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On the existence of global-in-time weak
solutions and scaling laws for Kolmogorov’s
two-equation model of turbulence

Alexander Mielke, Joachim Naumann

Abstract

This paper is concerned with Kolmogorov’s two-equation model for free turbu-
lence in R? involving the mean velocity w, the pressure p, an average frequency
w > 0, and a mean turbulent kinetic energy k. We first discuss scaling laws for a
slightly more general two-equation models to highlight the special role of the model
devised by Kolmogorov in 1942. The main part of the paper consists in proving
the existence of weak solutions of Kolmogorov’s two-equation model under space-
periodic boundary conditions in cubes Q = (]0,1[)? with [ > 0. For this we provide
new a priori estimates and invoke existence result for pseudo-monotone operators.

1 Introduction

In 1942, A.N. Kolmogorov (see [Kol42] and [Spa9l, pp.214-216] for an English transla-
tion) postulated the following system of PDEs as a model for the isotropic homogeneous
turbulent motion of an incompressible fluid in R? x [0, +o0 [:

divu =0, (1.1a)
L (- V) = o di (ED( ))—v +f (1.1b)
5 T (w V)u=rdiv(-—D(u p+ f, .
ow . . k 2
e +u - Vw = v div (a Vou) — aw”, (1.1c)
ok

— +u-Vk = 1pdiv (g Vk:) + Vog |D(u) — ankw. (1.1d)

ot

}2
Throughout the paper, bold letters denote functions with values in R? or R? as well as

normed spaces of such functions. Here, the unknowns have the following physical meaning:

u is the velocity of the mean flow,

is the average of the pressure,

i)

w is the average of the frequency associated with
the turbulent kinetic energy,

k is the mean turbulent kinetic energy.
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The velocity field v of the fluid motion is given by v = u+u, where @ denotes the turbulent
fluctuation velocity, such that the scalar k is the temporal average % |u|?. Further,

vy, 1, Vo > 0 are dimensionless and constant closure coefficients;
g, a1 > 0 are dimensionless and constant closure coefficients;

f is the given external force,

1
D(u) = §(Vu + (Vu)') is the mean strain-rate tensor.

The function z/gf denotes the kinematic eddy viscosity, while Vlg and l/gg denote the
corresponding diffusion constants for the scalars w and k. We refer to Section 2 for the
scaling properties of this specific choice by Kolmogorov. Since the numerical values of 14
and v, are not relevant for the theory of weak solutions for (1.1) we are going to develop
below, we assume them to be equal to 1. A detailed discussion of the numerical values of
closure coefficients and their role in turbulence modeling can be found, e.g., in [Baul3] and
[Wil06, Chap.4.3.1]. However, we keep the coefficient vy to emphasize that the viscous
dissipation generated by the viscous term in (1.1a) is feeding into the mean turbulent
kinetic energy, see the second last term in (1.1d). Hence, for sufficiently smooth solutions
we have the formal energy relation

% . <%|ul2+k‘> dx:/RS <f-u—a2wk> dz,

where the first term on the right-hand side gives the power of the external forces, while
the second term is Kolmogorov’s way of modeling dissipative losses, e.g. through thermal
radiation.

From the two closure coefficients «; and s in the last terms of (1.1c) and (1.1d),
respectively, only the ratio ay/a; is relevant, as a; can be set to 1 by suitable rescalings,
see Section 2. Note that for f = 0 there are explicit spatially constant solutions

Wo ko

U = Uo, t)=——, k()= ,
w(t) 1+ ajwot ®) (1 4 woat)a2/

(1.2)

i.e. the mean turbulent kinetic energy decays like t~2/®1 if there is no feeding through
macroscopic viscous dissipation. Under the assumptions w(0,x) > w, > 0 and k(0,z) >
k, > 0 for all z € R® we will show that in the general case the solutions satisfy similar
lower bounds, see Section 5.2.

System (1.1) is an outgrowth of A.N. Kolmogorov’s theory of turbulence published
in a series of papers in 1941. Comprehensive presentations of this theory can be found,
e.g., in [Fri04] and [MoY07, Vol.I, Chap.6.1,6.2; Vol.II, Chap. 8] (see also the article
[Tik91, pp.488-503]). The function L = k;l (“external length scale” or “size of largest
eddies”) plays an important role for the study of the energy spectrum of the turbulence
(see [Lal91, Chap. 33|, [Wil06, Chap.8.1]). A review of the work of A.N. Kolmogorov
and the Russian school of turbulence can be found in [Yag94|. This paper contains also
some remarks about a possibly “missing source term” in (1.1c) (cf. [Spa9l, p.212]).

A profound discussion of the mathematical background of Obukhoff-Kolmogorov’s
spectral theory of turbulence (K41-functions, bounds for the energy spectrum for low and
high frequencies) is given in [Vigl0].

In place of R® x [0, +0c [, in the present paper we study system (1.1) in the space-
time cylinder @ = Qx]0,7[, where Q = (]O,l[)3 with 0 <[ < +ooand 0 < T < +00

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018



Existence of weak solutions for Kolmogorov’s two-equation model of turbulence 3

arbitrary, but fixed. To implement periodic boundary conditions we interpret €2 as a torus
by identifying the opposite sides. If 9Q denotes the boundary of the cube Q C R3 we set

Fi = 89 N {l‘z = 0}, Fi+3 = 8(2 N {$i+3 = l} for ¢ = 1,2,3,

and complement (1.1) with periodic boundary conditions and initial conditions as follows:

u I;x]0,T] - Tit3x10,T[° analogously for p,w, ka

D(u) rix]oT — D(u) Tiy3x]0,T[° analogously for Vw, VE (1.3a)
(1=1,2,3)

U = U, W = Wy, k= ko in Q x {O} (13b)

Initial/boundary-value problem (1.1) and (1.3) characterizes a turbulent motion of an
incompressible fluid in @ that evolves from {ug,wy, ko} at time ¢ = 0.

On physical grounds, the size [ of the underlying cube €2 should be greater than
certain quantities of the turbulent motion. A detailed discussion of this aspect is given in
[Dav04, pp. 2526, 424-435] (cf. also item 2° below). This is one of the main reasons why
we consider a cube ) of side length [ and periodic boundary conditions which provides an
analysis that is completely independent of [. In particular, we can choose [ much bigger
than the “external length scale” L = kL/Q.

In [BuM16], the authors study system (1.1) in 2x]0, T [, where Q C R3 is a bounded
domain with C''-boundary 99, mixed boundary conditions for w and k, the condition
u-n = 0 and a condition for the normal traction of the tensor —pI + 1 f D(u) on
0Qx 0,7 [. Under these boundary conditions, system (1.1) characterizes a wall-bounded
turbulent motion, i.e., turbulence is generated at the Dirichlet part of the boundary. The
authors complete this boundary value problem by the initial conditions (1.3b) and prove
the existence of a weak solution by combining a truncation method and the Galerkin
approximation.

The emphasis of our present paper is quite different from that of [BuM16], as we
are interested in free turbulence which is independent of the boundary and thus has to
obey certain scaling invariances (see Section 2). This can only be understood by using
periodic boundary conditions and assuming that the cube size [ is much larger than the
structures under consideration. However, it is well-known that the study of Navier-Stokes
equations with periodic boundary conditions is more delicate due to mean-flow effects
and several choices of the Helmholtz decomposition (see, e.g., [ChI94, IoM91, KaW97] for
more details).

Our proof of the existence of weak solutions of (1.1) and (1.3), which has been al-
ready sketched in [MiN15], is entirely independent of the discussion in [BuM16]. More
specifically, the basic aspects of our paper are:

1° In Section 3 we introduce the notion of weak solution {u,w, k} with defect measure
p for (1.1) and (1.3) . This notion leads to a balance law for [, k(z,-) dz and gives

a connection between the energy equality for % fQ |u(m, ) |2 dx and the vanishing of
p (cf. the Proposition, and Corollary 4.5 in Section 4).

2° In Section 4 we present our existence theorem for weak solutions {u,w,k} with
defect measure p. Based on comparison arguments with the solution in (1.2) this

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018
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solution satisfies the inequality

1/2
L="—2>c(14t)7/C)  forall t € [0,T],
w
where ay and «; are from (1.1c) and (1.1d), and where ¢ = const > 0 neither
depends on [ nor on T (cf. Corollary 4.4 in Section 4). If as/aq < 10/7, then L
grows at least as t*/7 (cf. A.N. Kolmogorov [Kol42]).

3° The proof of our existence theorem is given in Section 5. It is based on the existence
of an approximate solution {u.,w., k.} (without defect measure) of (1.1) and (1.3),
establishing a-priori estimates independently of € and then carrying out the limit
passage ¢ — 0. The existence of the approximate solutions is obtained by apply-
ing an abstract existence results for evolutionary equations with pseudo-monotone
operators from [Roul3, Thm.8.9], see Appendix A for the details.

4° Our approach is easily adaptable to more general domains with suitable boundary
conditions, and to the full-space R? with general d € N. However, for notational
convenience and physical relevance we restrict ourselves to d = 3 and the spatially
periodic case.

In subsequent work we will investigate similarity solutions that are induced by the
scaling laws discussed in Section 2. The most challenging question will be the derivation
of suitable solution concepts that allow the turbulent kinetic energy k to vanish on parts
of the domain. This would allow us to study the predictions of the Kolmogorov model
(1.1) in the way turbulent regions invade non-turbulent regions.

2 Scaling laws

We consider the free turbulent motion of an incompressible fluid in R*x |0, +o00 | which
is governed by the following system of PDEs (note that f = 0):

divau = 0, (2.1a)

%—? + (u - V)u = div (di(w, k) D(u)) — Vp, (2.1b)
%§+U-szﬁvwﬂ@kﬁb)—m@%@% (2.1¢)

%qﬂhvk:dwug%mv@+dmwmuxwf—gmth (2.1d)

where u, p, w and k are the unknowns, and

di: (10, 400[)* — 10,400  (i=1,2,3),
gm = (10,400 ) — 10,400  (m=2,3)
are given coefficients. The coefficient d;(w, k) represents a “generalized” viscosity of the

fluid. System (2.1) obviously includes Kolmogorov’s two-equation model (1.1) with

k k k
di(w, k) = Voa, dy(w, k) = Vla, d3(w, k) = 1/2;,

92(w7 k) = W, g3<w7 k) = QW.

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018



Existence of weak solutions for Kolmogorov’s two-equation model of turbulence )

We want to show that these choices are special, because they give a richer structure of
scaling invariances than more general functions. We refer to

Let {u,w, k} be a classical solution of (2.1) that has a suitable decay for |z| — oo
such that the following integrals over R3 exist. We multiply (2.1b) by u, integrate by
parts over R?, integrate (2.1d) over R?, and add the equations obtained. This gives the
energy balance

d [ /1,
dt - <§|ul +k> d:c——/R?)gg(w,k)kd:z:, t€]0,4+00] (2.2)

(cf. Section 4, Corollary 4.5).
We are now studying the invariance of {u,w, k} under the scaling
Oy by,  Op; = Oy, uryu, wrpw, ks ok, (2.3)

where (a, 8,7, p,0) € (] 0, +o00 [)5 Here, the pressure p is omitted, for it can be always
suitably scaled. In addition to the well-known scaling laws for the Navier-Stokes equations,
the scaling (2.3) have to leave invariant the coefficients d;(w, k) and ¢,,(w,t) fori =1,2,3
and m = 2, 3, too.

To this end, we consider the following conditions for the family of parameters («, 3,7, p, o)
and the coefficients d; and g,,:

a = B, o= ’yQ, (2.4)

B2d;(pw, ok) = ad;(w, k), i=1,2,3,

2.5
gm(pw,ok) = agn(w, k), m=2,3. (25)

Vw, k>0: {
The first condition in (2.4) implies the invariance of the convective derivative d; + u - V
under (2.3), while the second condition implies that |u|?> and k have the same scaling
property which is necessary for the conservation law (2.2) to hold. It is now easy to see
that system (2.1) is invariant under the scaling laws (2.3) if the conditions (2.4) and (2.5)
hold.
In order to relate the present discussion to Kolmogorov’s two-equation model (1.1)
we make an “ansatz” for the parameter § as well as for the coefficients d; and g¢,,. For

(7,), (w,k) € (]0,4+00])” define

p=piy'P (2.6)

di(w, k) = Diw™ kB, gm(w, k) = Gk, (2.7)

where D;, G,, (i =1,2,3; m = 2,3) and A, B are arbitrary positive constants. Condition
(2.6) is equivalent to

é p_AWQB =1 resp. i pA'yQ(l_B) =1.
gl By
Observing (2.4), it is readily seen that d; and g, as in (2.7) obey the scaling conditions
(2.5) for all choices of D;, G,,, A, and B.
Finally, let A = B = 1 in (2.6) and (2.7), i.e. g, does not depend on k. Then we

obtain "
di(w, k) =D;—, gm(w, k) =Gpw (1=1,2,3; m=223).
w

Hence, Kolmogorov’s two-equation model of turbulence, which is obtained for D; = v;_1,
G = a1, and G3 = ag, is invariant under the scaling (2.3) with the two-parameter family

(p:y) = (o, B,7,p,0) = (p, g,%p, 72)- (2.8)

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018
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3 Definition of weak solutions

We begin with introducing notations that will be used throughout the paper.

Let X denote any real normed space with norm |- |x, and let (z*, z) x denote the dual
pairing of * € X* and x € X. By LP(0,7T; X) (1 < p < 4+00) we denote the vector space
of all equivalence classes of Bochner measurable mappings u : [0,7'] — X such that

<f0T |u(t)}§( dt) v if 1<p<+4o0,

ess sup |u(t)|X if p=+o0
tel0,T]

1wl Lo o.rx) =

is finite (see, e.g., [Bou65, Chap.IIl, §3, Chap.IV, §3|, [Bre73, App.] and [Dro01] for
details). Let Q C RY (N > 2) be any open set, and let Q = Qx]0,T[ (0 < T < 400).
For 1 <p < 400 and u € LP(Q) define

W](t)() = u(-,t) for a.a. te[0,T].

By Fubini’s theorem, the function t — [, |u(z, t)|pdac is in L'(0,T) and there holds

AHMW&@M:LW@m%Mt

An elementary argument shows that the mapping u +— [u] is a linear isometry of L”(Q)
onto LP (O,T;LP(Q)). Therefore, these spaces will be identified in what follows. By

WP(Q) we denote the usual Sobolev space, and we set W (Q) = (Wl’p(Q))N.

Unless otherwise stated, from now on let 2 = (]0, l [)3 denote the cube introduced in
Section 1. We define

WP () = {u e WH(Q); u‘ri =u

per,div

(i=1,2,3)},

Tits

Wllj’fr,div(Q) = {u € W;ﬁ;(Q); divu =0 a.e. in Q},
1 2 1/A). .
C’penT(Q) = {90 E C (Q)? (’O}FlX]O,T[ - (10 Fi+3><}0,T[

(1=1,2,3), p(z,T)=0 Vz € Q},
C;er,T,div(Q) = {’U € C;{er,T(Q); divo =0 in Q}

We emphasize that the test functions in C},, -(Q) vanish at ¢ = T. Finally, by M(Q) we

denote the vector space of all non-negative, bounded Radon measures on the o-algebra
of Borel sets C Q.

To simplify the notation we subsequently set a; = 1 and 15, = 1, which can always
be achieved by exploiting the scaling (2.8). We further set v; = 1, but keep the constant
vp > 0 to emphasize that the source term in the equation (1.1d) for the turbulent energy
k arises from the dissipation in the momentum equation (1.1b) for w.

Definition 3.1. Let f € L'(Q), uo € L'(Q) and wo, ko € L'(Q) such that wy, ko > 0 a.e.
in 2. A triple of measurable functions {u,w, k} in Q is called weak solution of (1.1) and
(1.3) with defect measure p € M(Q), if

k
w>0, —>const>0 a.e inQ, (3.1)
w

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018



Existence of weak solutions for Kolmogorov’s two-equation model of turbulence 7

w € L=(0,T; L*(Q)) N L0, T; W2 4.(Q)),
w e L>(0,T; L*(Q)) N L2(0,T; Wi2(Q)), (3.2)
ke L=(0,T; L'Q) N LB14(0,T; Wear™ (),
| 2+ ID@) D) + [V + VH) dodt < +x, (3.3)
Q

and the following weak equations holds:
ov k
—[u-—dzdt—[ (u®@u): Vodedt+vy | —D(u): D(v)dxdt

= / ug(z) - v(x,0)dx +/ f-ovdxdt forallve C;er,T’diV(Q),
Q Q

k
—/waﬁ dxdt—/wu~Vgpdxdt+ —Vw- -Vepdrdt
) (3.5)
= / wo(z)p(z,0)dr — / wip daedt  for all p € C’;er,T(Q),
Q Q

N
—/k%dxdt—/k‘u-v,zdxdt%—/EVk-Vzdxdt

:Lko(x)z(x,o)d$+/cz@%]D(u)f—agkw)z dx dt (3.6)

+/ zdu  forall z € C;er,ﬂQ)-
Q J

It is easy to see that all integrals in (3.4)—(3.6) are well-defined. It suffices to consider the
integrals with integrands ku - Vz and f}D(u)‘zz in (3.6). Firstly, it is well-known that
condition (3.2) on w implies u € L'%3(Q) (combine Hélder’s inequality and Sobolev’s
embedding theorem). Analogously, the condition (3.2) on k implies k € L'**7(Q) (take
N =3,0=3/4, (p,p2) = (1,12), and (s1, 52) = (00, 12) in Lemma 4.2(B) below). Hence,

ku € L'(Q). Secondly, & ‘D('u,)’2 € LY(Q) by virtue of (3.3).

Remark 3.2. Every sufficiently regular classical solution {u,w, k} of (1.1) and (1.3) sat-
isfies the variational identities (3.4), (3.5) and (3.6) with defect measure p = 0. To verify
this, we multiply (1.1b), (1.1c¢) and (1.1d) by the test functions v, ¢ and z, respectively,
and integrate by parts over the cube €2 and then over the interval [0,T].

Remark 3.3. The condition k/w > const > 0 is crucial for our existence theory, in
particular for obtaining the regularities for {u,w, k} stated in (3.2). 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.

Remark 3.4. From (3.6) it follows that
0z k
— k— dxdt — ku-Vz dxdt + —Vw- -Vzdzdt

2/Qko(x)z(:v,O)dx—l—/Q<V0§|D(u)‘2—042kw)z dz dt (3.7)

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018



A. Mielke, J. Naumann 8

for all z € Cl. 1(Q) with z >0 in Q. Choosing z =1 we find

AMWDMZLM@M+L@%@WW—%WﬂMt

A suitably adapted version of inequality (3.7) has been obtained in [BuM16, p. 10,
eqn. (1.55)]. Our concept of weak solution of (1.1) and (1.3) with defect measure provides
a more precise statement than this inequality and corresponds to the well-known energy
equality for weak solutions of the Navier-Stokes equations (cf. (3.11) and Corollary 4.5
below).

More specifically, the variational identity in (3.6) gives the following result about
possible jump discontinuities of the function t — [, k(z,t) dz.

Proposition 3.5. Let {u,w, k} be a weak solution of (1.1) and (1.3) with defect measure
. Then, we have the integral relations

/Qw(x,t)dx+/0t/ﬂw2da:ds:/Qwo(x)dx for allt € [0,T], (3.8)

| kear= [ i /ot/Q (107, 1P~ ask) s (3.9

+u(Q % [0,¢]) for a.a. t €[0,T],

lim [ k(z,t)dz = / ko(z) dz + p(Q x {0}), (3.10)
Q Q

t—0

/Qk<x’t) dz = /Qk(x, s) d:L'—l—/:/Q <V0§ ‘D(W‘Q—O‘?kw) drdr (3.11)

+u(Qx]s,t]) for a.a. st €[0,T] with s <t.

Proof. 1t suffices to prove (3.9). The same reasomng gives (3.8), and (3.10) and (3.11)

follow from (3.9). For t €]0,T [ and m > 7= (m € N) we define

if 0<7<¢,
Lo7) if t<r<t+d,
if t+.-<7<T.

Taking z(z,7) = 1 - n(7), (z,t) € Q in (3.6), we arrive at

t+1/m
m/ / k(xz,7) dedr (3.12)
¢ Q

t+1/m k 9

- / ko(z) dx +/ / (1/0— |D(u)|” - agkw>77m drdr (3.13)
Q 0 Q w
_ 1
w(2x0,t])+m t+——71) du.
( [0.]) Qx]t,t+i[< m )

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018



Existence of weak solutions for Kolmogorov’s two-equation model of turbulence 9

Observing that

1 - 1
m (t+——7)du§u(§2x}t,t+—[>—>0 as m — 00,
QOxtt+ = m m

the limit passage m — oo in (3.13) gives (3.9) for every Lebesgue point ¢ € [0,T"] of the
function ¢ — [, k(x,t) dz. O

4 An existence theorem for weak solutions

We define the function spaces

C2.(Q) = {ulg ; u e C®(R?),u is l-periodic

per

in the directions ey, es, 83},

o ={ueCX(Q); divu=0 in Q}.

per,dlv per(

We impose the following conditions upon the right-hand side in (1.1b) and the initial data
n (1.3b):
FELAQ): wp € oy (@) 7wy € L¥(Q), hy € L} (),
there exist positive w,, w* such that w, < wg(x) < w* for a.a. x € Q, (4.1)
there exist positive k. such that ko(x) > k. for a.a. x € Q.

The following theorem is the main result of our paper.

Theorem 4.1 (Main existence result). Assume (4.1) and ay = const > 0 (cf. (1.1d)).
Then there exists a triple of measurable functions {u,w, k} in Q and a measure i € M(Q)
such that

Wy w* k.
Tt o, w(z,t) < T (1 o) < k(x,t) for a.a. (x,t) € Q; (4.2)
u € Cw([ T LX) N L0, T W 4 (),
w € Cy([0,T); L3(Q)) N L2(0,T; WL2(Q)), (4.3)
ke L=(0,T;LYQ) N () LP(0,T; WiE(Q));
/ k (|D(u)|2+|Vw|2) da dt < 400, (4.4)
Q

/ a *
W= g ey, DO (W @) ),

/ 8 v
W &w < ﬂa>16/5 L (O7T (Wpler (Q)) )

The triple {u, k,w} is a weak solution of (1.1) and (1.3) in the sense of Definition 3.1.
In particular, for all o > 16/5 we have that

(4.5)

/ (u'(t) ;efdwdt —|—/Q (—(u@u) : Vo + uog D(u):D('v)) dz dt

(4.6)
= / fodedt for allv € L7 (0,T; W7 . () with v(-,T) = 0;

per,div
Q

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018
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T
k
/ <w’(t),cp(t)>wl,gdt—/wu~V<p dxdt—i—/ —Vw Ve dzdt
0 per 0 QW

(4.7)
=— / w?o dzdt  for all ¢ € L7(0, T Wgef(Q)) with ¢(-,T) = 0;
Q
that (3.6) holds; and that
w(0) = ug in L*(Q) and w(0) = wy in L*(Q); (4.8)
1 t
5/ "U,(IL‘,t)fdl"l—l/g//E‘D(’U,)Pdl‘ds
@ 0 /o for a.a. t €0, TY; (4.9)
1 2 "
g—/‘uo(xﬂ +//f-udxds
2 Ja 0Jo
1 2 !
/(ﬂu(w,t}’ —|—k‘(:1c,t)) dx—i—ag// kw dxds
@ 0/ for a.a. t € [0,T]. (4.10)

g/ﬁ(;uo(m%ko(z)) da:+/0t/ﬂf-udmds

Of course, in (4.6) and (4.7) it suffices to consider o = 1 45 for an arbitrarily small
n > 0. The derivatives ' and w’ in (4.5) are understood in the sense of distributions
from |0,7'[ into (W;’;’div(Q))* and (W}}é‘;(Q))*, respectively. Here we have used the

continuous and dense embeddings (see, e.g., [Bre73, App.], [Dro01, pp. 54-56] for details)

W) C Q) © (W) foro > ¢

To see that {u,w, k} together with the measure p in the above theorem are a weak
solution of (1.1) and (1.3) in the sense of the Definition 3.1, it suffices to note that (3.4)
and (3.5) follow from (4.6) and (4.7), respectively, by integration by parts of the first
integrals on the left-hand sides.

Before starting the proof it is instructive to check that the above estimates (4.2) to
(4.5) are enough to show that all terms in (4.6) to (3.6) are well defined. For this, we first
recall the classical Gagliardo-Nirenberg estimate and then provide an anisotropic version
that is adjusted to the parabolic problems on @ = [0,7] x €, we use the short-hand
notations

L*(LP) .= L*(0,T; LP(2)) and Jy(a,b) := al_e(cﬂ—b)e.

Lemma 4.2 (Gagliardo-Nirenberg estimates). For N € N consider a bounded Lipschitz
domain Q C R,

(A) (Classical isotropic version) Assume 1 < p; < p < 00, p2 € |1, N[ and 0 € ]0, 1] such
that

1 1 1 1
S (1-0)—+0(—— ). 411
p ( )pl (pz N) (4.1)
Then, there exists a constant C' > 0 such that for all ¢» € WP2(2) we have
[l ec) < C To(1¥]l o1 @), IV L2 () (4.12)
(B) (Anisotropic version) Consider p, p1, p2, and 6 as in (A) and s, s1, and sy satisfying
1 1 1
1<s9<s<s; and-=(1-0)—+60—. (4.13)
S S1 S92
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Then, there exists C* > 0 such that for all ¢ € L¥2(0,T; W'r2(Q)) we have

Loy < C*Jp <||<P|

1% ey, || Vel LSQ(LP2)>- (4.14)

Proof. Part (A) is well-known, see e.g. [Roul3, Thm. 1.24].
To establish Part (B) we apply Part (A) for b = ¢(t) a.a. t € [0,T]. Thus, we obtain
(abbreviating [l = [|¢]r ()

T (4.12) T o 0s
||90His(m—/0 lo(@)]l;dt < 01/0 @15~ (e @)+ V@) ) dt

Holder+(4.13)
< G llellp]

128 —U)s so—1/s
£ CIHQP 21512/171)(7—‘1/ 21/ 1||90

< Gy

s

(1-0)s
by | 1€l IVl

0
L52(0,T)

L)

L) +|IVe
Ls2 (LPQ))> P

which is the desired estimate. O

Loy, |V

Remark 4.3 (Well-definedness of nonlinear terms). We first show that the second integral
on the left-hand side of the variational identity in (4.6) are well-defined. For the integral
of (u®u):Vv we see that (4.3) allows us to use Lemma 4.2 with N = 3, (s1,p1) = (00,2)
and (s, p2) = (2,2). With 0 = 3/4 part (A) gives

1/4 3/4
ol oy < € (Il ey + lal oty IVl et ). (4.15)

whereas part (B) leads to w € L¥3(0,T; L*(2)), which implies
uu € L*3(0,T; L*(Q)). (4.16)

With o > 16/5 > 2 we have Vv € L*(0,T; L*(Q))) and fQ(u®u) : Vodadt is well
defined. Using 0 = 3/5 in Lemma 4.2(B) we obtain s = p = 10/3 and hence conclude

Hu|lL10/3(Q) S C2J3/5<H'U/||Loo(L2), ”V’U,HLQ(LQ)) (417)

For the integral of £ D(u):D(v) we use w > w,/(1+Tw,) > 0 from (4.2), k'/*D(u) €
L*(Q) from (4.4). Using (4.3) we can apply Lemma 4.2(B) to k with N = 3, (s1,p1) =
(00,1), and se = ps € [1,2[. Choosing 6§ = 3/4 we obtain s = p = 4ps/3, such that k lie
in LA2/3(0,T; L42/3(Q)) = L*2/3(Q). As py € [1,2[ is arbitrary, we have k'/? € L1(Q
for all ¢ € [1,16/3|. By Hdélder’s inequality we arrive at

~— W

kD(u) = k"2 EV2D(u) € LP(Q) for all p € [1,16/11]. (4.18)

Using D(v) € L°(0,T;L°(Q)) = L°(Q) with 7 > 16/5 we see that there is always a
p € [1,16/11] such that L + % < 1. Hence we conclude

k
o };D(U)iD(v)\ dzdt < CllkD(u)| Lz [ D(®)] o (@) < o0

Thus, by a routine argument, (4.16) and (4.18) lead to the existence of the distributional
derivative u’ as in (4.5), see also Sections 5.4-5.6.
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An analogous reasoning applies to the second and the third integral on the left-hand
side of the variational identity in (4.7).

Finally, combining w € L*(Q) and Vk € LP(Q) for all p € [1,2] (see (4.3)) and
k € L*/3(Q) from above, Holder’s inequality gives we find

ku € LY(Q) and kVk € LY(Q) for all q € [1,8/7],

i.e., the second and third integral on the left-hand side in (3.6) are well defined.

The estimates (4.2), which will be derived by using suitable comparison arguments,
allow us to deduce the following result (based on the choice a; = 1).

Corollary 4.4. For a.a. (z,t) € Q, we have the following estimates:

k(z, )2 _ k2
= >

L 1 4 tw*)io2/? 4.19
(1) = Sy = o (), (4.19)
1 1 1

— 4+t < < = 4t 4.20

w* = w(x,t) = ws * (4.20)

7

Kolmogorov claimed in [Kol42] that L = L(x,t) “... grows in proportion of t?/7 ...
also [Spa9l, p.215], [Tik91, p.329]). Clearly, from (4.19) with as = 10/7 it follows

(see

1/2

—(1 + w7 for a.a. (x,t) € Qx|to, T|.

L(x,t) >
(a.0) > =

Of course, Kolmogorov’s claim is compatible with our lower estimate for any choice ay >
10/7. However, it cannot be true for ay € ]0,10/7].

Recalling the energy balance (3.9) we easily obtain the following result.

Corollary 4.5 (Energy equalities and defect measure). Let {u,w,k} and p be as in the
theorem and assume that equality holds in (4.10), i.e

[ Glutef s} v [ [ roaras
:/()G}"O(x)}erko(x)) dl’+/0t/gf-udxds

for a.a. t € [O T] Then the following two statements are equivalent:

(i)

(i) /ywt| dx+y0//_\p )2 de ds
/}uo )| dx+//f udzds for a.a. t€[0,T].

This result shows that inequalities (4.9), (4.10) and the defect measure p in (3.6)
are related to the deep problem of proving an energy equality for weak solutions of the
Navier-Stokes equations. A similar result for the case of Navier-Stokes equations with
temperature dependent viscosities has been obtained in [Nau08|. Defect measures also

appear in a natural way in the context of weak solutions of other types of nonlinear PDEs
(see, e.g., [AIV02, Har06, LLZ95]).
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5 Proof of the existence theorem

The proof of the main Theorem 4.1 proceeds in several steps. First we regularize the
problem by adding small higher-order dissipation terms of r-Laplacian type and small
coercivity-generating lower order terms. A general result for pseudo-monotone operators,
which is detailed in Appendix A, then provides approximate solutions {u.,w.,k.}. In
Section 5.2 we provide e-independent upper and lower bounds for w. and k. by comparison
arguments. In Section 5.3 we complement the standard energy estimates by improved
integral estimates for k. that allow us to pass to the limit € N\, 0 in Section 5.5.

5.1 Defining suitable approximate solutions {u.,w., k.}

Let be w,, w* and k, as in (4.1). We introduce the comparison functions

*

e Ep—.
1+ tw,’ 1+ tw*’ (1 + tw*)o2

w(t) for t € [0,77, (5.1)

which will be the desired bounds for w, and k. in ). Subsequently we will use the notion
M i=max{£,0} >0 and ¢ =min{¢ 0} <0

for the positive and negative parts of real numbers or real-valued functions.
We choose a fixed number r € ]3,00[ and consider for all small ¢ > 0 the follow-
ing r-Laplacian approzimation of (1.1), where we add the coercivity-generating terms

g(g(t))r_l and E(li(t))r_l to the right-hand sides of (1.1¢) and (1.1d), respectively:

dive = 0, (5.2a)
ou : kT
+e(div (|D(w)[""D(w)) ~ [ul*w).
ow _a kT +
E+u-Vw_d1V< +W+VW>_WW (5.2¢)

1

+ e(div (|[Vw|[?Vw) — [w]%w) +e(w(t)",

%—Iﬂu,-Vk::div( K V/C>+V0

ot et+wt ‘D(u)’Q—agkw+

€+ wt+ek™ (5.2d)
+e(div (VA 72VE) — [k["2k) + e (x(£)"".

We consider system (5.2) with initial data {ug ., woe, ko } satisfying

{toe,woe, koet € Wik g, (Q) x WRI(Q) x Wi (), (5.3a)
we Swpel(r) <w* and koe(xr) > ke ae in Q, (5.3b)

Up e — Up in L*(Q), Wpe — Wp a.e. in €,
(5.3¢)

koe — ko in LY(Q) for e — 0.

The existence of a sequence {ug.}o~o which satisfies (5.3a) follows immediately from
the condition on wg in (4.1), whereas the existence of sequences {wp e }eso and {koe}teso
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satisfying (5.3) can be derived by routine argument from the conditions on wy and k¢ in
(4.1).

The following lemma states the existence of weak solutions of (5.2) under the pe-
riodic boundary conditions (1.3a) and initial data (5.3). This result, which we derive
in Appendix A by a direct application of existence results for pseudo-monotone evo-
lutionary problems (see Theorem A.1), forms the starting point for our discussion in
Subsections 5.2-5.6.

Proposition 5.1 (Existence of approximate solutions). Let {ug.,woe, koe}eso be as in
(5.3), r >3, and f € L*(Q). Then, for every ¢ > 0 there exists a triple {u.,w.,k.} such
that

u. € C([0,T]; L*(Q)) N L7 (0, T; W7, 41, (), (5.4a)
we, ke € C([0,T]; L*(2)) N L™ (0, T; Wi (), (5.4b)
u. € L7 (0,75 (Wi 4o (0)7),  wl, kL€ L7(0,T; (Woi(Q)"), (5.4c)

and

per,div

3
dt + / Z u57i(8iug) -vdxdt
Q@ =1

k+
+u0/ " D(u.): D(v)dzdt
Q€+ wi (5.5a)

e/Q (|ID(w.)| 7’ D(u.) : D(v) + |u.| " ?u. - v) dzdt

[ 0010,

_ /Qf-'udmdt for allv € L' (0, T; WY, (),

Vs

T
/ (Wit), (1)) e dt + / pu, - Vw, dz dt
0 per

Q
ket
—l—/ — Vwe - V(pdxdt—l—/ijsgodxdt
QW Q (5.5b)
+€/ (|ng|r’2Vu)E Vo + || Pwep) da dt
Q

—¢ / (Q(t))’"‘lgp dxdt Jor all g € L"(0,T; W,i(2)),
Q

w
/ <k’ >W1Tdt+/ 2u, - Vk.dx dt
per Q
/ Vk.-Vzdrdt —u /L‘D(u)fzdxdt
e—l—uﬁ O Jo etwttekt i (5.50)
+ 042/ kewlzdzdt+e /(\VkE\TQVkE-Vz—HkEVngz) dx dt
Q Q
= 5/ (/ﬁ(t))r_lz dx dt for all z € L (0, T; W) (),
Q J
’U,€<0) = 'U,O7€, wg(()) = WO,E; k‘a(O) = 1{3075. (56)

DOI 10.20347/WIAS.PREPRINT.2545 Berlin 2018



Existence of weak solutions for Kolmogorov’s two-equation model of turbulence 15

The proof of Proposition 5.1 is the content of Appendix A. Observing the separability
of Wh' . (Q) and W7 (Q) and using (5.4), a routine argument yields that the system

per, div per
(5.5) is equivalent to the following conditions for a.a. t € [0, 77:

<’u,’€(t), 'w>W1,T \

K (1) |
. T A((ue(t)‘v'“f(t)) w + Crmprny o () D (u. (t))D(w)) dz
(ID(u-0)|*D(wt)) : D(w) + [ut)]uclt) - w) do (5.7

= /Qf(t) cwdz for all w € W;;; giv (1),

(Wi(t), w>WSé¥ + /Q(wug(t) -V, (t) + % V%(t)-V@D) dx

+ /Q (w:(t)wa(tW +e(|Ve ()| Ve (t) - Vi + ‘ws(t)lr_zwg(t)wn dz o (5.7b)

= e(w(t)™ / Y da for all ¢ € Whi(€), )
/ kX (t) )
(kL(1), z>W;é§ + /Q<zu5(t) - Vk(t) + = Vik.(t) - Vz) dz
- ke (1) u *2dz +a wr (t)zdx
O/Q et POz Q/Qka(t) S(0)zd (5.70)
te / (|Vk ()] " Vko(t) - V2 + [k ()] ke(t)2) da
Q
= 5(/1(t))r_1 / zdx for all z € W ()
Q /

We notice that the set N C [0,T'] of measure zero of those t where (5.7) fails, does not
depend on (w, 1, z). More specifically, if ¢ = €,, > 0 with lim &,, = 0, then N can be

m—0o0
chosen independently of m.

The variational identities in (5.7) are the point of departure for the proof of a series
of the a priori estimates for {u.,w., k.} we are going to derive in Subsections 5.2-5.4.

5.2 Upper and lower bounds for {w., k.}

Let w, @ and k be as in (5.1) and r > 3 as chosen in Section 5.1. The following result
provides pointwise upper and lower bounds that are obtained via classical comparison
arguments for weak solutions of the scalar parabolic equations for w and k, cf. (1.1c) and
(1.1d), respectively.

Lemma 5.2. Let be {u.,w., k.} a triple according to Proposition 5.1 with r > 3. Then,
w(t) <w(z,t) <w(t) and k(t) < k(z,t) (5.8)
for a.a. (z,t) € Q and for all e > 0.

Proof. For notational simplicity, we set u = u., w = w. and k = k. within this proof.
Step 1: w > w. The function ¢ = (w(-,t) — w(t))  is an admissible test function for
(5.7b). Since w(t) does not depend on = we have 3V (¢?) = ¢¥Vw and Vw- Vi) = [V|* >
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0. Using w > 0 and the monotonicity of w — |w| 2w we arrive at

<w'(t), (w(t) —w(t ) >W1 -+ /Q (w — g(t))f dx

per

< g/ (w®) ™ = w0 %w) (w—wt) " de <0 (5.9)
Q
for a.a. t € [0,T]. By construction we have w'(t) = Sw(t —(w (t))Q. Identifying w
with a function in C*([0,7']; W22 (€2)) the estimate (5.9 eads to

(W () — (8, (w(t) (b)) Dy < — /Q (0 — (w(0)?) (@ — w()) dz <.

per

By (5.1) and (5.3b), we have w(z,0) —w(0) > 0, which means ¢ (z,0) = 0 for a.a. x € Q.
Using a slight modification of [Lio69, pp. 290— 291] we find

1 2 — 1 2 ' / . — ' ' . L
[ 507 = [ So02an s [ @i dt =0+ [ - o) g ae <o

Hence, we conclude 9 (t) = 0 for all ¢, which means that
w(z,t) > w(t) foraa. (z,t) € Q. (5.10)

Step 2: w < w. Next, we insert ¢ = (w(-,t) — w(t))+ into (5.7¢) and argue as in Step
1 to find

<w w—w +>Wée¥ + /sz(w — w)* dr < 8/9((g)rl—wr1) (w—w)+dx < 0.

For the last estimate we used w > w, which was obtained in Step 1. Hence, as above,

d 1 .
a/ 52/1(25)2 dz = (W'(t) — (1), (w(t) — w(t>)+>wl,'r < —/ (w?—w?) (w—w)+dx <0
Q e Q
for a.a. ¢ € [0,T]. Again by (5.1) and (5.3b), we have ¥(0) = 0 a.e. in  and conclude
w(z,t) <w(t) fora.a. (z,t) €qQ. (5.11)
Step 3: k > k. We first insert z = k~(+,¢) into (5.7c) and find k£ > 0 a.e. in Q). Next,

we insert the test function z(x,t) = (k(z,t) — k(t))  and obtain as above

(K'(t), (k(t) — Ii(t))_>wgé¥ + g /Q k(t)w(t) (k—k(t)) dz <0

for a.a. t € [0,T]. By construction k satisfies x'(t) = —agr(t)w(t) for all t € [0, T]. Tt
follows

O (0 w0)) o = 0 501, (0) 0 o

per

< —au | (R(0le) = (0(0)) ((0) = (1))~ da

To see the last inequality, we use w < @ a.e. in @) from Step 2, which gives k(z, t)w(z,t) <
k(t)w(t) for a.a. x of the set {x € Q; k(z,t) < k(t)}. Since k(x,0) > £(0) for a.a. z € Q
by (5.1) and (5.3b) we obtain, as above,

k(z,t) > k(t) fora.a. (x,t) € Q.

IN

0.

Altogether the upper and lower bounds in (5.8) are established. O
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5.3 Energy estimates for (u.,w.) and improved estimates for k.

For the subsequent estimates we fix the data
D =AT, f, w., ", ks, r}

and will indicate constants that only depend on ® by Cp. However, depending on the
context the constants Cp may be different. We also define the constant

k.
(14 w*)(1+ Tw*)e2’

ﬁ* =
which according to Lemma 5.2b is a lower bound for k./(s+w.). This will allows us to

derive the standard estimates for u. and w,.

Lemma 5.3. There exists a constant Co > 0 such for all ¢ € 10,1] and all solutions
{uc,we, k:} as in Proposition 5.1 we have the estimates

k. , .
||u€||2Loo(L2) +/Q(6*+ )‘D(Ua)‘2d$dt+6/Q(‘D(u€)‘ +|u.| )dxdt

. (5.12a)
< o (JutosliZs + IF122),
k
] 2oo ) " £ EQd dt / | ") dx dt
ol + [ (B4 ) IVl drd e [ (Wl o) da (5.12b)

<Oy (1 + HWO,E”%Q)'

Proof. We insert the test functions w = u. and ¢ = w. in (5.7a) and (5.7b), respectively.
Integrating over [0, ] and using %=~ > 3, a.e. in Q (cf. (5.8)), the desired estimates (5.12)

etwe —
are readily obtained by the aid of Gronwall’s lemma. O]

By (5.3) the approximative initial conditions satisfy supg..<; (|||l p2+]|lwoellr2) <
+00. Therefore all terms on the left hand sides of (5.12) are bounded independently of
e €]0,1].

Of course, one obtains a trivial bound for k. in L>(0, T; L*(2)) by testing (5.7¢) with
z = 1. We include this result in the following non-trivial estimate that implies uniform
higher integrability of k. as well as suitable bounds for Vk.. For this we test (5.7c) by
z=1— (1+k.)™% for § € ]0,1[, which is a well-known technique for treating diffusion
equations with an L' right-hand side, see e.g. [Rak91, BD*97].

Proposition 5.4. For ®, p € [1,2[, and ¢ € ]0,1[, there exists C%’5 > 0 such that for all
e €10,1] and all {u.,w., k.} as in Proposition 5.1, we have the estimate

|V |?
ke || oo 0.1
1K<l (o,T,L1(9)>+/Q (1)’

[VE|" 1 (5.13)
- = ) dadt :
< |, (g +467)

5
< O (1 + [luoellfz ) + 1Ko cll (@)

(kzgp/?’ + [ Vk P + ) dz dt

Proof. Step 1: For 0 < 6 < 1 we define @ : [0, oo[ — [0, oo] via

O(r) =7+ 17— i 5(1- (1+7)'7%), 0<7 < 4o0.
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Hence, ® is convex and satisfies, for all 7 > 0, the estimates

Z_LS(I)(T)Sﬂ (13/(7'):1—;6 [071]7 (I)//(T):ﬁ'

-5 (L+7) (5.14)

\)

From [Rak92, pp.360-361; cf. also pp.365-366] (with W 2(Q) in place of WyP(Q)) we
have the chain rule

/Ot <k§(5)a )>W1 - ds = /QqD(kE(x,t)) dor — /Q q)(ko,s(x)) dx

for all ¢t € [0,7']. When inserting z = @ (k.(-, t)) into (5.7c) we obtain
/ ' (ke(-,t))uc(t) - V() da = / u(t) - V(®(k.(-,t)) dz =0 for a.a. ¢t € [0,7],
Q Q

where we used divu. = 0. With this we obtain (recall vy = 1 = az)

|VE.|?
/CIJ( :zzt d$+5//5)€+w5 ) 5 deds
ke 1
+// o Pl + ke ) (1——(1+ke)5>dxds
‘Vk: | r—1 o 1
// ETAEZRECNS (1+k5)5)> deds

:/QCD(koﬁ(x)) dx+s/0/9(n(s))”(1— ﬁ) dz ds

for all ¢ € [0,T]. By (5.12a), (5.14), and k./((e+w.)(1+k.)) > 1/(14w(T)) > 0 we find

|V |? / |VE|" / 1
kol peo 0.1 +5/ dedt+ed | ————dzds+ kI7 " dxdt
H ||L (0,T;L1()) 0 (1—1—]{:5)5 T IS 0 (1+k5)1+5 T das IS 0 xT

1
< c(l—_(g o NutocllZe + kol + 1122+ k:7), (5.15)
where the constant ¢ is independent of § and €. Thus, we have estimated all the term on
the left-hand side of (5.13) except for the second and third.

Step 2: To estimate Vk. we choose p € |1,2][ and § = (2—p)/p € ]0,1[. With Hélder’s
inequality we find

|VE|? 5/2
p — p
/Q|Vk5] da:dt—/Q(1_i_k8>p§/2 (14K )P da dt

| ;k8|2 p/2 EY _ (2—-p)/2
< p/(2=p)
</Q (k) dxdt) (/Q<1+k€) d:cdt)

1 |VE.|?
< 5p/2 (6/62 (1+k.) dz dt) <|Q|+||k?s||Loo(o,T;L1(Q))>-

Using (5.15) this provides the estimate for the third term on the left-hand side of (5.13).
Step 3: To show higher integrability of k. we simply use the Gagliardo—Nirenberg
interpolation from Lemma 4.2 for z € W'?(Q) with Q C R3 where p € [1,2[ as in Step 2:

1/4 3/4
12[l sy < Canllzll gy (I2l2@ + 12l o))

Y
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Applying this to z = k.(t), taking the power 4p/3, and integrating ¢ € [0, 7] we obtain

T T
[ g dede = [ RO g de < G [ K2 4+ VR )"
Q 0 0

where K. = [[k.(+)|| Lo (r1(0)) < C < oo by Step 1. Hence, together with Step 2 the second
term on the left-hand side of (5.13)is uniformly bounded by the right-hand side of (5.13).
In summary, the desired a priori estimate (5.13) is established. O

5.4 Estimates for {ul,w’ £k}

We now provide a priori estimates on the time derivative. To obtain estimates that are
independent of € € ]0, 1] we recall » > 3 and will use 0 > r and estimate in the dual space
of W'(Q). While for u. and w. we obtain estimates in spaces L7(0,T; (W' (2))*),
the time derivate k. can only be estimated only for ¢ = 1 because of the source term
- +w’§§r£kg\D(u€)]2, for which the only e-independent a priori estimate is in L'(Q) =
LY(0,T;L'(Q)). This problem will result in the occurrence of the defect measure .
The estimates for u. and w. will work for arbitrary » > 3, however, for the estimate of
kL we need to restrict r to the small interval [3,11/3[. Here the upper bound r < 11/3

seems to be critical for N = 3, while 2 < r < 3 might still be considered.

Proposition 5.5. Let ® be fized.

(A) For all r > 3 (implying v = r/(r—1) < 3/2) and o > r there exists a constant
Cy such that for all 0 < e < 1 the solutions {u.,w., k.} of Proposition 5.1 satisfy the
estimates

el omw @y + 19ellr ooz ey < O (5.16)

per,div

(B) For all r € [3,11/3] and o > 8r/(11—3r) there exists a constant Cy such that for all
0 < e <1 the solutions {u.,we, k-} of Proposition 5.1 satisfy

||k;||L1(07T;(Wéé‘r’)*) < Ca. (5.17)

Proof. Step 1. Estimate for u.: For w € W=7

per,div

(Q), we write (5.7a) in the form

(ul(t), w>W1,a = (ul(t), w>W1,r

_ /Q (we(t) B (1)) -V de — vg /Q . ffzt) D (u.(t)):D(w) dz (5.18)

r—2

—e/Q(!D(ug(t))V2D(ua<t)):D<w>+|ua(t)\ Ua(t)-w> dx+/9f(t)-wdm
= i I.(t) foraa.te[0,T].

m=1

The aim is to show |I. ()| < fom(t)[|w|lw1eq) with f. ,, bounded in L% (0,T') for some
G,, > r/(r—1). For this, we proceed as in Remark 4.3, but use now that w € Wllj’eidiv(Q)
is fixed.

For I.; we use Vw € L7(Q) and need to bound |u.®u.| < |u.|? in L7 (), which
means u. € LP(Q2) with p = 20/(c—1). For this we use the bounds (5.12a) for u., which
allow us to apply Lemma 4.2(B) with (s1,p1) = (00,2), (s2,p2) = (2,2), N = 3, and
0 =3/(20) < 1/2. This provides the desired p = 20/(0—1) and g, = s = 40/3.
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To estimate 1. o we use € + w:(t,z) > w(T') > 0 and need to bound
D] = kY2 [E2D(u.)| i L2(0,T; 17 (©)).

By (5.12a) we have a uniform bound for [k¥?D(w.)| in L3(Q) = L2(0,T; L2(2)). More-
over, (5.13) provides uniform bounds for ||k.||re07;01(0)) and for ||Vk.| Lr@) with p €
[1,2[. Hence, restricting to g, € [1, 2] we proceed as follows:

T _
D) o iy < | (R e 272Dl 1)
0

2—q5)/2 qz/2
/ ke %/2, k2D ()t S / I an) /Q kD (u.) ar) ™

The second term in the last product is already uniformly bounded. To estimate the
first term we apply Lemma 4.2(B) with (s1,p1) = (00,1), $2 = p2 € [1,2[, N = 3, and
0 = 6p2/((4p2—3)0) € 10,1, where we use o > r > 3 such that p, can be chosen close to
2. From the interpolation condition (4.13) we obtain the range of possible g, via

2 2—q 1 6

RN Y T NE R N R

qs qs s S1 Sy pz (4p2—3)o
Thus, we are able to choose all G, € [1,100/(50+6)[ by adjusting p, suitably. Aso > r > 3
we see that g, = 3/2 is always admissible.

Using 0 > r > 3 and Holder’s inequality, we obtain

1L3(8)] < foa(®)|wllwre  with fo3(t) = Cel|u(t) ku

By the uniform bound (5.12a) we obtain || fe3l. o7 < C.e"/=1) with a constant C,
independent of e. Thus, we can choose g3 = 1" =1r/(r—1) < 3/2.

With | La(8)] < [IF (D)l 2 [[w(@)l[z2 < CUF @)l 22 l|w][wro andf € L*(Q) = L*(0, T, L*(2))
we obtain g, = 2, and conclude that in all cases we have g,, > ' = r/(r—1) and the first
part of (5.16) is established.

Step 2. Estimate for w’: We proceed as in Step 1 by writing (5.7b) in the form

5
<wé(t),¢>w1’d = Z Js,m(t) with |J6,m<t)| < ge,m(t)HwHleaa
m=1

where g.,, has to be bounded in L% (0,T) for suitable g,, > r' = r/(r—1). Exploiting
Lemma 5.2, namely 0 < w(T) < ws(x t) < @(0) = w* and (5.12b) and proceeding as in
Step 1 we easily find ¢ = g3 = ¢5 = 00, @@ = 100/(50+6) > 3/2, and g, = ' < 3/2.
Thus, the second part of (5.16), and hence all of (5.16), is established.

Step 3. Estimate for k.: We again write

(K. (1), 2) = — /zue() wmdm—/Q%W() V:de (5.19)

/€+ws t) + ek.(t) | D (u())] de_a?/gkfs(t)wa(tﬂdiﬂ

/Q (V)] *Vk(t) - V2 + [ke()|ke(t)2) da + s(n(t))”/gzdx
Y Kt
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and have to show that K. ,,(t) < hem(t)|2]wre, where all k., are bounded in L'(0,T)
independently of € € ]0,1[ and m = 1,...,7.

Before starting the estimates we note that the condition r € [3,11/3[ and o >
8r/(11—3r) implies o > 12, which will be useful below.

For m = 1 we integrate by parts using divu. = 0 and obtain

[Kea(t)] = | / ke da| < ey (8)]2llwre with hea (1) = K] o
Q

Using (5.12a) for u. and applying Lemma 4.2 with (s1,p1) = (00,2), (s2,p2) = (2,2),
N = 3, and 6 = 3/5 we find (s,p) = (10/3,10/3) which means that w. is uniformly
bounded in L'%3(Q). Using the uniform bound (5.13) for k. in L9(Q) for all ¢ € [1,8/3]
we can use % + % < 1o’ <1 as o >40/13 and obtain

T T
/hm@&S/CWNM%M%@MMQ&SQW%MM%MWQS%m
0 0

For m = 2 we again use (5.13) and ¢ > 8. Choosing p € [1,2] with 3/(4p)+1/p+1/0 <
1 Holder’s inequality gives

T T
A\mxmaslmemwmmWﬂmwg@ﬂmmwwwmm@wmm

The case m = 3 follows easily as ||z|| =) < C|/z||wre because ¢ > N. Together with
the simple energy estimate (5.12a) (uniform boundedness of the dissipation) we obtain

/153\w<0/

The case m = 4 is also trivial, since |K, 4(¢)] < C|lk.(t)||w* ||z || po~-
The most difficult term is K. 5 because we do not have an a priori bound on ¢|Vk.|".
We adapt the method developed in Step 2 of the proof of Proposition 5.4. Using

dl’dt” HLoo < Cg“Z”Wla

[Kes(t)] < hes(®)|2lwre  with hes(t) = e[| VE(6)]" 7| .0

we proceed as follows:

T T
[ et = [ IR, < TVIVEI g,

ke (r—1)o 1/0’
S €T1/0( %(1‘{’]@;)/) dx dt)
Q €

for a p > 0 to be chosen appropriately. Applying Hélder’s inequality with p = 7"/o’ > 1
and using ¢ = /7" ®?") we continue

| (o) , 1 (wo")
gel/"Tl/"(/ dedt) ’ (/(1+k5)””dxdt> "
o (14K )re 0

According to (5.13) both integral terms are uniformly bounded if we can choose p such
that pp € ]1,2] and p'p < 8/3. Writing x = 1/p this means x < p < min{2x, 8(1—«)/3},
which has solutions p if and only if k € ]0,8/11], i.e. we need p = r'/o’ > 11/8 which in
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term can only be possible if v’ > 11/8 or r < 11/3. Then, p = r'/o’ > 11/8 is equivalent
to o > 8r/(11—3r). This explains the restriction for r and ¢ in (5.17) and provides the
L' bound [ |K.5(t)|dt < Y7C,p 2] lwres

The estimate of K. follows easily from (5.13) using r—1 € [2,8/3], which implies
|kel|Lr—1(@) < C and thus

T T
/ K.o(t)] dt < / Nkl dt [zl e < Cllz e,
0 0

The case of K. 7 is trivial.
For later use in the limit passage € — 0 we note that

T
/ (1Kes ()] + Koo (D) + [Kar(®)]) dt < /7Cr|2llwe. (5.20)
0

Hence, the a priori estimate (5.17) for k. is established. O

5.5 Convergent subsequences

After having derived a series of a priori estimates we are now able to choose weakly
converging subsequences for € — 0. Of course the major step is to identify the limits of
the nonlinear terms. For simplicity we now choose one fixed r, € [3,11/3[ and a o, > 12,
which implies that Part (A) and (B) of Proposition 5.5 can be applied. From (5.8), (5.12),
(5.13), (5.16), and (5.17) we obtain a limit triple {u,w, k} with the properties

w<w<wa.e. onQ,
w € L2(0,T; WH2(Q)) N L0, T; L*(Q)) N W™ (0, T; (W74 (Q)),

per,div

/ 5.21
€ L¥(Q) 1 L0, TsWH2(0)) W (0.5 (Wi ()). 20
o0 .7l 4p/3 O %
ke L™(0,T; LY(Q) 0 L¥/3(Q) 1 IX(0,T; WE2(9) 1 BV(0, T; (W (2))°)
for all p € [1,2], such that along a suitable subsequence (not relabeled) we have

—u in L*(0,T; er)gr 4 (9)) and weakly* in L>(0,T; L*(12)), (5.22a)
u, = in L™ (0,T; (Wil ()%, (5.22b)
w: = w in L*(0,T; W;ef(Q)) and weakly” in L>°(Q), (5.22¢)
W = in L™ (0,T; (Wa(2))*), (5.22d)
k. =k in L?(0,T; W;ef(Q)) and in L*/3(Q) for all p € [1,2]. (5.22¢)

These weak convergences imply the corresponding properties of the limits 4 and w in
(5.21). Moreover, ||k zoo (0,21 () < C < oo follows from (5.13) and (5.22e) by a routine
argument. Asin [BaP12, Sec. 1.3.2] the space BV (0,T’; X), where X is a Banach space, de-
notes all functions g : [0, 7] — X such that Varx (g, [a,b]) := sup S0, lg(t:)—g(ti1) || x <
oo where the supremum is taken over all finite partitions a < typ < t; < -+ < ty < b.
QIearly, (5.17) implies Var 10, (ke, 0,T]) = 1K 2o 7, wtigyey < Ca- Since for all parti-
tions we have

an ti1)l| g - <hm1nf2||k —k(ti 1)l wagy- < Ca,
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which provides ||k7||BV(o,T;(W§é§’* (@) < C200 as stated at the end of (5.21).

We next apply the Aubin-Lions-Simon lemma (see [Sim87, Cor.4, p.85], [Lio69,
Th.5.1, p.58], or [Roul3, Lem. 7.7]) to obtain strong convergence. By taking a further
subsequence (not relabeled) Vitali’s theorem implies the pointwise convergence almost
everywhere.

u. — u in L(Q) for all s € [1,10/3[ and a.e. in @, (5.23a)
we —» w in LP(Q) for all p > 1 and a.e. in @, (5.23b)
ke — k in LY(Q) for all ¢ € [1,8/3] and a.e. in @Q, (5.23c)

To obtain the results in (5.23b) and (5.23c) we first derive strong convergence for s =
p = q = 2 and then use the boundedness of the sequence for higher s, p, and ¢ to obtain
strong convergence for intermediate values by Riesz interpolation (use (4.17) for w.).

We are now ready to consider also the limits of the nonlinear terms. We first treat the
diffusive terms.

Lemma 5.6. Along the chosen subsequences for e — 0 we have the convergences

k. k k s
€+W6D(u5) aD(u) and vy Vw, ;Vw in L*(Q) for all s € [1,16/11], (5.24a)
k k
. - — n L7 1,8/7. (5.4
5—}—%ng ka in L°(Q) for all o € [1,8/7].  (5.24b)

Proof. We first recall the weak convergences of the gradients D(u.), Vw,, and Vk. in
LP(Q) for all p € [1,2][, see (5.22). Next we establish the strong convergence

(iw )1/2 - (5)1/2 in L9(Q) for all ¢ € [1,16/3]. (5.25)

To see this we use the explicit estimate

H(i)lm_(ﬁ)lp <H k. >1/2_<L)1/2

- G

E+we w L(Q etwe etwe L1(Q) etwe w L1(Q)
1/2
kel gy l(e+we — @) Y2 Lo,
— (Hw(T))Y? 2(1+w(T))3/2

Clearly, the first term on the right-hand side tends to 0 using (5.23c) and ¢/2 < 8/3. For
the second term we can still choose ¢ € |¢,16/3[ and p > 1 such that 1/q = 1/q+ 1/p.
Then, Hélder’s inequality, k'/? € L(Q), and (5.23b) for p = p yield the convergence to
0. Hence, the convergence (5.25) is established.

Now using the weak convergences D(u.) — D(u) and Vw, — Vw, and Vk. — VEk in
LP(Q) for p € [1,2[ and (5.25) we obtain the weak convergences
(£5)""Dlw) = (£)"Dlw),  (Z5)""Ve. = (£) Vo, () *VE — (£)"Vk
in L9(Q) for all ¢ € [1,16/11].

However, by the standard a priori estimates (5.12) we see that the first two sequences
are bounded in L?(Q) and hence converge weakly in L?(Q) as well. The convergence of
the third term cannot be improved, because we don’t have appropriate a priori bounds.

Multiplying once again by (ks/ (g—l—ws))l/ 2, which converges strongly according to
(5.25), we obtain the results in (5.24). O
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5.6 Limit passage ¢ — 0 and appearance of the defect measure

In this subsection we finalize the proof of Theorem 4.1.

Using the convergences derived above it is now straight forward to perform the limit
passage € — 0 in the equation for u. and w.. In the energy equation for k. we have to be
a little more careful to show the occurrence of the defect measure p.

In the Steps 1 to 3 the limit ¢ — 0 will be done with test functions with high inte-
grability 5 in ¢ € [0, 7] taking values in the Sobolev W' 7(Q) with large 7. This choice
will be independent of the chosen r, in the regularization terms. After the artificial r,
has disappeared in the limit, in Step 4 we discuss which minimal 5 and 7 can be chosen
in the weak form.

Step 1. Limit in the momentum balance for u.; from (5.5a) to (4.6):
We consider a fixed test function v € L%(0, T wlr (Q))*) with s = 4 and 7 >

per,div
s, > 12 and discuss the convergence of the five terms on the left-hand side of (5.5a)

individually.

The first term is linear in w. and converges because of (5.22b). The second term can
be rewritten as [, (u.®u.) : Vo dadt and converges by (5.23a).

For the third term we use the nonlinear convergences from Lemma 5.6, cf. the first in
(5.24b). Finally, the fourth and fifth terms converge to 0 by the estimate fOT 1. 5(t)| dt <
56'351/(’”*1)||D(v)||y* @ory < CeD|v|| s pr7y, see Step 1 of the proof of Proposition

Thus, (4.6) is established for test functions v € L¥(0,T; w'r (Q))).

per,div

Step 2. Limit for w,, from (5.5b) to (4.7):
This case works similar as Step 1.

Step 3. Limit in the energy equation for k., from (5.5¢) to (3.6):

For this limit passage we choose a test function z € C;;er’T(Q), because we want to

take the limit of the dissipation which is bounded only in L'(Q).
The first term of the left-hand side in(5.5¢) is integrated by parts in time to obtain

T
/ <k:;(t),z(t)>wl,rdt:/kojaz(-,O)dx—/kaz'dzlrdt — //k:oz(-,())dx—/kz’dxdt
0 per Q Q 0J Q

by (5.3¢) and and (5.22¢). For the second term we use (5.23) and conclude
/ zu.-Vk.drdt = —/ k.Vu.,-Vzddt — —/ ku-Vzdx dt.
Q Q Q

For the third term Lemma 5.6 can be exploited (cf. (5.24b)) to find

k. k
/ Vk,-Vzdzdt — —Vk - -Vzdxdt.
Q€ T We QW

We return to the fourth term at the end and continue with the fifth term. Using (5.23)
and wl = w. > w(-) > 0 we easily find fQ kewZ?zdxdt — fQ kwz dz dt.

The sixth and seventh term on the left-hand side and the single term on the right-hand
side converge to 0, which was establish in Step 3 of the proof of Proposition 5.5, see (5.20).
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For the fourth term, it remains to prove the appearance of the defect measure p €

M(Q) such that

ok. 2 _
/H:W\D u)|*¢drdt — /Q’%\D(u)\ngdxdw/c?gbdﬂ for all ¢ € C(Q).
(5.26)

Indeed, by the positivity of the integrand and the a priori estimate (5.12a) we can apply
Riesz’ Representation Theorem for linear continuous functionals on C'(Q). Hence, there

exist 1 € M(Q) = (C(Q))" such that

voke 2 ~ —
— |D(u.)| ¢dudt dji for all ,
/Q€+UJ5+5kg [Dlue)["¢dedt — /Q¢ p forall ¢ € C(Q)

Asin Lemma 5.6 we can show that (a-i—w]zj-akg ) 1/2D('u,€) converges weakly to (k/w)'/?D(u)

in L*(Q). Of course, this weak convergence remains true if we multiply by a continuous
function ¢ € C(Q). Thus, the lower semi-continuity of the L? norm yields

k 2 Vok
2d = li LDE 2ddt>/ D(u)|*¢? de dt
foan=tm [ 2 D@ ara [ 2 D)
for all » € C(Q). Thus, the linear functional ¢ ngbdﬁ — fQ %k ‘D(u)‘zqﬁ dx dt is
non-negative and defines the desired defect measure € M(Q), and

/qbdﬁ:/ vk |D(u ]¢dxdt+/¢du for all ¢ € C(Q),
Q

which gives the desired convergence (5.26).

Step 4. More test functions:

After having passed to the limit ¢ — 0 the regularization terms involving the exponent
r have disappeared. From the a priori estimates (5.21) for {u,w, k} we know that u®u €
L*3(Q) and £D(u) € LY(Q) for all ¢ € [1,16/11[. Thus, by density we can extend the
set of test function v in (4.5) can be chosen in L¥(0, T} Wple: 4w (Q)) for any 5> 16/5 and

7 > 16/5. This proves (4.6) and (4.7) for the full set of test functions.
Moreover, we find u’ € Lq((Wl’q/ (Q))7) for all ¢ € [1,16/11[, which proves (4.5).

per,div

Step 5. Further statements:

To derive (4.4) we define the functional J : (k, u,w) — f k(D (u)|*+|Vw|?) dz dt and
use the a priori estimate J (ke, u.,w.) < C, which follows from (5 12) since w. > w(T') > 0.
The functional is convex in u and w, hence it is lower semicontinuous with respect to strong
convergence in k (see (5.23c)) and weak convergence for (u,w) (see (5.22a) and (5.22¢)),
so that

J(k,u,w) < limiglf J (ke ue,we) < C|
E—r

which is the desired estimate (4.4).

The limit passage ¢ — 0 in the pointwise a priori estimates (5.8) leads immediately to
the pointwise estimates (4.2) for w and k.

By (5.22b) and (5.22d) the functions u.(-) and w. are uniformly bounded with respect
to e €10,1] in Wb (0, T (W= (Q))*) € CV™([0,T]; (W'+(€2))*). Thus, we have uni-
form convergence and obtain (u,w) € CY/™ ([0, T]; (W7 (€2))*x (W' (Q))*). Together
with the essential boundedness of (w,w) in L*(2)x L*(€2) this implies

(u,w) € Cu([0,T]; L*(Q) x L*(2)).
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Hence (4.3) is established. Moreover, with (5.3¢) and the uniform convergence we deduce
the initial conditions (4.8), i.e. u(+,0) = up and w(-,0) = wp. To obtain inequality (4.9),
we insert w = u.(t) into (5.7a), integrate over the interval [0,¢] and let tend & — 0.

Finally, we insert z = 1 into (5.7¢c), integrate over [0,t] and add this identity to the
one just obtained for u.. Using - fze — - +w’:jr€k6 > 0 we can drop the dissipation term
%

and the limit passage ¢ — 0 yields (5.8).

involving |D(u.)

With this, the proof of our main existence result in Theorem 4.1 is complete.

A Appendix. Existence of approximate solutions

We now provide the proof of Proposition 5.1, which will be obtained as an application of
a general existence result of evolutionary equations of pseudo-monotone type.

We consider a separable reflexive Banach space V' that is continuously and densely
embedded in a Hilbert space H such that VC H~ H*" C V*. For U € V and =2 € V*
we denote the dual pairing by (=, U). Our operator A : V. — V™ is assumed to satisfy
the following conditions depending on p > 1:

p-boundedness: AC, > 0: ||[AWO)||v- < C’l(l+HUH"’/_1) forallU € V;  (A.la)
1

p-coercivity: 3Cy > 0: (A(U),U) > FHUHZ{, —Cy forallU e V; (A.lb)
2

if U, = U in V and limsup(A(U,,),U,—U) <0, then

pseudo-monotonicity: oo

(A(U),U-V) <liminf(A(U,,),U,,—V) for all V e V.
(A.lc)

Under these conditions the following existence result is available.

Theorem A.1 (see e.g. [Roul3, Thm.8.9]). Let V' and H be as above and let the operator
AV — V7" satisfy the assumptions (A.1) with p > 1. Then, for all T > 0, all
uy € H, and all g € L¥ ([0, T); V*) there exists a solution u € LP(0,T; V)NC([0,T]; H)N
WP (0,T;V*) of the Cauchy problem

u'(t) + A(u(t)) = f(t) in V* for a.a. t € [0,T] and  u(0) = uy. (A.2)
To apply this result we choose p =17 > 3, U = (u,w, k),

H=1IL?

per,div

(Q) x L*(Q) x L*(Q), and 'V = W7 . (Q) x WI(€) x Wi(Q).

per per

The operator A is defined to make the approximate system (5.5) equivalent to the abstract
Cauchy problem (A.2). We recall that ¢ > 0 is fixed in Proposition 5.1, so we do not keep
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track of the dependence on . With V' = (v, p,w) we define A : V — V* by
(AU), V) = I(U,V)
L+
= / u-Vu - v —1—/ D(u) : D(v) (A.3)
Q Q

€+ wt

Lt
+/g0u-Vw+/ Vw-Vga—l—/w*wgp
Q Q€t+wt Q

k* k* 2
-VEk k - - | ——|D ktw*
—i—/Qwu \Y +/Q€+w+v Vuw /Qz-:+w+—|—5k+’ (’u,)|w—l—/Q wrw
v [ (1P D) D) +fulr 7w
Q

F VW[ 2Vw - Vi + [w] 2wy + [VE[2VE - Vo + |l<:|7"_2kw>.

For the rest of this appendix we continue to omit the measure symbol “dx” for integration
over ). Moreover we have set g = 1y = 1 for notational simplicity, because these
numerical constant have no influence on the analysis.

Proof of Proposition 5.1. It remains to establish the conditions (A.1) on the operator A.

Step 1. r-boundedness (A.la): Using r > 3 and Holder’s inequality, it is easily seen
that all integrals in the definition of I(U, V) are well defined. In particular, we find a
constant ¢; > 0 such that

1O V)| < a0 + U1V forall UV € V. (A4)

But this implies (A.la) because of r > 3.

Step 2. r-coercivity (A.1b): For estimating (A(U),U) = I(U,U) from below we see
that all convective terms disappear because of divu = 0. After dropping the three non-
negative terms arising from the dissipation terms involving k% /(e+w™) we find, for all
UeV,

(A(U),U) =1(U,U) > ¢||(D(u),u, Vw,w, VE, k)|

k 2
L@ /Q e+wt+ekt |D(u)| -

(A.5)

By Hélder’s and Young’s inequality and r = 3 we find ¢ > 0 such that

6 T
/§2€+w++€k}+‘ W'k < 2 /‘D k<3 /‘D §/Q|k| o

where the constant ¢y depends on £ > 0, r > 3, and vol(Q?). Inserting this into (A.5) and
using Korn’s inequality in W' (2) we have established (A.1b) for p = r.

Step 3. Strong convergence: In the remaining two steps we consider a sequence U, =
(U, Win, k) satisfying the assumptions in condition (A.lc), namely

(a) Up—U inV (b) limsup(A(Uy,),U,,—U) <0. (A.6)

m—0o0

In this step we first show that this implies the strong convergence U,, — U in V', and in
Step 4 we deduce the liminf estimate for (A.lc).
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Combining parts (a) and (b) of (A.6) we immediately obtain

limsup (A(Uy,) = A(V), U, = V) <0 forall VeV. (A7)

m—ro0

We decompose these duality products into ten separate integrals, namely

(A(Un) — A(U), U, —U) = Z Kjm (A.8)
= /Q [wn VU, — u-Vu] - (u,—u) —1—/9 [Sfi$ D(u,,) — % D(u)} : D(u,,—u)
+ /Q(um-Vwm —u-Vw) (Wy—w) —I—/Q [5 fi% Vwm, — gf_:% Vw} - V(wm—w)

+ /Q(w:;wm — whw)(wp—w) + /Q(um -Vky —u-VEk)(k,—k)

+/ [ b T — %w} Y (k) +/(/~cmw; — ko) (km—k)

q Letwt e+w Q
k+ 2 k+ 2
_ " D))~ ————|D ) k. — k
/Q <s+wfn+ek$ [Dwn)] e+wt+ekt D)) )

+ /Q €<(<I>r(D(um)) — ®,(D())):D(tp—1) + (Pp(th) — Bp(w))- (U —12)
+ (P, (Vwn) — @ (Vw))-V(wp—w) + (Pr(wm) — P (w)) (wp—w)
+ ((I)r(Vkm) - (I)r<vk)) ’ V(km_k) + ((br(km) - (I)T(k)) (km_k) >>

where ®,.(¢) := [€]"72€. The last term Kiq,, can be used to control U,, — U in the norm
of V' by using the estimate

(©,(&) = @(m)) - (€—m) 2 2*7"|€ —m|" for all €, € RY,
see [Lin06] for the derivation of the exact constant. In particular, we find
Kiom > €27 ||Un = U||y,. (A.9)

and the strong convergence U, — U follows if we show limsup,,_, . Kiom < 0.
By (A.7) we control the limsup of 331" K;,, and hence obtain

lim sup K19, = limsup <ZKJm ZKlm>

m—00 m— 00

<hmsupZ m—hmmfZKlm(S 0 — thmelm

m—oo m—r0o0 m—r0o0

Thus, it suffices to establish liminf,, . K., > 0 for all I € {1,...,9}. To do so, we only
use U,,, — U (i.e. (A.6a)), which by r» > 3 and the compact embedding W' (Q) € C°(Q)

implies

Uy =W, Wy, —w, ky —k uniformly in Q. (A.10)
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For treating K ,, we use integration by parts and div u,, = divu = 0 to find

Kipm= / (div(up,@uy,) : Vu—u-Vu-u,) — / (div(u®u) : Vu—u-Vu-u) = 0,
Q Q
because of the uniform convergence u,, — u.
Similarly, the other convective terms K3 ,,, and K ,,, convergence to 0, as only on factor
converges weakly.
For the second term K, ,, we again use the uniform convergence in the decomposition

kt k* kt
Ky, = n_ D(u,,) : D(u,,— D(u,,—u) : D(u,,—u).
> /Q (5+w$ 5+w+> () (um—u) + /Q e+wt (un—u) (un—u)

The first integral converges to 0 as the two terms involving D are bounded in L"(Q2) C

LQ(Q) while the prefactor converges to 0 uniformly. The second integral is non-negative,

hence liminf,, , K5,, > 0 follows. Analogously, the liminf of K,,, and K7,, is non-
m—00

negative.
By uniform convergence of the integrands we easily obtain Kj,, — 0 and Kg,, — 0.
In Ky,, the integrand is a product of a function bounded uniformly in L"2(Q) and
Ky, —k, which converges uniformly to 0; hence Ky ,, — 0 as well.
This finishes the proof of Step 3 guaranteeing U,, — U in V.

Step 4. A is pseudo-monotone: For the sequence U, satisfying (A.6) we have to show

(A(U),U-V) <liminf(A(U,,),U,—V) for all V = (v, p,w) € V (A.11)

Again we split the duality-product term into ten parts and treat the parts separately,
where we are now able to use the strong convergence U, — U:

10
(AUn), U = V) =Y Gijm (A.12)
=1
ko
=: /Q'u,m-Vum (U —v) + /Q Py D(u,,) : D(u,,—v)
K
+ /Q um'vwm (wm—QO) + /Q 6—}-&)2‘1 VWm ’ V(Mm—QO)
v b
+ /mewm(wm—go) + /Qum-Vkm (kp—w) + /Q Py Vi - V(kyn—w)

+ /Q o (o —10) — /Q b D) (k)

etw;t+ekt
+ /QE<<I>T(D(um)) : D(uy,—v) + @ (up,) - (U—v) + (V) - V(wm—¢p)

+ B (W) (Wi —p) + (Vi) - V(e —w) + @r(km)(km—w))

Using the uniform convergence of U,, (see (A.10)) and the strong convergence in L"(2) of
the derivatives VU, it is straight forward to see that the integrals G;,, for j € {1,...,9}
converge to their respective limits. For Gy, we can use the estimate

|,(&) — ,(n)| < 3r(1&] +n|)"'|€ —n| forall & neRY,

see [Bou6b, exerc. 10.a, p.257]. Thus, we conclude that (A.11) holds, even with equality.
Hence, all the assumptions in (A.1) are established, Theorem A.1 is applicable, and
the proof of Proposition 5.1 is complete. O
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Remark A.2. An alternative proof for Proposition 5.1 is given in the first draft [MiN18]
of the present work. That proof is based on the method of elliptic reqularization of abstract
evolution equations, cf. [Lio69, Ch. 3, Thm. 1.2].
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