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Abstract. We study the flow of an incompressible homogeneous fluid whose material
coefficients depend on the temperature and the shear-rate. For large class of models we
establish the existence of a suitable weak solution for two-dimensional flows of fluid in
a bounded domain. The proof relies on the reconstruction of the globally integrable pressure,
available due to considered Navier’s slip boundary conditions, and on the so-called L°°-
truncation method, used to obtain the strong convergence of the velocity gradient. The
important point of the approach consists in the choice of an appropriate form of the balance
of energy.
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1. INTRODUCTION

This paper focuses on the existence analysis for an unsteady flow of an incom-
pressible homogeneous heat-conducting non-Newtonian fluid in a bounded two-
dimensional Lipschitz domain 2 C R2. Such a flow is governed by the following
system of partial differential equations (PDE’s):

(1.1) divo =0,
(1.2) vy +diviv®@v) —divS=-Vp+ f,
(1.3) E,+div(v(E+p)) —div(Sv —q) = f - v,

* M. Buli¢ek thanks to Jindfich Nedas Center for Mathematical Modeling for its support
through project LC06052 financed by the Ministry of Education, Youth and Sports of
the Czech Republic (MSMT).



which is supposed to be satisfied in @ := (0,T") X2, where T' > 0 denotes the length of

time interval. In (1.1)—(1.3), v: Q — R? denotes the velocity of the fluid; p: Q — R

2X2
sym

part of the Cauchy stress; F: Q — R denotes the density of the total energy;
g: Q@ — R? is the heat flux and finally f: Q@ — R? is the density of the external
body forces. For simplicity (but without any essential changes in the proof) we

is the pressure; S: @ — R stands for the constitutively determined (deviatoric)

assume that f = 0 in what follows. Note that (1.1) represents the incompressibility
constraint that is, for the homogeneous fluid considered, equivalent to the balance
of mass, (1.2) is the balance of linear momentum and (1.3) expresses the balance of
energy.

To formulate an appropriate initial-boundary value problem relevant to (1.1)—(1.3)
we have to set up the initial and boundary conditions. For the initial data we assume
that

(1.4) v(0,2) = vo(xz) and FE(0,z)= Ep(z) forze Q.

For simplicity, we set I' := (0,T") x 99 and assume that the boundary data for the
velocity field are given by the so-called Navier’s slip boundary conditions, i.e., we
assume that for some v € [0,1)

(1.5) v-n=0 and v, +(1—7)(Sn);=0 onT.

Finally, we assume that there is no input or output of the energy through the bound-
ary. Thus

(1.6) (Sv—q)-n=0 onT.

In (1.5)—(1.6), n denotes the unit outward normal vector to 99, and w; is the
projection of any vector w to the tangent line at the considered point of the boundary.
The boundary conditions (1.5) describe an internal flow (no outflow /inflow is allowed)
that slips along the boundary according to (1.5)2. In fact, (1.5)2 states that the
velocity of the fluid is proportional to the tangent component of the traction on the
boundary 0f). Note that setting v = 0 in (1.5)2 we obtain the no-stick (or slip)
boundary conditions and setting v = 1 we obtain the no-slip boundary conditions
for the velocity. It should be mentioned at the very beginning that while the case
v € [0,1) is included in our analysis, the case 7 = 1 is not covered since we are
not able to construct the globally integrable pressure p, which seems to be natural
requirement in order to make an appropriate weak formuation of (1.3) meaningful.
To simplify further notation, we also define a slip parameter a > 0 as



Regarding the boundary condition relevant to the balance of energy we con-
sider (1.6), since it guarantees that the total energy is a conserved quantity. More-
over, such a condition is also the most natural one if one deals with steady problems,
as explained in [7]. On the other hand, from the point of view of the existence
analysis of unsteady flows, the condition (1.6) can be relaxed and we are also able to
treat the thermally isolated part of the boundary (g - n = 0) or Dirichlet boundary
conditions for the temperature, see [6] for details.

Next, using (1.5)—(1.6) we can deduce the boundary condition for q - n on T
Indeed, using the symmetry of S and the fact that v-n = 0 on I', we observe that
(Sv)-m = (Sn), - v on I'. Consequently, using (1.5)—(1.6) we find that

(1.7) qg-n=—av> onT.

Further, we describe the constitutive relations for S, F, g we are interested in.
First of all, the density of the total energy F is given as the sum of the kinetic and
the internal energy

1
(1.8) E = §|'v|2 +e,

where e: Q — R, is the density of the internal energy. For the heat flux q we
consider the generalized Fourier law

(1.9) q=q(0,D(v), V) = —&(0, |D(v)|) V;

here #: Ry x R4 — R denotes the heat conductivity of the fluid and §: @ — R is
the temperature. We also employ the notation for the symmetric part of the velocity
gradient D(v) := 1(Vv 4 (Vv)T). Note that the flux g is allowed to be dependent
on the shear rate |D(v)|, we refer to [6] for more details concerning the physical
importance of such a setting.

In order to cover a general class of fluids without making any other assumptions
on the heat capacity of the fluid, we prefer to reformulate (1.9) in such a way that
q is a function of the internal energy and its gradient rather than of the temperature
and the temperature gradient. To do so, we assume that the internal energy e is
1

a smooth function of # with a smooth inverse," i.e.

e=¢é() and 6 =0(e),

! The assumption that e is an invertible function of 6 is valid for most fluids, since the
energy e is usually a strictly increasing function of the temperature.



where 6 = (€)~!. Using this assumption, we can view e as a primitive quantity. Then
(1.9) can be rewritten as

(1.10) q=q"(e;D(v),Ve) = —r"(e, |D(v)[) Ve,
where we set
(1.11) K* (e, [D(v)]) := &(8(e), ID(w) )6 (e).

We will also assume that the constitutively determined part of the Cauchy stress S
depends on the internal energy (to be precise, on the temperature that is however
a function of the energy) and on the symmetric part of the velocity gradient:

(1.12) S = S*(e, D(v)).

Our main interest is to develop an existence theory for models where the rela-
tions (1.10) and (1.12) are of the form

(1.13) $*(e, D) = vo(e) (1 + v (e) + [D[*)"~2/°D,
q*(e, D, Ve) = —rg(e, D)e’ Ve,

whereas the model parameters r and ¢ fulfil
(1.14) re(1,2) and <0,

and vy, v1, and Ko are continuous bounded functions that are bounded from below
by a positive constant, say €. There are three main reasons why we focus on the
range of model parameters fulfilling (1.14). First, if » and § fulfil (1.14) then v is
not an admissible test function in the weak formulation of (1.2) and consequently
the chosen form (1.3) of the balance of enery is essential for our analysis. We discuss
this point below in detail. Second, (1.13)—(1.14) covers models interesting from the
point of view of their applications in various areas of science such as geophysics,
bioengineering, material science, food industry, coloid mechanics, etc., see [6], [17],
[18] for details. Third, the model characterized by the constitutive equations (1.13)
satisfies the assumptions of the paper given in Section 2 and we are able to develop
large data existence theory for all r > % and § > — %, see assumptions of Theorem 2.1,
where the range for § can be even relaxed depending on r.

This paper extends the paper [6] where the authors establish similar analysis
to the same problem in three space dimensions. The results established here give
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a theoretical background to numerical analysis and computer experiments in two-
dimensional setting. We are interested in verifying the effect of the chosen form of the
energy balance on the stability of computer simulations. While such experiments,
for models described above, are very demanding in three-dimensional setting, the
two-dimensional case can be handled more easily. We aim at analyzing the relevant
numerical approaches for planar flows in a forthcoming study.

At this point, we discuss the chosen form of the balance of energy, the formulation
of the entropy inequality and its equivalence to the energy inequality, and we also
introduce the notion of the suitable weak solution to the generalized Navier-Stokes-
Fourier system (see [6], [5] for details). First, we take the scalar product of (1.2)
with v and subtract the result from (1.3) to obtain the balance of energy in the form

(1.15) et + div(ev) + divg = S - D(v).

However, as we only deal with weak solutions in general, such a procedure is rigorous
if v is an admissible test function in a weak formulation of (1.2). If this is not the
case, then the validity of (1.15) is open in general and one is forced to replace the
equality (1.15) by the inequality

(1.16) et + div(ev) + divg > S - D(v).

To justify the possible inequality sign in (1.16), we show and it is interesting
to show that any (weak) solution to (1.1)—(1.3) and (1.16) can be considered the
physical one. If the entropy S, the internal energy e and the temperature 6 are

related through the condition
1 oS

0 de’
it is of interest to observe that (1.16) is in fact equivalent to the entropy inequality
provided the temperature is strictly positive. Indeed, multiplying (1.16) by a positive

quantity 1/6 and using (1.1) leads to

(1.17) S+ div(sw) + div(1) > %(s D(v) - q'TY‘g) (>0),

which is nothing else than the entropy inequality. Although this step was again
formal, it can be deduced rigorously since 1/6 will be always a possible test function
in (1.16) for the class of fluids we are interested in.

On the other hand, subtracting (1.16) from (1.3), we obtain the inequality

(1.18) (Jv|?).+ + div(v(|v|? + 2p)) — 2div(Sv) + 28 - D(v) < 2f - v.

11



Note that weak solutions to (1.1)—(1.2) satisfying also (1.18) are called suitable weak
solutions, as introduced in [9], where the inequality (1.18) plays the important role
in proving partial regularity results for suitable weak solutions to three-dimensional
Navier-Stokes equations. Thus, having the equivalence of (1.18) and (1.16), it is
natural to call a weak solution the suitable one if it solves (1.1)—(1.3) in a weak sense
and if it in addition satisfies in a weak sense the energy inequality (1.16) (that is
equivalent to the entropy inequality (1.17)). Therefore, our goal in this paper is to
find (v,p, e, S, g, E) that solve in a weak sense (1.1)—(1.6) and (1.16), and solve (1.8),
(1.10), and (1.12) pointwise in . Such (v,p,e,S,q, F) we call the suitable weak
solution.

The structure of the paper is the following. In Section 2 we introduce the structural
assumptions on S* and x* that are considered in the paper. Then we explain the
notation and formulate the main existence theorem of the paper. Next, in Section 3
we recall several important tools and auxiliary results used in the proof of the main
theorem. Then in Section 4 we formally derive a priori estimates on (v, p, e, q,S) and
show that the weak formulation introduced in the main theorem is really meaningful.
Finally, in Section 5 we prove the main theorem. We mainly follow the paper [6],
where the three-dimensional case is treated but with more restrictive assumptions
on S* and q*.

2. ASSUMPTIONS ON S* AND k*

In the paper we assume that S*: Ry x RZ%2 — R2X2 and £*: Ry x Ry — Ry

are continuous mappings. Moreover, we assume that there are r € (1,00) and 8 € R
such that for all e € Ry and all B,D € R2X2, B # D,

sym)

(21) (D" ~1)<§(eD)-D,  [8°(e.D)| < (D" +1),
[S*(G,D) _ S*(G,B)] . (D _ B) >0,
23) Cse? < (e, D)) < Cae?,

i.e., we assume that S* is r-coercive, has (r — 1)-growth and is strictly monotone
w.r.t. D. Since we will always have e > enj, > 0, where ey, is the minimum
(infimum) of the initial internal energy eg, we can relax the assumptions (2.1)—(2.3)
and consider them to be valid only for e > eni, > 0. Note that the examples (1.13)
satisfy (2.1)—(2.3). We also refer to [6], [5], [12], [18], [17] for other models of S* and
q" satisfying (2.1)—(2.3).

Next, we introduce a notation of function spaces that is suitable for describing the
problem (1.1)—(1.3) and (1.16). We use the standard notation for Sobolev, Lebesgue,
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and Bochner spaces. For the vector-valued functions having zero normal part on the
boundary we employ the notation?

WLt = {v e Wh(Q)?%; v-n=0on 80}, W, b7 .= (WL,

: —————Illa
Wadi, ={v e Wyt dive =0}, W, gd == (Wyd ), LL 4 ={ve W} .

n,div n,div n,div n,div

Note that the above spaces are separable for ¢ € [1,00) and reflexive for ¢ € (1, 00).
In order to simplify the presentation we also denote for any r, ¢ € [1, +o0]

X" = {uec L"(0,T; W) N LY0,T; LYN)?); w € L*(0,T; L*(0Q)?)},
X8 = {ue X" divu = 0},

and also recall these spaces are separable for r,q € [1,00) and reflexive for r,q €
(1,00). The Lebesgue spaces of functions having zero mean value are denoted by L{,
ie., we define L{ := {p € LY(Q); |,pdz = 0}. Finally, for f and g being scalar-,
vector- or tensor-valued functions we define (f,g)o := [, fg whenever fg € L'(O).
Since the most frequent setting in the paper is O = (), we shorten the notation for
as (f,9) = (f,9)a. Moreover, for any g € X and f € X* we set (f,9) := (f,9) x x
whenever it is clear from the context which duality pairing is taken into account.

The constant C' in the whole paper depends only on the data, i.e., on vg, eg, €2,
T, r, 8 and «. If there is any dependence on other quantities it is clearly marked in
the text.

Having the above definitions of function spaces, we can formulate the main theorem
of the paper.

Theorem 2.1. Let Q2 € C! be an open bounded domain in R?, let r > % and

B > max(—1, %r/(r — 1) — 2) be arbitrary. Assume that the initial data satisfy
(2.4) vy € L2 and ey € L'(Q); eo(x) = emin > 0 in Q,

n,div

S* and q* satisfy (2.1)—(2.3) with r and (3, and let mg > 1 be defined as

2(8+2) 1
AT > e _Z
3 for3=r 2and[36( 2,1),
%;1)1 for>r—2and g >1,
r _
S ECE
r—
m for 6 <r—2andr > 2,
2r(6 +2) 3
_— fc -2 — < 2.
DT or B <r and2<r

2 For simplicity we write v instead of tr v whenever it is clear from the context that we
are restricted to 0f).
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Then there exists (v, p, e, S, q, E) satisfying (1.8), (1.10), and (1.12) such that

(2.6) 0 € Cuear(0, T5 L2, 41) N X5,

(2 7) v, € (ng/r/(Zr 3)) N Lmln(r,r )(0711;I/V';l,min(v",r’))7

(2.8) S e L"(0,T;L"(Q)*?),

(2.9) pe Lm0, 75 L),

(2.10) e € L>®(0,T;L*(Q)), €= emn in Q,

(2.11) ez (P ¢ 120, T; WH2(Q))  for all A < 0,

(2.12) E € LY0,T; LY(Q)) N W% (0, T; (Wh*)%)

for all ¢ < min(2 + B, r) and all ' < min(%r, 2r/(2r — 1), mg),
4+ 243

2.13 L™, T;L™(N)?) forall 1< —

(2.13) qeL™0,T;L™(Q)°) fora 3725

such that they satisfy (1.8), (1.10), and (1.12) a.e. in Q, and such that they sat-
isfy (1.2)—(1.3) and (1.16) in the following sense:

(214)  (04,0) — (0© 0, Vo) +av,@)r + (5. D(e))g = (b dive)g
for all p € Lmax(r’rl)(O, T; W,i’max(r’rl)),
(215)  (Et, ) — (E+p)v,Ve)o + (Sv—¢q, V) =0
for all p € L°(0,T; Wh*°(Q)),
(2.16)  —(e;¥.0)@ — (ve, Vib)g — (¢, V)q = (S,D(v)¢)q + al|v[*, ¢)r
for all nonnegative v € D(0,T; W>(Q)),

and the initial condition (1.4) is attained in the following sense:

(2.17) Jm o) = voll3 + fle(t) — eofls = 0.
In addition, we see that for r > 2 we can set ¢ := v in (2.14) and therefore,

following the argumentation in Section 1 and the procedure described in [6] we can
strengthen the statement of Theorem 2.1 in the following way.

Corollary 2.1. Let all assumptions of Theorem 2.1 be satisfied. Moreover, as-
sume that r > 2. Then there exists (v,p,e, S, q, E) satisfying (1.8), (1.10), (1.12),
and (2.6)—(2.17) and, in addition, also

(2.18) € C(0,T;L*(Q) N W10, T; (Wh)*)  for sufficiently large ¢ > 1
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and

(2'19) <€,t7¢> - (’06, VWQ - (qa VWQ = (87 D(”)WQ + 04(|’U|27¢)F
for all 1 € L>=(0,T; Wh>=(Q)).

The Navier-Stokes or Navier-Stokes-Fourier-like systems are ones of the most stud-
ied systems of PDE’s coming from mathematical physics. These systems of equations
can be split into two cases. The first, called subcritical, takes place for » > 2 in two
dimensions and r > % in dimension three, and in this case the velocity can be
used as a test function. In the second, called supercritical, the velocity cannot be
used as a test function. While the subcritical cases were studied by many authors,
we refer to [11], [10], and the existence theory can be established with help of the
Minty method, the supercritical cases have been solved very recently. First such
result for Newtonian fluid in spatially periodic setting was established in [12] and
then extended to Navier’s boundary conditions in [5]. The existence analysis for
the fully nonlinear model satisfying (2.1)—(2.3) was developed for r € (%, 2] and for
three dimensions in [6], where in addition the dependence of S* on the pressure p
is allowed. On the other hand, some uniform monotonicity is required there. This
paper uses the method developed in [6] for extending the existence theory to sub-
and supercritical cases in dimension two provided that (2.1)—(2.3) hold. The main
novelty consists in introducing the optimal function spaces that are natural for the
problem considered and follows from a priori estimates, and in establishing the ex-
istence of a weak solution whenever a priori estimates guarantee that (2.14)—(2.16)
are meaningful.

We would also like to emphasize that our result is nontrivial. It is well known
that for non-Newtonian fluids (without coupling with the energy) the regularity of
the solution can be established for any r > 1 at least in the spatially periodic setting
(see [16]) and therefore one could think that the same method works also for the full
Navier-Stokes-Fourier system. However, once the equations are coupled, i.e., once
S* depends on e, the resulting system falls into the so-called class of PDE’s with
critical growth on the right-hand side, for which the regularity theory does not hold
in general and therefore the method developed in [16] cannot be used and one is
forced to use a different procedure.

15



3. AUXILIARY TOOLS

In this section we recall several auxiliary results and important tools that will
be used in the proof of Theorem 2.1. First, we recall the theory for the Laplace
equation.

Lemma 3.1. Let Q € C1! be an open bounded domain and 1 < q < co. There
exists a continuous linear operator N~—1: Ll — W29(Q) such that

(3.1) AN 2)=2inQ, VN '(2)-n=0o0n0dQ, /Nfl(z)dx:().
Q

Moreover, if we define vgi, := v — VN ! (divv) for any v € W22 L*(2)? then the
following inequalities hold:

(3.2) IV~ H(div v)|2.q
(3.3) IV (div o) 1,6

Cllvl1,q,
Cllvlls-

[divollg,  [lvdivllg <
<

||'U||S, Hvdiv| s

Note that due to the definition of v4;, we have div vgiy, = divo—AN ! (dive) =0
and vgiy € Wi”‘éiv.

Proof. The proof can be found in [15, Proposition 2.5.2.3, page 131]. (]

Next, since S* depends only on the symmetric part of the velocity gradient we
need to recall the Korn inequality.

Lemma 3.2 (Korn inequality). Let Q € C%! be an open bounded domain and
€ (1,00). Then for all v € Wh4(Q)% N L?(2)? the following inequality holds:

(3.4) [vllg < CUD@)llg + [lv]l2)-

Proof. We refer to [16] for a detailed proof. O

Since we deal with Navier’s boundary conditions, we need to control compactness
of the trace operator in a proper space. Therefore, we recall the following lemma.

Lemma 3.3. Let Q € C%! be an open bounded domain. For 1 < q1,q2 < oo and
r> % let us define the set

S:={v;ve L®0,T; L*(Q)*) N L™ (0, T; WL ), v, € LU0, T; W, 12)}.

n,div n,div

Assume that {v'}$°, is bounded in S. Then the sequence {v;|on}$2, is precompact

1=

in L2(0, T; L2(9Q)?).
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Proof. We refer to [6, Lemma 1.4] for a detailed proof. O

Finally, we introduce two interpolation inequalities that are frequently used in the
proof of the main theorem.

Lemma 3.4. Let Q € C%! be an open bounded domain in R?. Assume that
1 <r < ooand~y >0 are fixed. Then for any s € [2,2r/(2—r)] if r < 2, for any
€ [2,00) if r > 2, and for any q such that

1 1 1

q+s(r—1) S 2(r—1)

the following interpolation holds:

(3'5) HfHL(I(OT L5(Q)) X C”f”Loo(o T;L2(Q)) ||f|

with

Lr OT Wir(Q))

g = r + r—2
Tos(r—1)  2(r—1)
Moreover, for any 1 < s,q < oo such that

2 1 1
qa sy 7
the following inequality holds:
1/s s—1)/s
(3.6) 1 llzao.rsme@) < CIFIE= 0 mns o 1771 Ero et 2

provided that f > 0

Proof. The proof easily follows from the interpolation inequalities (see [1])

I£ls < CUFIS ALY,
1£1s < IS8,

and from the Holder inequality. O

As a direct consequence of this lemma we obtain

Corollary 3.1. Let all assumptions of Lemma 3.4 be satisfied. Then
T T
(37) | 1wl < Clollorsaas [ oliat.

T T
(3-8) /OHnglﬁdt CI\fI\Lw(aT;Ll(Q))/O 1£7117 5 dt.

17



4. A PRIORI ESTIMATES

This section is devoted to obtaining formal a priori estimates for solutions
to (2.14)—(2.16). Thus, assuming that the velocity field is smooth enough, we can
set ¢ := v in (2.14) to obtain (note that the convective term as well as the term
with the pressure vanish, we refer to [6], [16] for details)

1d
2dt
Consequently, using (1.12), (2.1) and (3.4), we find that

(4.1) [v]I3 + allv][Z2 a0 + (S, D(v)) =0.

T
(4.2) sup ||v||§+/ o117 + [0l 22 a0y dt < Cllvoll3,

te(0,T) 0
which gives the space introduced for the velocity field in Theorem 2.1, see (2.6).
Note that (2.8) is then a direct consequence of (2.6) and the assumption (2.1). Next,
we derive the corresponding estimates also for the internal energy e. Thus, setting
¢ = 11in (2.15), we get (using the definition of E (1.8) and assuming that e > emin)
that
(4.3) sup el < C([lvoll3 + lleollr),

te(0,T)

which formally gives (2.10). Finally, setting ) := e* in (2.16) with arbitrary —1 <

A < 0, after using the fact that dive = 0 and the nonnegativity of the right-hand
side of (2.16), we get that

T
(4.4) /0 )\(e’\_lq, Ve)dt < C(emin, llellLe(z1y, Hvo||§)

Therefore, using (1.10) and (2.3), we find that

T 1 2 T
(4.5) / |[Vez A8 124t < W/ (e 1HPVe, Ve) dt
0 0

T
< C()Fl))\/ (e*1q,Ve)dt < C(ATY).
0
Thus, we have obtained the corresponding spaces for e as those introduced in Theo-
rem 2.1, see (2.10)—(2.11).

To obtain the desired estimate for the pressure, we first notice that using (2.6)
and (4.2), we get

T
(46) | Iolrae<c.
0

18



Thus, setting ¢ = VN ~1(|p|min (r)=2) fo [p|™i () =2p) in (2.14) (note that
@-n=0on 00N), we get

T
(47) / It dt = [ (0100) + a0, )on + (8.V) — (0@ v, Vi)

Since divv = 0, the first term vanishes. Next, using Lemma 3.1 we have that
H Hmax(rr CHpHmm(T’,r')

1,max (r,r’) min (r,r’)
trace operator is continuous from W12(Q) to L?(992), we get that

and using the Young inequality and the fact that the

T
(4.8) / ol intr at c(1+ / |v|%2<m>+||8|:/+|v|3:dt)<c,

where the last inequality follows from (2.6) and (2.8).

In the remaining part of this section we show that the relations (2.14)—(2.16)
are well defined for (v, e, p) belonging to the spaces introduced in (2.6), (2.10), and
(2.11). The fact that (2.14) is meaningful follows from (2.6), (2.7), (4.6), and (4.8).
The corresponding space for the time derivative introduced in (2.7) can be obtained
by standard interpolations (see [8], [5], [6] for details). Next, using (3.8), (4.3), and
(4.5), it is easy to observe for all A < 0 that

T
(4.9) / lel 228 ar < o).

Next, using (1.10) and (2.3), we get after using the Holder inequality, (4.5), and (4.9)
that

T
(4.10)/ I ||1i§ii‘i dt < c/ |V (BHIHX) |1+ 3555 o 2 (1-2AA) (U4 5355) 4 dt
0 Q

<Cc(\h

and (2.13) follows. To obtain the first part of (2.12), it is enough to combine (4.6)
and (4.9). To obtain also the second part of (2.12), we first deduce by using the
Holder inequality, (4.6), (4.8), and (2.8) that

(4.11) / ([0 + [pllo] + [S[jw])minGr/s2r/Er=) 4z 4t < C.
Q

Finally, we need to find mg > 1 such that fQ |ve|?dxdt < C for all ¢ < mg. Once
having such mg we can use (4.11) to obtain the second part of (2.12).
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The first natural choice how to find such mg is to use homogeneous (homogeneous
means the same integrability w.r.t. = and t) estimates (4.6) and (4.9). Then mg is

given by the relation
1 1 1

me 2 Bt2
Consequently, to guarantee that mp > 1 we need to restrict ourselves to the case

r—1
2r—1°

6> -2

However, in the rest of this section, we show that the use of homogeneous estimates
is not optimal and one can get a better relation for mg than that which is introduced
in (2.5) and, consequently, not so restrictive condition for 3.

Thus, to find such optimal mpg, we use (2.6), (2.10)—(2.11), and Lemma 3.4. For
simplicity, since A in (2.11) can be arbitrarily close to zero, we do all estimates with
A = 0 and finally replace the possible equality by the strict inequality as is done
in (2.12). Hence, using the Holder inequality, we get that

lev|zme (@) < HUHL"'l(O,T;L”l (9)2)|\€||La2(o,T;Lbz(Q)) <G,

provided that

1 1 1 1 1

4.12 e T

( ) mpg a1+a2 b1+b2,

(4.13) L L S
' ar bi(r—1) 2(r—1)’ az  by(f+1) B+1

and that 1 < a1, as,b1,b2 < co. These identities are consequences of (3.5) and (3.6),
and the properties (2.6), (2.10)—(2.11). For the last constraint we need to guarantee
that

(4.14) as € (max(1, 84 1),00), a1 € (r,00), b €[2,7%), by € (1,00),

where r* = 2r/(r — 2) and r# =7 if r < 2 and r* = co and r# =2(r — 1) for r > 2.
Thus, solving the system of algebraic equations (4.12)—(4.13), we find that

1 3 f+2

4.1 S A

(4.15) a1 2r asr
11 30-D (-)@E+)
by 2 or asr ’
1 B+1
i
b2 ag
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and therefore for mp we get

1 3 r—B-2
4.16 —_— =+ —.

( ) meg 2r * asr

Before we choose as such that mg is maximal, let us recall the possible ranges for a1,
b1, ag, by that follow from (4.15). First, using the restriction for a; and (4.15) we

find for r < 2 that

2 2
2L oy <a(pra).
which implies
2 2
max(l, 1+ 5, @) <az <2(B+2).
Similarly, for r > 2, we get the restriction
2(6+2) 2r —1)(3+2)
— ) < _.
maX(l,l—i—B, 3 >\a2< py—

Having these ranges for as, we now choose it such that mpg is the largest possible.
Thus, going back to (4.16), we see that for r — 2 > 3 we need to choose ag maximal.
So for r < 2 we set ag := 2(0 + 2), therefore (4.16) implies that

11 1 2r(3 + 2)

41 R S _
(4.17) me r T 2Br2) T P 8ty

and we see that to get that mg > 1 we need to restrict 5 as

4 —3r

Similarly for r > 2, setting the maximal ag = 2(r — 1)(8 + 2)/(2r — 3), we get

2(r—1)(B+2)

419 _
(4.19) e

which is always strictly greater than 1 since § > —1.
For 3 > r — 2 we choose a; minimal, i.e., we choose ay := max(8 + 1, (8 + 2)).
This leads to

1 2 2
——éﬂél:mE:M,
2 3
2r(8 + 1)
1< —mp=—
s S R

Note that in all cases we obtain mg > 1.
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5. PROOF OF THE MAIN THEOREM

In order to prove the main theorem, we need several approximations in what
follows. First, since we do not know a priori that e > enin, we truncate S* and g*
as

S*(e,D) := S*(max(e, emin), D), ¢" (e, |D|27 Ve) := q*(max(e, emin), |D|27 Ve).

Note that once having the minimum principle for e, the above truncation is not
needed.

Further, to be able to use the monotone operator theory and to pass from the
Galerkin approximative scheme to the “continuous” problem we need to guarantee
that v is a possible test function in (2.14). To achieve it, we mollify the convective
term?®. Thus, let z be a standard regularization kernel. For > 0 we define z,(z) :=
z(xz/n)/n?*. Then we find some w, € D(Q) such that dist(suppw,,d?) > n and
wy(z) = 1 for all x € Q, dist(xz,0Q) > 2n. Finally, for arbitrary v € WL" we
define v, := ((vwy) * 2,)div. Note that a direct consequence of this definition is that
divv, =0in Q, v, - n = 0 on 92. Moreover, using Lemma 3.1 it is not difficult to
observe that for all v € L"(0,T; W,t") N LY(Q)

vy =0 strongly in L9(Q).

Finally, we replace the balance of the global energy (1.3) by the balance of the
internal energy (1.15) for which the standard theory for parabolic equations can be
easily used. Thus, our final approximative system takes the following form:

(5.1) dive =0,
(5.2) v 4 + div(v, ® v) — div S*(e, D(v)) = — Vp,
(5.3) e+ + div(vye) + div §* (e, D(v), Ve) = §*(e, D(v)) - D(w),

with the boundary conditions (1.5) and (1.7) and the initial conditions (1.4) where
Ey := %|vo|+eo. The existence of a solution to (5.1)~(5.3) is established by using the
“double” Galerkin approximation scheme and the monotone operator theory. Once
having a solution to the approximative system (5.1)—(5.3), we introduce the equation
for the global energy and let  — 0. In order to be able to identify the limits of
the nonlinear term we use the Aubin-Lions lemma, the Div-Curl lemma (see [19]),
and the compactness of the velocity gradient that is achieved by using the so-called

3 This mollification is not needed in case r > 2 since in this case one can use the velocity
field as a test function in (2.14).
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L* truncation method. For more details we refer an interested reader to [6], where
the three-dimensional case is treated.

5.1. Galerkin approximation
Let {w;}32; be a basis of Wl that is orthonormal in L?(€2)? and such that

n,div

w; € Whe for all j € N and all ¢ € (1,00). Assume that {w;}52, is a basis

n,div

of WLQ(Q) again orthonormal in L?(2). Then the Galerkin approximation to (5.1)—
(5.3) has the form:
For k,l € N we look for the functions

k !
vhl = Z M w; and M= Z A (tyw;
i=1 i=1

that satisfy the system of ordinary differential equations

d
(54) &(Uk’la wj) - (’vrl?l ® kaa vw]) + (Sk’la vw]) + a(kav wj)aﬂ =0

forj=1,....k and

d
(55) (€ w) = (e, V) — (¢, Vuy)
= (8" DM w;) + a(|v™! P w)) a0
for j =1,...,1. Here, we set for simplicity

DAL= D(whl), 8P i= §5 (M DR, ghl = g* (P, DM wek),

The system (5.4)—(5.5) is completed by the initial conditions

k
—vo Zcoj'wj—P vy,

!
efl0) = egl = Zdlg}l'wj = Pl(rl/k *€),
j=1

L?(Q2) onto the
span{w,...,wy}, span{ws,...,w; }, respectively. Note that here we also mollify

where P* and P! denote the projections of the spaces Ln div?

the initial condition eq, since we want to use the standard L? theory for parabolic
equations for which the smooth initial data are needed, which is not our case since
we assume only that ey € L*(Q).
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The assumptions on S* and g* and the Carathéodory theory for ODE enable us
to establish the existence of solutions ¢¥*!(¢) (i = 1,...,k) and d?’l(t) G=1,...,0

i
to (5.4)—(5.5) defined on [0,Tp) for some Ty > 0, and by using the estimates estab-
lished in the next subsection we can extend the solution to the whole time interval

(0, 7).

5.1.1. Estimates uniform w.r.t. [ and the limit for | — co. First, we derive
uniform estimates (that can however depend on k). Multiplying the jth equation
in (5.4) by c?’l, taking the sum over j = 1, ..., k and integrating the result over (0, t)
for t € (0,T) (that is nothing else than testing by v*!), we get

t
(5.6) lo™ @)1 + 2/0 (8%, D5 4 20" | 2 g0y dr = [|vg™ 13-

Here, we have used the fact that (v)! ® v*!, VoR!) = 0 (see [6], [16] for details).
Therefore, using (2.1) and the Korn inequality we observe that

T
(5.7) S I (0113 +/0 [T + 05122002 dE < C,

where the constant C' does not depend on k, [, . Moreover, the same procedure as
in Section 4 gives that

(5.8) /OT [v*H3rdt < C.

It is also an easy consequence of (5.7) and the orthonormality of w; that
(5.9) | <C foralli=1,... k.

Moreover, using (5.4)—(5.9) we immediately get that

(5.10) (5 tlloe < C(k) foralli=1,... k.

7

Having (5.9)—(5.10) and using the properties of the chosen basis, it is standard to
show that there is a not relabeled subsequence such that

(5.11) M —=* ek weakly® in W°(0,T),
(5.12) Pl — vk strongly in C(0,T;W,29) for all ¢ € (1, 00).
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Next, using the convergence results (5.11)—(5.12) and the standard procedure for
parabolic equations applied to (5.5) (see [6]), we can find a not relabeled subsequence
such that

(5.13) bl ~ b weakly in L?(0,T; WH2(Q)),

(5.14) eyl —eh  weakly in L*(0,T; W~ 12(Q)),

( ) q"' — ¢* weakly in L2(O7 T; L*(Q)),

(5.16) Pl — ek strongly in L(0,T; L9(Q)) for all ¢ < 4,

and such that

d
(5.17) a(vk,wj) - (vf, ® v’“,ij) + (Sk,ij) + a(vk,wj)ag =0

forall j=1,...,k and

(5.18) (el ¢) — (ve", Vip)g — (d", Vp)g = (8", Vo' p)q + a(|v" %, p)an

for all ¢ € L2(0,T; W2(Q)). Here we denoted S* := S*(max(emin, €*), D(v¥)) and
q" = q*(max(emin, €), D(v*), Ve¥). The attainment of the initial condition, i.e, the

fact that v*(0) = P*(vg) and €*(0) = ry/x * €o is standard and we refer to [6].
Moreover, having (5.12) we can deduce that

(5.19) el (@) < C(k)
and then by using the minimum principle argument, it is also easy to observe that
since eg > emin and therefore T1/k*€0 2 emin as well, we have that e* > enin ae. in Q
we again refer to [6] for details.

5.1.2. Estimates independent of k. Similarly to the above, multiplying the

jth equation in (5.17) by c?, taking the sum over j = 1,...,k and integrating the
result over (0,t) for t € (0,T), we get

t
(5.20) lo™ @15 + 2/0 (S*,D(v")) + 200" || (g2 dT = |05 13-

Hence, using (2.1) and the Korn inequality we observe that

T
(521)  sup |oF@)3+ / 0"

L+ ISP + 110" 12 o0y dt < ©
te(0,T)
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and
T

(5.22) / [vF||3mdt < C.
0

Next, we follow the procedure described in Section 4. First, setting ¢ = 1in (5.18),
we get (using that e > epin > 0)

(5.23) sup [|e*(t)| < C.
t€(0,T)

Next, taking ¢ = (eF)* with —1 < A < 0 in (5.18) (note that ¢ is bounded since
e¥ > emin > 0 and it can be deduced that it is a possible test function, see [6] for
detailed explanation) and using (5.21), we get similarly to (4.5) that

T

(524 | IEEeRm < oo,
0

Similarly, following (4.9), we obtain a uniform bound

r 24\ 1+2355
(5.25) / Hek”gizix + g, i dt < C(AY) forall —2 <A<
0 5

22+1
1+3725

It remains to deduce estimates for time derivatives. Thus, using (5.21) and the fact
that we have mollified the convective term, we can deduce that

(5.26) [0l xr2ry. < CO7H).
Similarly, using (5.21) and (5.25) we can deduce that for sufficiently large m we have

(5.27) %] a0, 7ew—1.m7 (@) < C-

5.1.3. Limit for k£ — co. Using (5.21) and (5.26), we see that we can find a not
relabeled subsequence such that

(5.28) 'vf“t —wv,; weakly in (Xgizr)*,

(5.29) vF =% v weakly* in L>(0,T; L*(Q)?),
(5.30) v* v weakly in X777,

(5.31) S¥ ~S  weakly in L (0, T; L" (2)%?),

and therefore after using the Aubin-Lions lemma and Lemma 3.3

(5.32) v® — v strongly in L9(0,T; LY(Q)?) for all ¢ € [1, 2r),
(5.33) v® — v strongly in L*(0,T; L*(99)?).



In the same way, using (5.24) and (5.25) we can find a subsequence that is again not
relabeled such that

(5.34) ek —e weakly in L9(0,T; LY(Q)) for all ¢ < 2+ 3,
442
(5.35) q" —q weakly in LI(0,T; L9(Q)?) for ¢ < 3 i 22,

BtA+1 BHAF+1
2 —~ e 2

(5.36)  (e") weakly in L2(0, T; Wh2(Q)).

In order to show the strong convergence of e, inspired by [13], we use the Div-Curl
Lemma®. Indeed, defining w* := (¥, ekvf +gF, eFvh +¢) and uk := ((e¥)™,0,0) for
some 0 < m < min(1, (3 +2)), we see with help of (5.21) that div,, w* is bounded
in L1(Q) and with help of (5.24) we have that Curl,, u* is bounded in L%(Q).

Therefore, applying the Div-Curl Lemma we observe, after using the bound (5.25)
and the strong convergence result (5.32), that

'wk'uké'w'u

with w := (e, ev; + q1, €*v2) + @ and u := (€™, 0,0). Consequently, we get
(eF)ymtt  eem,

Thus, using the convexity of the (m + 1)st power, we have that e™*! < ee™ and

consequently, since e is positive a.e. in ) we obtain e™ < e™. On the other hand, we
have from the concavity (as m € (0,1)) that e”™ > e™ and therefore e™ = e™. Since
the mth power is strictly concave, this relation implies (for a subsequence) that®

(5.37) ef —e ae inQ.

Thus using (5.32), (5.34), the definition of mg (2.5), (5.37), and the estimates es-
tablished in Section 4 we observe that

(5.38) ek —e strongly in L9(0,T"; LY(2)) for all ¢ < 2+ 3,
(5.39) eFvP — ev  strongly in L™(0,T; L™(Q)?) for all m < mg.

First, we identify the limit of (5.17). Having (5.28)—(5.33), it is easy to obtain (by
using the fact that w; is a basis of W)

(5.40) (v, w) — (v, ®v, Vw)g + (S, Vw)g + a(v,w)r =0

r,2r
for all w € X3,

4In fact, if § is sufficiently large one could simply use the Aubin-Lions lemma.
® See [19] for details.
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Moreover, it is standard to show that the initial condition is attained in the following
sense (we refer to [16] for details):

(5.41) lim |lv(t) — vo]|2 =0,
154>04r

and since v is a possible test function in (5.40), one can also obtain (by using (5.29))
that
v € C(0,T; L*()?).

Hence, to obtain the convergence result for (5.17), it remains to show that
(5.42) S =S%(e,D(v)) a.a. in Q.

However, this can be achieved by using the Minty method and the strong conver-
gence results (5.32)—(5.33) and (5.38), here we refer again to [6] for a detailed proof.
Moreover, since S* is strictly monotone, see (2.2), we immediately deduce from (5.42)
that (for a subsequence)

(5.43) D(v") — D(v) a.e. in Q.
In addition, we can deduce that
Sk — 8*(e* D(v))] - D(v* —v) — 0 strongly in L'(Q)
from which it follows that
(5.44) Sk .D(v*) = S-D(v) weakly in L'(0,T; L*(2)).

Consequently, using (5.18) and (5.44), one can strengthen the information (5.27) and
deduce that for a subsequence

(5.45) e — ey weakly in L'(0,T; W1 (Q))

for some sufficiently large m. Thus, using (5.34)—(5.39) and (5.44)—(5.45), we can let
k — oo in (5.18) to observe

(5.46) (e, ) — (vye, Vo) — (4, V)q = (S, D(v)¢)q + allv]*, ¢)r
for all ¢ € L>(0,T; L>(Q)) N L™(0,T; WH™(Q2)) for some m > 1.

Hence, to establish the convergence k — oo it remains to show that
(5.47) g=q"(e,D(v),Ve) ae. inQ.
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Using (1.10), we see that it is enough to show that
(5.48) K*(eF,|D(vF)|)Ver — k*(e, D(v)|)Ve weakly in L' (0, T; L (Q)?).

Since we can rewrite this term as

e vy A S L U [ El

we can use (5.36) and therefore to prove (5.48) it is enough to show that
(5.49) K*(eF, ID("))) ()20 S k*(e, D(v))ez PN strongly in L*(Q).

Since we have already established pointwise convergence (at least for a subsequence)
of D(v*) and e*, see (5.38) and (5.43), it is enough to show that

(5.50) / K5 (e*, ID(0*))) (") 2PN P+ qzdt < ©
Q

for some £ > 0. Indeed, having (5.50) and the pointwise convergence, one can use the
Vitali theorem to deduce (5.49). Thus, using (2.3), assuming that max(—3, —1-/3) <
A < 0 and setting € :=2(2A+1)/(1+ 58— A) > 0, we get

/IH*(G’“,ID(vk)I)(e’“)%“_ﬂ_”l“edxdt
Q

C/ )z (IH8-2C+) qgdt = c/ +2+)‘dxdt(< CA™H.

Thus, the proof of (5.47) is complete. The proof of attainment of eg is postponed to
the next subsection, where a more difficult case is treated.

5.1.4. Reconstruction of the pressure p. In this subsection we reconstruct
the pressure p corresponding to the equation (5.40). We recall the theory developed
in [8], [6] where the existence of the pressure p € L" (Q) is established and where
the following identity is shown:

(5.51) (v, w) — (v, ®v,Vw)g + (S, Vw)g + a(v, w)r = (p,divw)g
for all w € X™%".

Moreover, the pressure p is given as p := p1 + p2 + p3 with fQ p;=0fori=1,2,3
and the particular pressures solve for a.a. t € (0,T) and all p € W27 (Q) such that
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Ve € WL the identities

(5.52) (p1, Dp) = (S, V),
(553) (an ASD) = _(”n v, v230)a
(5.54) (p3, p) = (v, Vp)oaa.

5.2. Limit n — 0
In this subsection we complete the proof of Theorem 2.1. To do so, we first denote
(v, e, p", 8" q") a solution to (5.51) and (5.46).

5.2.1. Uniform estimates and weak convergence result. Using weak lower
semicontinuity of norms, the Fatou lemma, and the uniform estimates (5.21)—(5.25),
we have

(5.55) sup ([lo"(6)[13 + [[e"]1)
te(0,T)

T
+ /0 [0 17 + 1[5 + 187117 + [[0" 122 (002 dt

’ 75 (B+A+1) 12 = 71 B+24+X
+/ [(e")> 12+ llg IIH% +[le"[5aoh dt

<o,

Next, we deduce a uniform bound also for the pressure. First, setting ¢ := N ~1(p2)
in (5.54), we get with help of Lemma 3.1

193113 = (", Vp)aa < Cllv"|[ 2002 ]1¢ll2.2 < Cllv"[| 2002 IP3]]2-

Consequently, using (5.55) we have that

T
(5.56) / P22 dt < C.
0

Ul

Similarly, setting ¢ := N1 (|p}|" ~2p! — o [p7|" ~2p" dz), we get by using Lem-

ma 3.1
IpTlly = (87, V29) < ISl IV 3¢l < ClIS |l IpT ]I~

and by using (5.55) we deduce that

T
(5.57) [ wtizae<c
0
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Finally, setting ¢ := N 1(|pd|"?p3 — {, [p3|"~?p3 dzx), we again obtain with help of
Lemma 3.1

13117 = —(vy) @ v", V2p) < [lvg @ v"||. |Vl < Cllo"II5, P31
and consequently (5.55) implies
T
(5.58) / Il dt < C.
0

Thus, combining (5.56)—(5.58) we see that the following uniform bound holds

T . ’
(5.59) / lp"||™inrr) 4t < C.
0

min(r,r’)

Thus, using (5.55), (5.59), and the identity (5.51) we obtain

(5.60) /0 o

and also using (5.55) we have that, see [8], [6] for details,

min(r,r")
W;l,nlin(r,r’) dt g 07

i

(5.61) ||'UZH(XS£T/(2T—3))* < C.
Moreover, we can observe that
(5.62) el L1 zw—1.07 )y < € for sufficiently large o.

Therefore, using (5.55), (5.59)—(5.61), Lemma 3.3, the Aubin-Lions lemma, and the
Div-Curl lemma, we can extract a not relabeled subsequence and find (v, p, e, q,S)
such that®

(5.63) v’y = v; weakly in L) (o, 7 W bmin(r))y n (ng/r/(zr*:s))*,
(5.64) v —=* v weakly* in L"(0,T; W) N L>(0,T; L*(Q)?),

(5.65) v! —wv  strongly in L%(0,T; L9(Q)?) for all ¢ < 2r,

(5.66) v" —wv  strongly in L?(0,T; L?(09)?),

(5.67) e" —e  strongly in L™(0,7; L"(Q2)) for all n < 2+ 8,

(5.68)

BHA+1 BHA+1
2 — e 2

(M) weakly in L2(0,T; W'2(Q))

forall —1 < )\<O,

(569) pn —p Weakly in Lmin(r,r/)(o’ T, Lmin(r,r/)(Q))’
(5.70) S7 =8  weakly in L" (0, T; L" (€2)%*?),

4+2
(5.71) q" —q weakly in L™(0,T; L™(Q)?) for all m < 3 i 2?.

6 Here we use the same procedure as in the previous subsection to show pointwise conver-
gence of e".
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Having these convergence results, one can easily let n — 0 in (5.51) to obtain (2.14).
It is also standard to deduce the first part of (2.17). Moreover, defining E7 :=
20" 4 €7, setting w := v"¢ in (5.40), adding the result to (5.46) and letting  — 0
it is not difficult to obtain (2.15), we refer to [6] for details. Hence, to complete the
proof, it is enough to show the second part of (2.17), i.e., the attainment of ey, and
to show the pointwise convergence of D(v"). Indeed, once having this convergence
result, we can easily show that S = S*(e,D(v)) and, similarly to the preceding
subsection, that g = g*(e, D(v), Ve) a.e. in Q). Moreover, one can also use the Fatou
lemma and to let n — 0 in (5.46) to obtain (2.10) and (2.16).

5.3. Pointwise convergence of D(v")

In this subsection we use the so-called L truncation method (applied first to the
scalar parabolic equation in [4], see also [3], [2], and generalized to the Navier-Stokes-
like system in [14]) to obtain the pointwise convergence of the velocity gradient. In
fact, we slightly improve the method in such a way that no diagonal procedure for
extracting a subsequence is needed. First, we define

(5.72) 9" = [VoIl" + [Vo[" + (|87 + [S*(e”, D(v)))(ID(v")] + [D(v)])

and from (2.1) and (5.55) it follows that
(5.73) / gTdxdt < C
Q

independently of 1. Next, we prove the essential observation that will be used in the
sequel.

Lemma 5.1. Let g" be defined through (5.72). Then for all j € N and alln > 0

g+ 29

there exist a constant L, € (272" 272" ) and a set E;, C Q defined as
Ejy = {(t,2) € Q; L], < [v"(t,2) — v(t, )| < Ljn}

such that

(5.74) / g"dzdt <277,
E

3sm

Proof. First, for fixed j, n we define recurrently for k = 0,...,2/

LO = 2_22]‘

)

Ly=I2 = L,=2"22
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and introduce the sets
E = {(t,.l?) € Q; L% < |’Un - ’U| < Lk}.

Since Ej, are disjoint, we find by using (5.73) that

2.'/
Z/ g"dxdt:/ g"dxdté/g"dxdtéa
k=1 Ek UkEk Q

Therefore, there exists k* € {1,...,27} such that
(5.75) / g"drdt <277,
By-

Thus, we can finally define L;, := Li~ and we see that (5.74) is satisfied, so the
proof is complete. O

We use Lemma 5.1 in the following way. First, we fix an arbitrary j € N. For
such fixed j we find {L;,},>0 such that (5.74) holds. Further, we define u’" and
sets Q. as

(5.76) ul = (v"—v)(l—min{ |vL—lv”|’1})7
3im

Qi =A{(t,2) € Q; v —v"| < Ly}

Since |u?| < 1 in @, we deduce from (5.64)—(5.66) that

(5.77) u? — 0 weakly in L"(0,T; Wr"),
(5.78) u?" — 0 strongly in L*(0,T; L*(Q)?) for all s < oo,
(5.79) /" — 0 strongly in L?(0,T; L*(99)?)

as 7 — 0. Next, we can observe that

(5.80) / | divw|" dz dt
Q

[v" — |
= (v —wv)-V
/Q ‘ Lijn

Jsm

T

dx dt

(5.74) .
SCL;,’/ g”da:dt—i—C’/ gldedt < C277.
T JQn\Ej Ejn
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Consequently, using Lemma 3.1 we deduce
Gsy [l de= [ VA divein), de < o2
0 0

Moreover, using (5.78) and (3.3), we get

5.82 uw’m — 0 strongly in L*(0,T; L*(Q)?) for all s < oc.
di

1

Finally, we set w := udw in (5.51) and let n — 0. First, we discuss the term with
the time derivative. Since divv" = divw = 0, we have

<’Uzv ufh?) = WZ — Uy, ujﬂi> + <’U ts ufhr\”

Now, having (5.77)—(5.79) and (5.82) we obtain that

(5.83) ul! =0 weakly in X2/
as 1 — 0. Consequently, (5.63) implies that
(5.84) lim (v, u) = 0.

n—04
For the remaining term we can observe (defining w” := v" — v)

(v — v, u) = (whw (1 - min(%, 1)) = Gllw(D)) = G(lw(O)]) >0,

Jm

where the function G is defined as

1 T
2( = < .
T (2 3Lj,n> for x < Lj .y,
G(z) =

1
EL?’" for x > L;,,
and where we have also used the fact that |w"(0)| = 0. Thus, we observe that

(5.85) hm(l)nf('v L) > 0.
n—?

Similarly, using (5.64), (5.82), and integration by parts we find that

(5.86) lim —(v,) ® v, Vuil)g = hI(I)l (v ® uh!l Vv)g = 0.
n—04

n—0
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Hence, (5.85)—(5.86) and (5.79) imply that

(5.87) lim sup(S”, D(w}))q <0,
n—04

and by using (5.81), (5.70) and the same procedure as in the preceding subsection
we derive

(5.88) lim sup(S*(e”, D(v")) — S*(e7,D(v)), D(u/"))g <277,

n—04
Therefore, using the definition of 4’ we can rewrite the last inequality as
(5.89) 0 < limsup(S*(e",D(v")) — S*(e",D(v)), D(v" —v))q,.,
n—04 :

' n_
<2—a+c/Q (187]+ IS (e”. D(w)) (V7| + Vo) L2

dz dt

.M

‘ (5.74) .
<27 + CLM/ g"dz dt + c/ g"dzdt < C277.
ij\EJﬂ/ E],,,

Finally, using (5.65) we deduce that
R\ Qjyl =0 asn—0,

and therefore by using the Holder inequality and (5.89), we have

lim sup /Q |(S*(e", D(v")) — S*(e",D(v))) - D(v" — v)|*/? dz dt

n—04

zlimsup/ —|—/
n—0+ Q\Qj,n Q

Jm

(5.73)
< Climsup|Q\ Q)| + (S*(e", D(v"))
n—04
~§*(e",D(v)),D(v" - v))g, )"/

Since j can be chosen arbitrarily, we see that the last limit is zero and by using
the strict monotonicity of S*, i.e., the assumption (2.2) and the strong convergence
of " (5.67), we can conclude that

D(v") - D(v) a.e. in Q.
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5.4. Initial conditions

This subsection is devoted to the proof of the second part of (2.17). Here we
assume that the first part of (2.17) holds (see [16] for a detailed proof). First, we set
@ := X(0,¢) in (5.18) and w := v"x(0) and sum the resulting identities to obtain

1 1
(5.90) 5[0 @15 + 1" Ol = 5llvoll + lleolls-

Thus, letting n — 04 and using (5.65), (5.67), and the Fatou lemma we obtain for
a.a. t € (0,7)

1 1
(5.91) SIvOIE + lle®x < Fllvoll3 + lleollr-

Moreover, one can redefine v and e on the zero measure subset of (0,7") so that
(5.91) holds for all ¢t € (0,T"). Therefore, using the first part of (2.17) and letting
t — 04 in (5.91) we deduce that

(5.92) limsup [[e(t)]l1 < [leolr-

t—04

Next, setting ¢ = x(0.4)(¥/Ve") in (5.46) with arbitrary ¢ > 0 such that ¢ €
Wheo(Q) (this is possible since all terms are meaningful) we deduce (using the non-
negativity of 1) that

(5.93) SVED.0) = [ @) T dr > 5 (V)
0

Hence, using (5.55), (5.67), and (5.71) we can let  — 04+ in (5.93) to deduce for
a.a. t € (0,7)

1 Lo 1
(594 SVe0) - [ @ PV ar > 5 (a0,
0
which can be again extended to the whole time interval (0, 7). Thus letting ¢ — 0,
we have
(5.95) lim inf(v/e(£), %) > (v/e0, %)
—04

for all smooth nonnegative 1 by using the density argument and (2.10) for all non-
negative ¢ € L?(Q2). Therefore, we have

timsup | /e(?) — v/} = limsup [le(t) + [lcolls = 2(v/e(0). va)
—04 — U4

(5.92), (5.95)
< 2feollr —2fleollr =0
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and (2.17) follows. Thus the proof of Theorem 2.1 is complete. The proof of Corol-
lary 2.1 is then a consequence of the standard theory for the heat equation with

an L'-right-hand side and of the fact that for » > 2 the velocity is a possible test
function in (2.14).
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