).

More realistically, and as far as our understanding of turbulence goes, we can interpret Theo-
rem 1.3 as a reflection of the fact that the model is formulated by Kolmogorov in order to describe



a fully developed turbulence, so it loses its meaning in the regime of vanishing turbulent kinetic
energy. As a matter of fact, in Kolmogorov’s theory of fully developed turbulence, the turbulent
kinetic energy produced at small scales, whose typical length scale ¢ is defined in (2), is completely
dissipated at large scales by viscosity. However, for vanishing k ~ 0 the definition of the typical
length scale ¢, at which turbulent phenomena act, degenerates. Therefore, we expect that, for
vanishing k, one should rather change the model.

Organisation of the paper

Let us present now a short overview of the paper. First of all, in Section 2 we collect some
useful tools from Fourier analysis which are needed in our study. In Section 3 we present a priori
estimates for system (4). They will be the key step in the proof of our results, namely Theorems
1.1 and 1.3, which will be presented in Section 4.

2 Littlewood-Paley theory on the torus

We recall here a few 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 [5] 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 2ma;
with respect to the j-th component).

For simplicity of presentation, we focus here on the one-dimensional case d = 1, the only
relevant one for our study, and on the case where a; = 1. Hence, we simply write the spacial

domain as Q2 = T. We also 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 =
(ﬂk) rez, its Fourier series, so that we have

' 1 .

Next, we introduce the so called Littlewood-Paley decomposition, based on a non-homogeneous
dyadic partition of unity with respect to the Fourier variable. We fix a smooth scalar function ¢
such that 0 < ¢ < 1, ¢ is even and supported in the ring {r € ]R‘ 5/6 < |r| <12/5}, and such
that

VreR\{0}, Zcp(Q_jr)zl.

JEZ
Let us define |D| := (—02)'/? as the Fourier multiplier? of symbol |k|, for k € Z. The dyadic
blocks (Aj)jez are then defined by

VjeL, Aju = (277|D))u = Z@(zfj!k!)ﬂk ok
keZ

Notice that, for j < 0 negative enough (in general, depending on the box ’]I‘g), one has A; = 0.
In addition, one has the following Littlewood-Paley decomposition in S’(T):

VueS'(T), u =1y + Y Aju in  S(T).
JEZ

Recall that @y is simply the mean value of u on T:

. _ 1
0 =1u = m/Tu(x)d:p

2Throughout we agree that f(D) stands for the pseudo-differential operator u — F = (f Fu).




We explicitly remark that, for any j € Z, the Fourier multiplies A; are linear operators which
are bounded on LP for any p € [1, 4+00], with norm independent of j and p.

Now, we present a simplified version of the classical Bernstein inequalities, which turns out to
be enough for our scopes. We refer to Chapter 2 of [1] for the statement in its full generality.

Lemma 2.1. There exists a universal constant C > 0, on the size of the torus T and on the
support of the function ¢ fized above, such that the following properties hold true: for any j € Z,
for any m € N, for any couple (p,q) € [1,+00]? such that p < q, and for any smooth enough
u e S8'(T), we have

(1_1
1agull,, < €260 Azl
and C_m_l 2—jm ||Aju||Lp S ||6;”Aju||Lp § Cm+1 2jm ||A]'u||[,p.

It is well known that, for all s € R, the space H® can be characterised in terms of Littlewood-
Paley decomposition (see Section 2.7 of [1]). In particular, one has the equivalence

2 ~ 12 2sj 2
(9) lullFrs ~ [a@ol* + 227 |Ajul72 -
JEZL
Next, we use Littlewood-Paley decomposition to derive some useful inequalities. To begin
with, we recall the following classical interpolation estimate:

1/2
Ve H(T), 10:£1z2 S IFIEE 1028135
Moreover, we have the following inequality:
1/2 1/2
(10) Ve H(T), 102 £l S IFIE (92811 -
Indeed, if f is constant, the inequality is easily verified. On the other hand, if d,f # 0, the
claimed bound is easily seen by writing, after an integration by parts,
l0:fls = [ @) do = =3 [ roif (ous?

In fact, observing that 9, f = 0, we can obtain a refined version of (10), namely
1/2

v f e HXT), 102 fllza S || = Flliw 02F111% -

Similarly, we can prove an interpolation estimate in the same spirit of Poincaré-Wirtinger
inequality, but which allows us to precise the exponents of the interpolation:

(11)  VvfeHYT) suchthat f =0, £l e < IFIBAETD 0, f|’2/(p+2)

1/2

for any p € [1,+0o0]. Indeed, with the help of the Bernstein inequalities, for any N € N to be
fixed later, we can estimate

£llzee < D 1A Fllpee + ZHA Fllpse + D 18l 1o

j§<0 j>N+1
SO TN SEAINY I SPS LY PR
j<0 j=0 JZ2N+1

S (1+2Y) Wfler + 272 |0uflle S 27 Flle + 2721100 S ) 12
At this point, choosing N such that

10, £l 22 )2” P+2)

2V | flle ~ 272100 f | 2 — 2 (
1f ]l ze

completes the proof of (11).



3 A priori estimates

In this section, we collect useful a priori estimates satisfied by smooth solutions (u,w, k) to system
(4), defined in R4 x Q, where we recall that @ = T. We will see in Section 4, and more precisely
in Subsection 4.1 how to use those bounds in order to prove local well-posedness at the level of
regularity claimed in Theorem 1.3.

In all the estimates below, we have to put special attention on the dependence of all the
estimates on the lower bound of k, which may vanish, under our assumptions.

3.1 ODE analysis

We start by deriving pointwise upper and lower bounds for the functions w and k. This is based on
the following ODE analysis. Recall that, throughout this section, the solution (u,w, k) is assumed
to be smooth, defined on the whole R, x €.

First of all, let us define A and p as the solutions to the following system of ODEs:

d

Pl M, A=o = No
(12) p

@uz—w, Klt=0 = 1o,

for some A\g and g to be fixed later. System (12) can be solved explicitly: we have

Ao o
At) = ———— and t) = .
®) Aagt +1 uit) ()\Oa2t+1)1/a2
Next, let us introduce the quantities
= . 1= i , k. := mink
o= mgn(s), we = wigen(o) nig ho(@)

as the initial upper and lower bounds of the functions w and k. We also define their counterparts
at any time ¢t > 0:

Wimin(t) == I;leigw(t, x) and Wmax(t) = I;lea%w(t,:c).

Due to the H? regularity of the solutions, these functions are Lipschitz and, as a consequence of
Rademacher theorem, they are differentiable almost everywhere. Now, we observe that, from (4),
we immediately infer that, at the point x = Zyax(t) which realises the maximum value of w(t),

one has
d

k
— 2 2 2
gpWmax = 01 ( Orw — Wy S — Q2 Whay -
w |1‘:$max

Hence, solving the first equation in (12) with initial datum Ao = w*, we deduce

*

w
«(t) L ———— Vt>0,
wma()_w*agt—i—l -

where T' € ]0, +00] denotes the maximal existence time. In a pretty analogous way, we also obtain

that
Wmln(t) = 1 Viz>

In the end, we get the following pointwise estimate for w:

W w*

13) V(¢ R Q 0 — < in(t) < t < ) < —— .
(13) (t,x) € Ry xQ, <w*a2t+1—wmm()_w(’x)_wmax()_w*agt—l—l
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In addition, we can define

kmin(t) = glelgk(ta x)

Denoting by & = xpin(t) the point where the minimum value of k(t) is attained, we obtain that
kmin(t) satisfies the ODE

ik‘min = Q3 <k 83]6)

k
- — Kmin W Zmin + a4 | — |axu’2 2> — Kkmin Wmax -
dt w w

|xmin |xmin

Solving the second equation (12), where we take A\(t) = wmax(t) and po = ks, we infer
ks

Vit>0.
(w*agt + 1)1/0‘2

(14) Fmin(t) >

Notice that, under the assumptions of Theorem 1.3, we have k, = 0. Therefore, we deduce that

(15) V(t,z) e Ry x Q, k(t,z) > 0.

3.2 Basic energy estimates

We now perform basic L? estimates for the smooth solution (u,w, k), defined in Ry x €. Those
estimates will provide us with a control on the low frequencies of the solution. The bounds for
the high frequencies will be given in the next subsection.

To begin with, we test the equation for u against u itself, and then integrate over €): after
performing suitable integrations by parts, we find

1d 9 k 2

After an integration in time, we immediately deduce the following estimate: for all ¢ > 0, one has

t
k
(16) a3 + 20 [ [ 2 josaf dedr < Juol.
0o Jaow

Repeating the same computations for the second equation in (4), tested this time against the
function w, we get

1d k 2 1
17 == *d — |0pw|" d d :/ax 2.
(17) Zdt/9|w‘ a:—|—oz1/Qw‘ w‘ :E—|—oz2/ﬂw x >/ uw

We have to control the last term in the right-hand side of the previous equality. There are several
possibilities for that; for instance, the cheapest choice in terms of regularity consists in taking
advantage of the last term on the left-hand side of (17), thus making® a L3.(L3) norm of d,u
appear. In turn, this would be fine, in view of the higher order estimates of Subsection 3.3 below.
However, here we opt for a simpler control and employ a L* bound for 0,u, which will be justified
from the higher order estimates of Subsection 3.3: we get

‘/ RTIRE
Q

Plugging this bound into (17) and integrating in time, by Gronwall’s lemma we get the following
estimate: for any time ¢ > 0, one has

< [losull oo flw]Z2 -

t 2 t
B 2
08) 1wl + [ [ £ (ol drdr + iy < loolls exp <0 [ 10~ dr),
0o Jo w t 0

where the multiplicative constant C' > 0 depends only on the values of a; and . Recall that we
dispose also of L* controls on w, which are provided by (13).

3From now on, we will use the following notation: if X is a Fréchet space of functions over €, for any finite
T > 0 we note Lf.(X) = L?([0,T]; X) and Cr(X) = C([0,T]; X).
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Let us turn our attention to the estimates for k. Looking at the third equation of (4), it is
easy to realise that a L? estimate for k has no chance to be closed, owing to the presence of a
right-hand side which is merely L'. Therefore, we rather perform an L' estimate on k, obtaining,
after an integration by parts, the relation

d k
(19) kd:c + / kwdr = a4/ —|8xu‘2dx + / kOyudx .
dt QO Qw 0

Notice that, following the approach of [13], it is possible to propagate better integrability for k
and its derivative. However, the bounds coming from the previous relation (19) are enough for

our scopes. Indeed, we can write
1 k
/k:wdx+ /yaxufdx.
2 O w

/F[auda:

Therefore, by use of (16) and noticing that the constant may depend on the parameters «; and
v, from (19) we deduce, after an integration in time, that for any time ¢ > 0, one has

ka udxr

t
(20) 1) + / /Q kwdrdr < kol + Juol2,
0

for an implicit multiplicative constant, which depends only on the parameters v and 4. Observe
that, owing to our assumption on kg, we have

2
Wkollzr = [|v/kol, < +o0.

As it will appear clear from the computation in the next subsection, we also need some control
on how the function k touches zero. This piece of information is obtained by propagating regularity
for vk, rather than for k itself. For notational convenience, let us introduce the quantities

B = Vk and Bo = Vko.

To begin with, we use again the fact that, for any ¢ > 0, one has ||3(t)||32 = [|k(t)|z-
Therefore, owing to estimate (20), we deduce, for all ¢ > 0, the bound
(21) 1B 2 < 1Bollpz + lluollz: -

Next, in view of the computations of Subsection 3.3 below, we derive an equation for 3. For
this, we start by multiplying the third equation in (4) by the factor 1/ <2 \/E), then, straightfor-
ward manipulations yield

2
R G R LORE R L

To conclude this part, we also recast the first and second equations of (4) in terms of the new set
of unknowns (u,w, 6). We get the new system

ﬁZ
ou + uwozu — v oy (w&ru> =0

2
(23) Ow + u0rw — a1 Oy (i axw> = —apw?

2
uf + u0a — a0 (20.5) + 55w = G2 ol + aa o0

The higher order estimates of the next subsection will be performed on the previous system (23).
As a matter of fact, it is much more natural to work with the unknown 8 = v/k rather than with
k itself.

12



Before moving on, we notice that the basic L? parabolic estimates leading to a smoothing
effect for the solution are not closed yet, because one still needs to control the last term appearing
in the right-hand side of (18). This is a purely 1-D effect, since now it is no more meaningful to
assume the velocity field v to be divergence-free.

Of course, those estimates will be closed by using higher order bounds on (u, w, ﬁ), which are
the matter of the next subsection.

3.3 Higher order estimates

Here, we perform higher order Sobolev estimates for the smooth solution (u,w, ), defined on
R4+ x Q. In the end, we will need to close the estimates in some (possibly small) time interval
[0, T]. Let us recall that we limit ourselves to treat the case of solutions at H? level of regularity;
it goes without saying that the same method applies also to give propagation of H™ norms, for
any m > 2. We expect an extension to almost critical H® regularities, for any s > 3/2 (or even
to B;/IZ regularity), to be also possible, by use of Littlewood-Paley analysis and paradifferential
calculus techniques. However, our goal here is to give a simple proof by elementary methods, and
to put in evidence in a clear way the special structure of the system, for which the new quantity
B = Vk plays a key role.

Finally, we stress that, once again, particular care has to be used while dealing with the
function k, owing to possible regions where this quantity vanishes.

Before starting the estimates, let us observe that, for any p € [1,+o0] and any f € LP(Q2), we
have

Fo| S 1Sl S 1z

Thus, owing to the Bernstein inequalities of Lemma 2.1 and the Littlewood-Paley characterisation
(9) of Sobolev spaces, we have

lall2e ~ lul22 + |02l ,

and analogous equivalences for w and . Therefore, we only need to bound the second order
derivatives of the solution in L?. We will do this in an elementary way, by performing simple
energy estimates on the equations satisfied by 92u, 92w and 923.

We start by writing an equation for d2u. Differentiating the first equation in (23) twice with
respect to the space variable, we find

2
(24) 010U 4+ w0, 0%u — v O, <i 8§u) = f,

where we have defined

- ) > (87 o2 B g v v (P
f= Zlfj ‘= —30,ud’u + 3v9? <w> O*u + 200, <w> Pu + v o3 <w> Dyt
]:
It is not hard to see that the last term appearing in the definition of f is the most dangerous one,
when performing energy estimates on 92u.

Likewise, we get an equation for 02w:

2
(25) 0102w + 1002w — a1 Oy (/i af;w> + 20w dw = g,
where this time the external force g is defined by
6
g = Zgj = —20,u0%w — Pudw
j=1

13



2 2 2
+ 3y 02 (i) 2w + 201 0, (i) Bw + oy 03 (ﬁ) Opw — 20y (Opw)?
w

Finally, we repeat the same computations for 3, finding

2
(26) X023 + 10,028 — a3 0, (w a§5> + %W6§,8 = h,

where we have denoted by h the quantity

15
1
h = z;hj = —20,u0°f — PudfB — 0w yff — iﬁaiw
j:
2 (BN 2 N s 5 (B
+3a30; | — ) 028 + 2030, | — | 0,8 + 30, | — | 08
w w w
+ g2 <5> |0,u]” + 2040, <5> Opu 02u + a4é (0%u)” + a4éﬁzu8§u
2 w w w w
+ asd? <ﬁ> 1087 + 2040, <5) 08028 + 204" (28)* + 20" 0,5035.
w w w w
In the next paragraphs, we will perform L? estimates in (24), (25) and (26). Of course, the
key point will be the control of the forcing terms f, g and h in the energy space.

3.3.1 The H? estimate for u

We start by testing equation (24): simple computations give us

1d 2 52 2 1
(27) 5@“(93““1;2 + V/Qw ‘8271} dr = 2/983,@ (8§u)2dx + /Qfaguda:.

The core of the argument consists in finding suitable bounds for the terms on the right-hand side.
Notice that, owing to the fact that we do not dispose of a strictly positive lower bound for k, the
contribution of the viscosity term may appear of no importance. Yet, the piece of information
coming from that term turn out to be essential for closing the estimates.

Thus, let us bound the terms appearing on the right-hand side of the previous relation. We
start by observing that

(28) < 10sull e [|024],

/ Oy (0%u)? da
Q

which of course will be absobed by a Gréonwall-type argument.

It goes without saying that the control of the integral involving fi; works absolutely in the
same way. Thus, let us turn our attention to the integral involving fo: after an integration by
parts, this term can be coupled with the one coming from f3, thus getting

2
[0+ f) 2ude = —av [ 0, <i) 02 P di
Q Q

By computing
2 2
Oy <B> = 2é6x5 — %@w,
w w w

in the end we have to bound two integrals. We start by writing

é8x68§u8§udx :/18m53§uﬂ8§udx,

Qw o Vw Vw

14



and an application of Cauchy-Schwarz and Young inequalities gives us, for any § €]0,1] to be
chosen later, the estimate

1
= 0,82u0uds| < 5u/ 02| dz + C(5, y)/ » 10,87 |02u|? de .
Q

Similarly, we can control

2
V/i@xwﬁguﬁi’udx <5V/’83u} dx —l—C(SV/ﬁ |9pw| |82u‘ dz .
Qw Q

Therefore, using also (13), in the end we get

(29) (fz + f3) Ojudz

< 25V/ — ‘3311} dx
+ O+ (10817 + 1813~ 0s7<) (63l

where the value of § €]0,1[ will be fixed later on, and the constant C' > 0 depends only on the
values of ¢ and of the various coefficients (v, aq ...a4). Of course, for § small enough, the first
term on the right can be absorbed into the left-hand side of (27), whereas the second term can
be controlled by the Gronwall lemma.

It remains us to control the term depending on f4. For this, we integrate by parts once, to get

/Qf43%udx = — /62 (ﬂ ) ‘82u} dx — 1//98% <iz> Oy u dz .

Observe that the first term on the right is analogous to the one coming from fs, hence it can be
controlled as we have done before (by computing a further integration by parts). On the other
hand, for bounding the second term in the right-hand side of the previous equation, we compute
explicitly the second order derivative of the function 32 /w: we get

(30) 0? <62> = %(am)Q + 2§6§5 — 4%690%3@ — ﬂ—Q Q2w + 26—2 (Bpw)? .

W

So, we are reconducted to estimating five different integrals. Since the third-order term 93u
appears, the idea is to make a coefficient §/y/w appear in front of it, as we have done for (29)
above. To begin with, we estimate

2
1
—a,%ﬁaxu@iudaz < 51// B \08uf? da + C(é,v)/ — |0zul® |02B]" du
O w Qw

2 2
fa%;a uwdudr| < 5y/ a |02u)? da + C(é,u)/ % |0puf? |02 da,
o w Qw

where § > 0 is as above. The same method would apply also to the third item in (30), but this
would give a bound which is not optimal. For this reason, we prefer to integrate by parts once
and write

(31) / % 03 Opw Oyt O3 da:
Qw

__ / L (0.8) Pudsudswds + 2 / B0, (04)” 02udyu e
o w? w
8

QW2

(928 0pw Oyt + 0y Opw O + 0y D2w Oput) Druda .
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All these terms can be controlled in a simple way. For instance, using also (13) and the interpo-
lation inequality (10), for the first term we have

1
5 N2 HO:%UHB ||8mu||Loo ||a:v°~’||Loo Hazv5H%4

(Wmin

S 1+ 02 [(0Pu, 328)|[22 1105t 1o 18Il [102w]| oo -

/ % (0:8)% 02w Dyu Dy d
Q

Similarly, we can bound the second term as follows:

B 1

QE&”B (0,w)° P2udyudr| < m 18Il o [|02ul] o 10sull oo 1028 e [[0sw]Fa
max t
< M 181z [|(82u, 02) |72 105l o 1025

S (U428 |02, 020) |2 1100l 1o 1028l e -

The control of the terms in the third line of (31) is even more straightforward. All in all, we
finally get

S (1402 (Bl 1, Do, 2uB)|2e || (20, 82w, 28) |2 -

/ % Oy B Opw Ot 8§u dz
Q

Finally, the terms coming from the first and fifth items of (30) can be treated as the previous one,
after an integration by parts: we obtain

1

/Q = (0:8) 0sududa| S (140 (1 + [1Blz=) (@, o )7 || (820, 26) [
2

Qig (0w)? BpudPudz| S (146> (1 + [|1B]I2) [(Orur, Do, 0uB) |2 || (92w, B20) || -

Putting all those inequalities together, we finally deduce the sought control for the fs term:

(32) /Q f10%udx

2
< Clél// 5 |8§u‘2 dz
o w

+ Co (146> (14 181130) 00ty Do, 0,8) |2 || (820,020, 028) |7

where the value of ¢ €]0, 1] will be fixed later on, the constant C; > 0 is “universal” (independent
of all the data and parameters appearing in the equations) and the constant Co > 0 depends only
on the values of § and of the various coefficients (v, aq ... ay).

In the end, inserting the bounds we have obtained in (28), (29) and (32) into (27) and choosing
§ > 0 small enough, we find a bound for 92u:

1d 2 B2 2
(33) 3 ll0%u]? +V/Qw 03u]? da

< W+ (14 81) (14 10, 000, 0.5) 20 ) || (020, 020, 025) |52

3.3.2 The H? estimate for w

We now perform H? estimates on w. For this, it is enough to perform L? estimates on equation
(25) for 92w. In this way, we easily get

2
;C‘;Ha%wniz+al/gi }aiwf daj—|—2a2/gw |8§w‘2 dr = ;/anu (8§w)2dx + /Qgﬁgwdm.
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In the estimate of the right-hand side of the equation above, only few terms change with respect
to the ones we have already treated in the previous paragraph. First of all, we put together the
transport term, i.e. the first term appearing on the right, with g;: we find

/ (1 Ot — 281u> ‘3§w|2 dzx
o \2

Next, we easily see that the control of the terms g3, g4 qand g5 is analogous to the one of fs,
fs and f4 respctively, up to change v by w and v by ;1 everywhere in those computations. We
infer the bound

S 100t e |020] 7 -

2
< C15a1/ B— ]8§w\2 dx

. (93 + 91+ g5) 2w da

+ Co (146 (14 1BlI2) (00w, 008)|20e [|(020,028) ||

where § €10, 1] can be taken arbitrarily small and the constants C; > 0 and Cy > 0 are as in (32).
Thus, it remains us to bound the terms coming from go and gg; however, both controls are
fairly straightforward. As a matter of fact, we have

\ /ﬂ g2 0% dz| < [|0swll g || (020, 20) s
‘/Qgﬁﬁgwdm < ]\8wwH%4 H@inLQ < Wmax(t) H@%UJH; )

where, in the last line, we have also used the interpolation inequality (10).
In the end, we have obtained the following bound, analogous to (33):

(34) B dt H82wHL2 + a1/ — ‘83w| dr + 2a2/ w ‘Biwf dx
< 0 (14 1813) (1+ 100, 000, 0:8) 32 ) || (02,020, 628) 7. -

3.3.3 The H? estimate for 3

Let us switch to the control of 92k. Once again, we start with an energy estimate for equation
(26), thus finding

1
Ha%HLg + as/ i 28]° dv + - / w |28 d / Oy (828)% do + / ho2Bdx .
2 dt "2 /g Q
As before, the transport term has to be joined with hi: this gives us

’/ <18xu — 26mu> ‘8§ﬁ|2 dx
o \2

On the other hand, the group of terms hs, hg and A7 have to be handled in the same way as
fo, f3 and fy4 above. Mutatis mutandis, we gather the control

S sull o [1028]5 -

2
< Claag/ B o35)°
0] w

+ Co (146 (14 181130) (0ew, 0:B) |20 || (020, 028) |2 -

(h5 + hg + h7) 63%,3 dx
Q

The previous bound holds true for any § €]0, 1[; the precise value of ¢ will be fixed later on. In
addition, the positive constants C and Cy satisfy the same properties as in (32) above.
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Next, arguing as for gg and using the interpolation inequality (10), we easily get

< (1068l e + [1Bl11) || (02, 0%, 828) |2

/ (hy + hy) 028 dx
Q

‘/ hs 020 dx
Q

Hence, it remains us to bound the terms appearing in the last two lines of the definition of
h. We start from hi1: using the usual trick based on Cauchy-Schwarz and Young inequalities, for
d €]0,1] as above, we bound

< 100wl 2 1028010 |026]]2 S (wmax(®) + [1Bll=) ||(0%w, 828) || -

2
< 5y/ B0 do + c<5,u,a4)/ L jo,ul? 0262 da
Q w Qw

/ hi1 038 dx
0

IN

»82 3 12 2 25112
Sv > 03u|” dz + C (1+1t) |0ull i [|028]] 12 -
Next, we consider hig: for it, we can use an integration by parts to write
2 _ B o2 a3 s 2,12
hi00;8dr = —2ay | —O0su0udfdx — oy | Oy | — (8xu) OgBdx .
Q Qw Q w

It is easily seen that the first term on the right-hand side can be handled in the same way as for
h11, thus producing

Q4

2
< ov [ 2 Jotul? do + C@man) @ +) 10,513 (92l
Q

/ b % 02u 0,6 dx
QW

whereas for the second term one can explicitly compute the space derivative of 5/w and obtain

/ X <5> (02u)? 0,8 do
Q w

The control of hg works in a pretty similar way: after computing 9,(5/w), one easily gets

S A+0)2 (14 Bllr=) [(0ew, 0:B)20e 0202 -

2
‘/th 9pfdz| S (1+1) (1 + [[Bllre) 10w, 0w, 0:8) |70 [|(O5u, 028) |72 -
Next, in order to estimate the term presenting hg, we compute
1 2
o> (ﬂ) = Z 028 — 5 0uB0w — %agw + 2% (0,w)°
w w w w w

and reduce our problem to bound four different integrals. For this, we are going to argue in a
very similar way as done for estimating the terms appearing in (31). On the one hand, we have

/Qi 0,ul? (028)° da

'/ %agw |0u|® 024 dx
Q

S (141 [0pulZee [|028]%

S A+ 02 )Bllre 10pul2e || (020, 828)][5 -

On the other hand, for the terms presenting a mixing of first order derivatives, we use the inter-
polation inequality (10) to deduce

x S (1402 (L4 18l [0sulE || (020, 028) |

[ (Zos0.+ 502 lof 25
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Finally, we see that the terms arising from the last line of the definition of h can be handled
as hg...hi1, up to replace u by 8 and a4 by ag everywhere in the computations.

In the end, putting all those inequalities together and choosing § > 0 small enough, we arrive
at the following estimate for j3:

1d 2 32 2 2
(35) 5= [958l + 043/Qw |038|" da + /Qw 028|” da
S (L+6)* (1+8ll7=) (1+ H(@xu,aww,(?xﬂ)ﬂioo> 1(82u, 82w, 828) |7 .

for an implicit multiplicative constant C' > 0, depending only on the chosen value of § > 0 and
on the various parameters (1/, aq ... a4).

3.4 Closing the estimates

In order to close the estimates in some small time interval [0, 7], we introduce some convenient
notations. For all t > 0, we set

E(t) = Ju)llz + o)z + [8)]%:

to be the energy of the solution. Our goal is to bound it in terms of F(0), which is defined as the
same quantity, computed on the initial datum (uo, wo, Bg). We also define

Eo(t) = Ju(®)|2e + lw(®)|Zz + B2
Ex(t) = ||02u(®)||2, + [|02w(®)| 72 + |028(1)][5

and we denote by Eyp(0) and E2(0) the same quantities, when computed on the initial data.
Therefore, in view of what we have said at the beginning of Subsection 3.3, we have

(36) Vit >0, E(t) ~ Eo(t) + Ex(t).
First of all, we observe that, from (16), (18) and (21), we deduce that
t
(37) vt > 0, Eo(t) < Cy Fo(0) exp <01 / 10| oo d7> ,
0
for a “universal” numerical constant C; > 0 independent of any parameters and data of the
problem.
Next, we put estimates (33), (34) and (35) together: in this way, after setting
(38) Alt) == (1+1)? (L + ||Bl7~) (1 + H(axu,axw,axﬁ)uim> :

we get, for all ¢ > 0, the inequality

d & 2 2 2 2 2
- Ea(t) +/Qw(\a§;u} + |03 + 028]") de +/Qw(\agw\ +[026]") dw < C2 A1) Ba(t),

for a new constant Cy = Cy(v,;1...a4) > 0 only depending on the quantity in the brackets.
An application of the Gronwall lemma thus yields

(39) W0, Ba(t) < E(0) exp (@ /0 "A() dT) .

In view of the equivalence stated in (36), summing up inequalities (37) and (39) thus yields
t
(40) W0, B(t) < E(0) exp ((01 L) / A() d7> |
0
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At this point, if we define the time T" > 0 such that

t
T := sup{t>0‘ / A(r)dr < 210g2},
0

we deduce from (40) that, for a new suitable constant C3 > 0, only depending on the parameters
(v,aq ...a4), we have

(41) sup E(t) < C3E(0).
t€[0,T
As a direct consequence of the previous computations, we also get the blow-up criterion.
Indeed, from (40) we see that, if 7% < 400 and if we have

T*
A(r)dr < 400,
0

then F(T*) < +4o0o0. Thus the solution cannot blow up at time 7% > 0, and hence it can be
continued, by a standard argument, into a solution of system (4) with the same regularity (notice
that, for this step, we also need the uniqueness of the solutions in the considered functional
framework). At this point, we can remove the factor (14 ¢)? in the continuation criterion, by an
easy argument. In addition, we observe that, thanks to (11), where we take p = 2, we can control

T*

T* T*
—9 "
| Bt a5 [ (3 + 1Blse 10:B12) a5 Aol T + Ndolss [ 1081 e

where we have used also (21). Therefore, we see that the previous integral is finite, if the integral
appearing in (8) is finite. The continuation criterion is then proved.

Finally, let us derive the claimed lower bound on the lifespan of the solutions. For this, we
recall the definition of the function A(t), given in (38). Arguing as before and making use of
inequality (11) with p = 2 for d,u, O,w and 9,3, we find that

2 -2
1Bz < 8" + 181l 2 192512 S E(?)
2
”aruHLoo S ”aruHLQ Haa%qu S E(t),

~

and analogous inequalities for J,w and 0,8. From those estimates, we duduce that, for any
t € [0,T], one has

t t
/ A(r)dr < (1—|—t)3/ U 181) (1 + 1@, Do, 0) 2 ) dr
0 0

< (1+t)3 /t (1 + E(T))ZdT.
0

Owing to (41), in the end we get the following bound:

Vtel0,T], /tA(T) dr < (1+1t)%t (max{l,E(O)})2
0

Therefore, using the definition of T, by continuity we discover that
9 T
C(1+17)>° (max{l,E(O)}) T > / A(r)dr = 2log2,
0

for a suitable positive constant C. At this point, if 7" > 1, we are done. Assume, instead, that
T < 1: then, the previous inequality implies that

6(max{1,E(0)})2T > /TA(T)dT = 2log2,
0

for a new constant C = 8C , which implies the claimed lower bound on the time T

20



4 Proof of the main results

In this section, we prove our main results, namely Theorems 1.1 and 1.3. First we deal with the
local in time well-posedness issue for system (4). Then, we show that, under suitable symmetry
assumptions, the solutions we have previously constructed in fact blow up in finite time.

4.1 Proof of the local existence

Here we prove the local in time well-posedness of system (4), contained in Theorem 1.1. Once
again, we recall that we only show existence and uniqueness of solutions at H? level of regularity;
the case of higher H™ regularity follows by similar arguments.

For notational convenience, throughout all this subsection we adopt the following convention:

if ( f5)6>0 is a sequence of functions in a normed space X, such that ( f5)€>0 is bounded in X, we

simply write (f€)€>0 C X.

Construction of approximated solutions. To construct solutions to system (4) under the
assumptions of Theorem 1.1, the first step is to remove the singularity created by the possible
vanishing of the mean turbulent kinetic energy k.

Therefore, for any € €0, 1], we define

2
koe = (\/%4—5) = ko —1—25\/1704—52.

Observe that, since v/kg € H?(£2), then also kg € H?(f2). Therefore, we have
(42) (koe), € H* (), with koe > €2 > 0.
Next, for any fixed € €]0, 1], we solve system (4) with respect to the initial datum
(uo, wo, koe) € H*(Q) x H*(Q) x H*(Q).

By adapting, for instance, the method of [8] to the one-dimensional setting, we construct a local
in time solution (ue, We, ks) at the H? level of regularity, defined in some time interval [0, T;] (see
Theorem 1 in [8] for a precise statement).

The construction of solutions in [8] passes through Galerkin approximation. Thus, the ap-
proximated solutions are smooth, and our computations of Section 3 are fully justified for them.
By lower semi-continuity of the norms and strong convergence of the approximate initial data
towards the “true” initial datum (uo,wo, k[)’g), we can establish some uniform properties for the
sequence of solutions (ue, We, kg)se]oﬁl].

First of all, owing to the lower bound (7), we observe that all the solutions are defined in a
common time interval [0, 7], where

T:= inf T, > 0.
€€10,1]

Next, from (13), we gather that

Wi w*

43 LP(L> ith 0 — < t R
(43) (w5)€C 7 (L), W <w*a2t+1 _we(’x)_w*agt—i—l

I

whereas (15) implies that k.(¢t,z) > 0 for all (¢,z) € [0,T] x .
Moreover, from (41), we infer that

(44) (us,wg,\/@ C L(H?) x L(H?) x L¥(H?)
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and also that

(45) <\/f aiug) , (ﬁ aiws)

As a consequence of (44), we also get that

(ke). © LF(H?).

; (ﬁaﬁ/ﬁ) c  LA(L?).

15 € 13

Stability analysis and convergence. Thanks to the previous uniform embedding properties,
we can extract a weakly converging subsequence. More precisely, owing to (44), we deduce the
existence of functions u, w and k, all belonging to the space LF(H 2), such that, up to the
extraction of a subsequence (not relabelled here), one has the convergences

U > u, we ~w and k. >k in L (H?).

The basic idea is that the triplet (u,w, k) identified above is the sought solution to the Kol-
mogorov system (4). Nonetheless, of course the previous weak convergence properties are not
enough to assert this, owing to the non-linear terms appearing in the equations. Therefore, we
need some compactness properties for the sequence of solutions (ua,wg, ka)sz this is the goal of
the next paragraph.

We start by analysing the equation for u., which reads

We

Oty = — U Ople + VO <k€ 6xu5> .

From the previous uniform bounds (43) and (44), it is easy to deduce that (&gus)s is uniformly
bounded in the space L3 (H 1), hence

(ue). © LF(H?) N Wp™(H ).

An application of the Ascoli-Arzela theorem (see e.g. Lemma 3.6 in [17]) thus implies that (us)s is
compact in the space Cr(H~!). Then, up to the extraction of a further subsequence, one gathers

the strong convergence
(46) Ue —> U in Cr(H?) V0o <s <2,

where we have also used an interpolation argument between the strong convergence in Cp(H 1)
and the uniform bounds in L (H?).

It goes without saying that a similar argument applies also to the equations satisfied for w.
and k., yielding strong convergence of (wg)E and (kzg)a to, respectively, w and k in Cp(H?), for
any s < 2.

In particular, from (46) and Sobolev embeddings, we deduce the pointwise convergences

(47) Us —> U and Ortte — Oz almost everywhere in [0,7] x Q,

and analogous pointwise convergence properties also for the sequences (ws)e, (k:e)6 and their first
order space derivatives.

At this point, by making use of (47) and the strong convergence of the initial datum ko —
ko, it is easy to pass to the limit in the weak formulation of the equations for (ug,wg, k:s)g. We
thus discover that the triplet (u,w, k) indeed solves system (4).

To conclude, we remark that, owing to (44) again, there exists a function 8 € L(H?) such
that v/k. — f in that space. However, owing to the pointwise convergence of the k.’s, we deduce
that 8 = Vk. Studying the equation for the quantities v/k. and using an argument similar to the
one employed above, we can get that v/k belongs to Cr(H™1), hence by interpolation it belongs
to Cp(H?®) for any s < 2. Thanks to this property, (44) and (45), we obtain also that the triplet
(u,w, Vk) solves system (23).
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4.2 Uniqueness of solutions

In order to complete the proof of Theorem 1.1, it remains us to prove uniqueness of solutions
at the previous level of regularity. First of all, we need the following simple lemma, stating the
equivalence of the equations for k and vk in the considered functional framework. We recall that,
for T' > 0, we have defined the functional space

Xr(Q2) = {(u,w,k:) ) ww ke Loo([O,T] X Q), w>0, k>0
u, w, Vk € C([0,T] LX(Q)),  Oau, aw, 0vVE € L¥([0,T] x Q)}.

Lemma 4.1. Let T > 0 be a given time.

(a) Let (u,w,k) be a triplet in Xp() and assume that k solves the third equation in (4) in the
weak sense in [0,T] x Q. Then B := Vk is a weak solution to equation (22), related to the
initial datum By := +/k(0).

(b) Let the triplet of functions (u,w,ﬁ) be such that (u,w, 62) € Xp(Q) and B is a weak solution
to (22) in [0,T] x Q, related to the initial datum By. Set k := B2. Then k is a weak solution
to the third equation in (4) on [0,T] x Q, related to the initial datum ko := (3.

Proof. The proof is based on simple verifications. To see that statement (b) holds true, it is
enough to multiply equation (22) by the quantity 2. Next, we check that all the integrations by
parts are justified in the sense of D’ ( 10,7 XQ), owing to the regularity of the different quantities.
For instance, from equation (22), one gets 9,3 € L2(H '), thus the duality pairing

(OB, 260) 12, (r-1yxr2.(1)
for ¢ € D(]O, T| XQ), is well-justified; from this computation, one obtains that
(48) 2808 = 0> in the sense of D'(]0,T[x€) .

Notice that the previous equality makes sense, as (owing to the assumption (u, w, 52) € Xr(2))
one has vk = 8 € Cp(L?). In order to see (48), let us take some ¢ € D(]0,T[xQ), as above.
First of all, by a density argument we check that the equality

Bow = 0(By) — 0O

holds true in LQT(H ~1). Next, using that identity, we can compute

(0(8%), p)orxn = — (8200 prxp = — (B, 8000) 12,111 )x12.(11-1)
= —(B,0(BY)) 2 (ryxrz 1) + (B 0OB) L2 (sryxr2. (1) -

But 5 € W%2(H 1) and By € L2(H"), thus a duality argument (proceed e.g. by approximating
B by smooth functions again) shows that

—(B,0(B0)) L2 (rtywrz 1) = (OB BO) L2 (m-1yxL2.(HY) -

which in the end proves (48), as claimed. One can argue similarly for the terms presenting the
space derivatives (using, for instance, an approximation argument as the one used in Proposition
9.4 of [2]). Finally, for the initial datum, we make use of the fact that 3 € Cp(L?) to infer that
% =k € Op(LY). In the end, statement (b) of the lemma is proved.

Now, let us prove assertion (a). First of all, for ¢ > 0, we define the functions k. := k + «.
Then k. > ¢ in [0,7] x Q and (k.)_ € Cp(L') N LF(H'). Moreover k. — k for ¢ — 0T,
uniformly on [0,7] x €. Notice also that k. verifies the equation

k k 1
Oke + wOpke — a3 0y (E Ozk‘g> +hew = ay — |3xu]2 — ca30; < 01k5> — 044E \8,,;u|2.
w w w w
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Owing to the strictly positive lower bound on k., we can multiply the previous equation by
ke 1/2 /2, thus finding (by the same manipulations as in the previous step) an equation for /k..
At this point, passing to the limit for ¢ — 0" is easy, thanks to the convergence properties of
(kg)a. This finally implies that 3 = vk solves (22) in the weak sense. The claimed equality for

the initial datum is also satisfied, owing to the time continuity of vk with values in L2.
The lemma is now completely proven. O

With this lemma at hand, we can prove a L? stability estimate for strong solutions of system
(23) possessing vanishing mean turbulent kinetic energy. This is provided by the next statement.
The uniqueness of solutions claimed in Theorem 1.1 will be a direct consequence of it.

Theorem 4.2. Let the triplets (ul,wl,kl) and (u2,w2,k2) be two solutions to the Kolmogorov
two-equation model (4). Assume that, for some time T > 0, the following hypotheses are satisfied

for any j € {1,2}:
(1) one has wj >0 and kj >0 on [0,T] x €;
(it) the quantities wy, wj_l and /k; belong to L>([0,T]; L°(2));
(iii) the functions dyu;, Oyw; and Oy+/k; all belong to L™ ([0, T]; L>®(12)).

After defining the quantities

U;:ul—uz, E::wl—WQ (md BI: \/k‘l—\/kig,

assume also that U, ¥ and B all belong to C([0,T]; L*(<2)).
Then, there exist a positive constant C = C(v, a1 ...a4) and a function © € L*([0,T]) such
that, for all times t € [0,T], one has

t
U@ + SO + 15O < (10O + 1201 + 150)E: ) e (¢ [ 6mar)
Proof. Before starting the computations, let us introduce some more notation and define

(49) K =k —ky = B (B + ),

where, as in Section 3, we have set 3; := v/k; for i € {1,2}. However, for lightening the notation,
we will keep using the symbols k12 and K when convenient.

Thanks to Lemma 4.1, we know that, for any j € {1, 2}, the triplet (uj,wj, Bj) solves system
(23). Thus, we can perform the stability estimates on system (23). We point out that, in view
of assumption (iii), the three functions U, ¥ and B belong in particular to LQ([O,T]; Hl(Q)),
with 0,U, 9% and 0;B in LQ([O,T]; H‘l(Q)). Then, our energy estimates below are rigorously
justified, in light of the regularity assumptions formulated in the statement of the theorem: this
is a consequence of Theorem 3 in Section 5.9 of [6], a standard regularisation-in-space process
(which we omit here) and related commutator estimates.

To begin with, we see that U solves the equation

k
(50) U + w1 8,U — v, <1 ach) = —Udyuy + v 0y (A yus),
w1
where we have defined
1
(51) A::ﬁ—@:— iz X+ —K.
w1 w9 w1 W2 w2
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A simple energy estimate for (50) yields

S — |0z dr = % — Oz d
th”UHLQ—i_V/le |0, U|" dx ; 28u1 Opuz | |U|* dx

+u/ il Y Opug O,U dx + v iKaquadex.
Q

w1 W2 Q w2

(52)

It is apparent that the problem relies in the control of the last term on the right-hand side of
the previous equality. However, we remark that U solves not only (50), but also the equivalent
equation

U + ug 9, U — v O, <f}28xU> = —Udyu + V@x(A&Eul).
2

If we now perform an energy estimate on this relation, and we sum up the resulting expression

with (52), we find

— st B 2
<2 ([0swtll oo + 18zuall oo ) U7
B

Q W1 w2

+ v

DM (83;’&2 + axul) o0, Udx| + v

/ L B (81 + B2) (Bouz + 0pur) 0,U da .
Q w2

where, now, we have used (49) for expressing K and we have replaced k; by ,8?.
At this point, we easily estimate

2
v bi b ((%ug + &Uul) 0. U dx
Q W1 w2
B1 P
< v ([|0st1]| oo + [|Orti2]| foo ) H\/EWZ 12| 2 N 0 U
L L2

2

B
VW1 W2
where 0 > 0 can be taken arbitrarily small and, like in Section 3, the constant C'(, ) > 0 depends

only on the quantities in the brackets.
Similarly, for j € {1,2}, we can bound

IS0z ,
Lo

2
< av [ B 10,0 ds + Co0) (Iorll + 10l ) |
Q

14

Q w2
) Vi
wo

< v (102l oo + [|0zt2]] foe

Pi gy
Ve

1B 2
L> L2
2

IN

B2 iy
v [ 210 de + 0(6,0) (10l + 00l ) Hr 1B,
QW w2

o>

where § > 0 is again as small as one wants. Therefore, taking § small enough and inserting those
bounds into (53), we finally find

(54) 402, + y/ B B3N 0,0 dr < @1(0)E(t)
dt L2 0 \W1 w29 * ~ ! ’

where the implicit multiplicative constant depends only on v > 0, and where we have defined the
energy function
2 2 2
E(t) == Ulz> + IBlz2 + [BIlZ-
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and the function

2
oo H w2

O1(t) i= [[(Drr, Dpue) o+ [[(Drur, Dyz)| [} (Hrm . H )

Next, we consider the quantity ¥ := w; — we. Easy computations yield that > satisfies
equivalently the two equations

k
WY + u1 02 — a1 0y (wl (9;,;2) + an (wl +w2) Y= —-Udwy + o (%(A wag)
1
k
X + ug 02 — a1 Oy (2 8x2) + Qo (w1 —i—(,UQ) Y= -Udw + 8$(A &Bwl) .
w2
An energy estimate on both equations, as before, thus gives us
d 2 ekt 52
—|I= — 0:2|" d
gl o [ (B4 2) osp oo
+ zaQ/Q(wlwz) |E\2dx < 5 IOwu, D) 517

+ (821, Fpwo) oo 1B L2 [IU] L2 + aa

/ <8xwl —i—@zwg) A0 Y dx| .
Q

Using the expression of A found in (51), it is easy to see (repeating the computations above) that,
for any § > 0 arbitrarily fixed, we can bound

(e %1 /(8$w1+8xw2) A0 Y dx
Q
=0 0‘1/ 012 i + € (B, o) | 2| HEH%a
Q W1 W1 W2
B B3 2
+ daq — 4+ =) [0y Z| dx + C ||( zwl,ﬁzwg)HLm |Bll72
Q \W1 w2 W2 || 1,00

for a suitable constant C' = C(d, ;) > 0. This estimate immediately implies that, for a (implicit)
positive multiplicative constant depending only on o, one has

d
(55) p =152 + 041/ <Bl + ﬁz) 0,2% dz + ozg/ (w1 +wo) |Z)2dx < O9(t)E(t),
Q Q

where the function ©4 is analogous to ©1 and is defined by

2 2
w1 1
0u(t) = 001, 0.09)l + 0o Dl (| L]+ ¥ | -
1 W2 w2 Lo>° W2 || 1,00
The last step is to write an equation for B := 1 — B2 and perform an energy estimate for it.
First of all, after setting

~ 1
A= BBy 1p

w1 w3 w1 W2 w2

in analogy with A in (51), from the last equation of (23) we see that B solves

OB + u10;B — a30, (fjlaxB) + %wlB = —-U0d,06 + ag@x(AaxBZ) - %ZB?
1
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+ S A usl® + %@a U (9pu1 + Dyus)

203 A (0,507 + 2a3@ 0, B (9,51 + 0,52)

We now test the previous relation on B and integrate by parts whenever useful. First of all, we
notice that, in order to handle the A term, we need to resort again to a symmetrization of the
previous equation. Arguing as for estimating the corresponding term in the equation for U, we
see that

a3 = Qa3

/ (89651 + axﬁQ) A 8IB dzx
Q

/ (8:1:51 + 8:1352) <_ kl ! (51 + ﬁQ)) 8xB dx
Q W1 W2 w2

can be controlled, for 4 > 0 arbitrarily small, by the quantity

b1
N

+ 5043/9 (ﬁl 182) |0 B‘ dz + C [[(0xB1,0:52) ”Loo (‘

2

2
5 o /Q ii 0,B dz + C [[(8,81,005) || Il

w1

H ) 182 .

for a suitable constant C' = C(d, a3) > 0. Next, we have to control all the other terms appearing
in the equation for B. Recall that we have symmetrized the equations: then, for j € {1,2}, we
start to bound

1
[ (Fuses — v, - §26,) Bda| £ B (sl + 10.8 = + 155 lu)-

-

where the (implicit) multiplicative constant depends on the parameters a3 and ay. Finally, for
0 > 0 as above, we can estimate

Next, using the definition of K, we easily obtain

‘/ (% R 10 + 20581046) B
Q

Loo HW

< 5@} (|2

w1 w2

|20, (0,61 +0,62) B o
Q

wj

a3

(9051, 0082) |5 1BI122 ,

B3 ) 1
< daz | —=|0:B|" de + C(6,a3)
Q Wi

Wi llpee
whereas, for any n > 0 arbitrarily small, we have
Bj
oy — 0, U (&Cul + 8ﬂ£2) Bdx
Q Wy
/692‘ 2 2 2
<nv | =0, U|"de + C(n,v,a4) ||— H(axul,aqu)HLoo | B|72 -
QW Wi ll oo

In the end, if we choose § > 0 small enough and we fix (say) n = 1/4, putting all the previous
estimates together yields, for a suitable multiplicative constant C = C (1/, Qi . ..a4) > 0, the
inequality

56) GBI +aa [ <§1 52) 0.5 do + [ (on +w0) B da
v it 4P
< COsnE() + 4/Q< ) 2) 9,U[? da,

w1
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where we have defined the function

@3(t) = ||(8xu178xu278xﬁla8xﬁ2)||L00 + H(ﬁlaﬁ?)HLoo

+ H (axula axUZa axﬁlv a:c/BQ) ||%oo
2
1 1
(= |G2) |
Wy wa oo wr” ws .
We are now in the position of closing our stability estimates. Indeed, summing up (54), (55)

and (56), after absorbing the last term on the right-hand side of (56) into the left-hand side, we
finally get

2
n H B
> Lo (/Jl w2

Vw1
w2

%E(t) < (@1@) + O9(t) + @3(t)> E(t),

and an application of the Gronwall lemma concludes the proof. O
We end this section by formulating a couple of remarks.

Remark 4.3. In light of estimates (54), (55) and (56), and of the definition of the functions
©1,2,3, one could relax the L assumptions formulated in items (ii) and (iii) of Theorem 4.2. This
would lead to uniqueness of solutions in a class which is actually larger than the one claimed in
Theorem 1.1.

However, the conditions to require would be much more in number, and more complex to
formulate. For this reason, we have decided to keep simple assumptions, and to limit ourselves to
the present form of Theorem 4.2.

Remark 4.4. Observe that Theorem 4.2 is not a weak-strong uniqueness type result, because
assumption (iii) has to be made on both triplets of solutions.

4.3 The blow-up mechanism

In this section, we prove Theorem 1.3 and show that, in general, the solutions constructed in
the previous part blow up in finite time. More precisely, we are able to prove that, for initial
data which possess a suitable symmetry, the corresponding solutions to the Kolmogorov system
(4) exhibit a growth in the space derivative of the velocity field. The precise statement is the
following one.

Theorem 4.5. Let (uo,wo, ko) be a triplet of functions belonging to H3(Q), with w, < wy < w*,
for some strictly positive constants 0 < wy < w*, and with ko > 0 such that kg € H3(Q). Assume
the following conditions:

(i) ko(0) = 0;
(i) ug is odd with respect to 0, while wy and ko are even with respect to 0;
(7i) Oyup(0) < 0.

Then, the corresponding H> solution (u,w, k), whose existence is guaranteed by Theorem 1.1,
blows up in finite time. More precisely, if the solution does not blow up first at a different place,
there exists a time tg > 0 such that

lim O,u(t,0) = 4o0.

t—=ty

Proof. We are going to show that the solution (u, w, k) cannot be global arguing by contradiction:
more precisely, we will prove that, assuming that the solution exists and remains smooth, then
there will be a blow-up of the solution in a finite time ¢ = ¢y exactly at = = 0.
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Recall that we have supposed ug to be odd, and kg and wy to be even with respect to the
origin. As a consequence, besides the assumptions of Theorem 4.5, we also know that

OJ()(O) > 0 and 895]{0(0) = wa(O) =0.

In addition, we notice that the equations preserve the previous symmetries. Therefore, by unique-
ness of solutions, we deduce that

vt >0, u(t) isodd , w(t), k(t) areeven.

Since the functions (u, k,w) are smooth in space, repeating the ODE analysis performed in
Subsection 3.1 we easily find that

d
Vt>0, ak(t,O)zo — Vt>0, k(t,0) = 0.
Therefore, at any time ¢ > 0, the point = 0 remains a point of minimum for the function k(¢).
As a consequence, by symmetry we also get that d,k(¢,0) = 0 for all times.
Now, we differentiate the equation for u with respect to z and compute the resulting expression
at the point z = 0. By virtue of the previous properties, we find that () := 0,u(t,0) solves
d

(57) () = =€) + al)§(0), with  a(t) :

_ O2k(t,0)
 w(t,0)

related to the initial datum £,—g = &o := 0zuo(0). Notice that a(t) > 0 for all times, since x = 0
is a point of minimum for £(¢), for all ¢ > 0.

Observe that, by assumption, one has &y < 0, so d¢/dt starts negative; by (57), £ is decreasing,
thus it stays negative for all times. Then one deduces that

d ) Deuo(0)  |Buo(0)]
@t s = WS g O T T (0] ¢

where the last equality holds, owing to the fact that 0,up(0) < 0. The previous inequality
obviously implies blow-up in finite time for the quantity £(t) = du(t,0).
Theorem 4.5 is thus completely proved, and so does Theorem 1.3. ]
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