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ON THE REGULARITY OF TWO-DIMENSIONAL UNSTEADY
FLOWS OF HEAT-CONDUCTING GENERALIZED NEWTONIAN
FLUIDS

MIROSLAV BULICEK, JOSEF MALEK, AND TIMOFEI NIKOLAEVICH SHILKIN

ABSTRACT. We study regularity properties of unsteady flows of an incom-
pressible heat-conducting fluid in a two-dimensional spatially periodic setting.
Under certain structural assumptions on the Cauchy stress that include gen-
eralizations of the Ladyzhenskaya or power-law like models we establish the
existence of a classical solution to such problems.

1. INTRODUCTION AND MAIN RESULTS

In this study we investigate the long-time and large-data regularity properties of
unsteady flows of homogeneous incompressible heat-conducting fluid in two spatial
dimensions. For simplicity, we restrict ourselves to a spatially periodic setting. In
other words, we are interested in classical solvability of the following system of
equations

dive =0,
(1.1) vy +divio®@wv) —divS = -Vp+ f,
E,+div(v(E+p)) +divg—div(Sv) = f - v,

that is supposed to be satisfied in the space-time cylinder Q7 := Q x (0,7, where
T is the length of time interest and  := (0,1)? is a unit cube in R?. The system
(1.1) is complemented with the following initial and “boundary” conditions

(1.2) v, E.p,q,S are spatially periodic,
(1.3) olt,z) = vo(x),  Elt,z) = Folx).

In (1.1)-(1.3), v : Q7 — R? denotes the velocity field, p : Qr — R is the mean

normal stress (the pressure), S : Qr — Rzyxn% the constitutively determined part of

the Cauchy stress, q : Q7 :— R? denotes the heat flux, E : Q7 — R, is the density
of the global energy of the fluid and f : Q7 — R? denotes the density of the external
body forces. The equation (1.1); represents the incompressibility constraint that

Date: December 6, 2013.

2000 Mathematics Subject Classification. 35Q35.

Key words and phrases. regularity, heat-conducting fluid, power-law like fluid, generalized
Navier-Stokes-Fourier fluid, Ladyzhenskaya system.

Miroslav Bulicek and Josef Mélek contribution to this work was supported by the project
GACR 201/09/0917. Timofei Shilkin thanks to Jindfich Necas Center for Mathematical Modeling,
the project LC06052, financed by MSMT for its support. M. Buligek is also thankful to the Karel
Janecek Endowment for Science and Research for its support.

M. Bulicek is a researcher in the University Centre for Mathematical Modelling, Applied Analysis
and Computational Mathematics (Math MAC); he and Josef Mélek are members of the Necas
Center for Mathematical Modeling.



2 M. BULICEK, J. MALEK, AND T. SHILKIN

is for a homogeneous fluid equivalent to the mass balance equation. The second
(vectorial) equation in (1.1) is then the balance equation for linear momentum and
the last equation (1.1)s represents the balance of (total) energy.

In order to study a complete system of partial differential equations, we have
to add to (1.1) constitutive relationships for the Cauchy stress, the heat flux and
the global energy. First, the global energy is given as the sum of the kinetic and
the internal energy, i.e., denoting by e the internal energy of the fluid, F takes the
form F := %|’v|2 + e. In addition, we have to specify how the density of the internal
energy e depends on other state variables that in our setting means how it depends
on the temperature. Thus, denoting 0 the temperature of the fluid we will in what
follows assume for simplicity that e = ¢,0 and we in addition set ¢, = 1. Similarly,
for the heat flux g we will consider the Fourier law, i.e., we will assume that

(14) —q = nOVF),

and we also set kg = 1. Finally, for the part of the Cauchy stress we assume that
it takes the form

(1.5) S =5(0,D(v)) = 2v(0, |D(v)|)D(v), D(v):= %(w +(Vo)T),

where v denotes the kinematic viscosity of the fluid. Substituting all these relations
into (1.1) and assuming also for simplicity that the external body forces are zero
we get the following system

divew =0,
(1.6) v, +diviv @ v) — divS(,D(v)) = —Vp,
(|v]?/2 + 0) ; + div (v(|v\2/2 +6 +p)) — A —div(S(6,D(v))v) = 0.
Finally, if we assume that the solution is smooth enough, we can take the scalar

product of (1.6)2 with v and subtract the result from (1.6)3 to get the following
final system of partial differential equations

divv =0
(1.7) v+ diviv @ v) — divS(0,D(v)) = —Vp in Qrp,
0+ + div(vd) — A =S(0,D(v)) : D(v)
(1.8) v and 6 are spatially periodic
(1.9) v(0,2) = vo(z), 0(0,2) = 0p(x)(> Omin > 0).

Note that the systems (1.6) and (1.7) are equivalent if and only if we can multiply
(1.6)2 by (or use as a test function in the weak formulation of (1.6)2) the velocity
v. If it is not the case, the system (1.6) is preferable since it represents the primar
formulation of the balance of energy where all its terms are in the divergence form.
As we are interested in regularity of such flows, we will always observe that v
is an admissible test function in balance of linear momentum and therefore the
“equivallence” described above can be justified. For more details concerning the
existence analysis of the system (1.6) we refer to [4, 5, 6]. For physical motivation
of such models we refer to [18].

The problem (1.7) is the system of nonlinear PDE’s where the nonlinearity is
present even in the leading elliptic term in (1.7)3, and in the heat equation, i.e.,
in (1.7)3, it enters the right-hand side where it represents the term with critical
growth. Such a system belongs (at least formally) to the so-called class of systems
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with strong nonlinearities; see [11]. For these systems, in contrast to the scalar
quasilinear equations, there is so far no regularity theory, and various counter-
examples show that such a theory is not in general possible even if the leading elliptic
term is of the diagonal form, see eg. 7, 10, 12, 24]. Even more, if one assumes that
the viscosity depends only on the temperature, the system (1.7) becomes linear
w.r.t. velocity v in the highest order term in momentum equation (eq (1.7)2) but
is still strongly nonlinear because of the critical term on the right hand side of
(1.7)5 and up to our best knowledge there is no regularity theory available even in
two-dimensional setting if we merely assume that

(1.10) v(6, D) = v(0), 0<vy<v(s) <, [V (s)] < va.

The only known regularity result concerning (1.10), we are aware of, is established
in a recent work [3] where the authors proved the maximal L? regularity theory
for the generalized Stokes system (i.e., the system (1.7) without convective terms)
provided that the viscosity in addition to (1.10) satisfies

1 V'(s) 1
B 15(8 — Gmin) - l/(S) B 15(5 - emin) .

Note that (1.11) is satisfied for a large class physically relevant viscosities; see [3].

In the present study we consider a different subclass of viscosities v, of the
form (1.5) satisfying the assumptions (1.12)—(1.13) below, for which the kind of L?
maximal regularity can be obtained directly from a priori estimates. Having then
such estimates, we are able to show that we can continue in the regularity ladder
and establish better properties for the velocity and the temperature that finally
suffice for an application of the theory' developed for the stationary as well as
evolutionary generalized Stokes problem by Kaplicky et al.; see [13] and [14]. The
fact that such a scheme is successful in our setting is based on an observation that
the time derivative and the second spatial derivatives of the temperature belong to
L1(Qr) for some ¢ > 2. Saying differently, the purpose of this study is to identify
the class of temperature and shear dependent viscosities so that, for large smooth
data, the planar flows for the resulting generalized Navier-Stokes-Fourier system are
described by the Hélder continuous velocity, pressure and temperature fields that
have Holder continuous spatial and time derivatives (it then implies that solution
is as smooth as data permit).

Before we formulate the assumption on the viscosity v and also the main theorem
of this paper, we introduce notation that we will use in what follows. The vector-
valued functions will be denoted by bold italic, i.e., v(t,z) : Qr — R2, similarly
the tensor-valued functions by bold capital letter, e.g. D. Through the whole paper
we also use Einstein summation convection over repeated indices. For simplicity,
we also denote u - v = u;v; = Z?:l u;v; the scalar product of the vectors w and v
and similarly we denote A : B = A;;B;; = Z?,j:l AijB;j, for scalar product of any
A.B € R**2 and |A| := (A : A)Y/2. In addition, we denote T : M?*2 — M?*?2 the
identity tensor of the rank 4. In order to simplify the notation of partial derivative,
we will frequently use v := 8871;’ and similarly v, = ‘Z,—;’. Note that using this
notation we have (Vv);; = v; ;.

(1.11)

IThe origin of this theory goes back to works by Necas and Stara developed for elliptic problems
in two dimensions; see [20] and [23]. The key tool in their approach plays LP-theory as developed
by Bojarski in [2] and Meyers in [19].
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For clarity we also introduce a notation of function spaces used in the paper. The
usual Lebesgue and Sobolev spaces equipped with the standard norm are denoted
by Lg(€2), Le(Qr) and qu(Q) The dual space to W(;“(Q) is denoted by W(;k(Q).
Moreover, for any Banach space X we use the notation X™ := X x --- x X.

m—times

We further set L, o(Qr) := Lg(0,T; Ly(€2)) to shorten notation for the Bochner
spaces equipped with the standard norm. We also use the abbreviation W,f Q) :

{v € Ly(0,T; Ly(Q)); VFv € Lq(QT),% € L,(Qr)}. Finally, for any k,m € N
and any «, 8 € [0, 1] we introduce a notation for space of Holder continuous func-
tions as C**m 8 (Qr) = {v € C(Qr); VFv € C*(Qr), ¥ € CP(Qr)}, where
C*(Q) or C*(Qr) stand for the usual space of a-Hoélder continuous functions de-
fined on Q or Q7.

Finally, in what follows we denote by the constant C,,, 9, some universal constant
depending only on the structure of the viscosity v (see (1.5)), the length of time
interval T and also on the initial data vg, g.

Next, we formulate our assumption on the Cauchy stress tensor given by (1.5),
give several examples satisfying such assumptions and then we formulate the main

theorem of the paper.

1.1. Assumptions on the Cauchy stress S. Throughout the paper we assume
that the constitutively determined part of the Cauchy stress S is given by (1.5)
and we assume that S : Ry x RZ<2 — R2x2 is at least Lipschitz mapping. In
addition we assume that there are three positive constants vy, v1 and vs, there is

some r € (1,00) and there is some A > 0 such that

85(6,D) (1+|D]2)" =
(1.12) ‘ 00 ‘ =" (1+0)23
r—2 6.D 2
113)  w+ PR AP < BUD) aga) <1 D) AP

oD

for all D,A € R2x? and all § € R.

At this point, we give two examples of viscosities that satisfy (1.12)—(1.13). Note,
that from physical point of view the viscosity should be decreasing function of the
temperature. Also note that from the point of view of engineering applications the
values of r between (1, 2) plays the most important role. We refer to [18] for details.

Hence, let us assume that the viscosity takes the form

r—2
(1.14) v(0,D) = (v(0) + 1+ D*)P) ™, p>1,
where 7 is bounded smooth nonnegative function satisfying

(1.15) 1/ (0)] < c(1+6)"2>  for some A > 0.
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It is not difficult to observe that the viscosities of the form (1.14) meet the condition
(1.13). In order to deduce also the validity of (1.12) we can compute

05(0.0)| _ o [9v(6.1DF)
o0 o 00
Ir — 2| o 2,
= DI (3(6) + (L4 DY) T 1/ (6)
<ug(1460)" 3 (4(0) + (1+ D)) %

r—1-—2

<vs(1+6)" 2> (1+D2)" 7

and we see that if we chose p > 7 the inequality (1.12) holds.
The next example,

v(6,|D|?) = arctan(1 + v(6) + |D|?),

describes a fluid for which (1.12)—(1.13) hold with r = 2, yet the relation between
S and D is nonlinear.
Finally, we finish this subsection by summarizing the consequences of the as-
sumptions (1.5) and (1.12)—(1.13).
Lemma 1.1. Let r € (1,00) and assume that S satisfies (1.5) and (1.12)—(1.13).
Let
ID|

(1.16) m(6,D) := / v(0,T) dr.
0

Then m satisfies the following inequalities
(1.17) c1(1+[D(v)|*)2 <m(6,D(v)) < e2(1 + [D(w)[*)2,
om(6,D(v))

(1.18) ‘ 50

\ < o1+ D@)P)F(1+0) 3,

Proof. The estimates (1.17) are direct consequences of (1.12). The second relation,
i.e., the inequality (1.18), can be deduced by using (1.5) and (1.13). We refer reader
to [17] for details. O

1.2. The main theorem. Some results on the existence of the weak solutions to
the system (1.7)—(1.9) can be found in [6], [9]. In order to prove the existence of
classical solution to (1.7)—(1.9) we need to assume smoothness and compatibility
conditions on the initial data. Namely, we assume that

J a >0 such that vy € C2T(R?)2, @y € C>T*(R),

(1.19) vy, By are Q-periodic.

The main result of the present paper is the following theorem:

Theorem 1.1. Let S be given by (1.5) and satisfy (1.12)—(1.13) for some r €
(3,00). Then for any vo and 0y satisfying (1.19) there ezists a triple (v,p,0) such
that

(1.20) v eCHHTE(Qr)’, VpeCmE(@Qr)', 0€CTEQr),
which solves (1.7)~(1.9). Moreover, this solution is unique in the class (1.20).
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The rest of the paper is organized as follows. Section 2 contains some auxiliary
tools and lemmas that are known and will be used to the proof of Theorem 1.1.
The key part of the paper is presented in Section 3 where we establish the principal
a priori estimates of the solution of the problem (1.7) in Holder continuous spaces.
Finally in Section 4 we sketch an application of the variant of the Leray-Schauder
fixed point theorem which is appropriate for our case.

2. AUXILIARY RESULTS

First, we discuss the higher integrability results for the generalized Stokes system.
We consider both time-independent and evolutionary case referring to [13] and [14]
for details.

Proposition 2.1 (Evolutionary problem, see Proposition 2.1 in [14]). Let a fourth
order tensor A = (A; ;i (z,t)) possess the following properties:
(2.1) Aiji € Loo(Qr), Aijtl = Aty = Ajir = Ajik
v|D? < A(z,t) : (D®D) < 1y |DJ?,
for allD € R2X% and for a.e. (x,t) € Qr. Assume that F € Lq,(Qr)**? for some
qo > 2 and assume that u € WQI’O(QT)2, p € Lo(Qr) satisfy the generalized Stokes
problem with periodical boundary conditions:
u ¢ — div (AD(u)) + Vp = divF,
divu =0, wu is periodic.

Then for any q € (2, qo] such that

2
(2.2) 1- 2 <e2,

q V1
the following estimates hold:

C1
(23) ||vu||Lq(QT)2><2 S 70||F||Lq(QT)2><2,
1/q
v

(2.4) ullzo1L,22) < 0211/70||F||Lq(QT)2x2a

where ¢;, 1 = 0,1,2, are some absolute constants.
Proposition 2.2 (Stationary problem, see Proposition 2.2 in [13]). Let a fourth
order tensor A = (A1 (x)) possess the following properties:
(2.5) Aijri € Loo(2), Aijrt = Arij = Ajir = Aijik

voD|* < A(z) : (D®D) < 1 |DJ?,
for allD € RZ<Z and for a.e. x € Q. Assume that F € Lg, (Q)**? for some qo > 2
and assume that uw € W3 ()2, p € La(Q) satisfy the generalized Stokes problem
with periodical boundary conditions:

—div (AD(u)) 4+ Vp = divF,
divu =0, wu s periodic.

Then for any q € (2,qo] satisfying (2.2) the following estimates hold
C
(2.6) [Vul L, @< < 70|\F||LQ(Q)M2~

In conclusion we recall some known facts of the theory of functions.
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Proposition 2.3 (see [16]). For any w € W, (Q) with g > 2 there holds

o\
sup |w(x)| < (1 2) [Vwllz, (c)2-
zEN ~ g

The following proposition is proved in [21]:

Proposition 2.4 (see [21]). Assume that Vv € L (0,T;C*(2)?) and that Vv, €
Ly(Q7)?* for some q > 1. Then there is ag € (0,1) such that

Vv € CO‘O’QTO(@)Z.

Here chosen scheme of the proof of the classical solvability of the system (1.7) is
based on the two general statements®. The first one is the theorem on existence of
the classical solution to the generalized Navier-Stokes fluid (sometimes called the
Ladyzhenskaya system) (see Kaplicky et al. [14]), and the second is some variant
of the Leray-Schauder principle (see [16]). We reproduce their statements here for
the completeness.

Proposition 2.5 (generalized Navier-Stokes (or Ladyzhenskaya) system, see The-
orem 1.1 in [14]). Assume that 3 < r and thatS is independent of the temperature 6
and satisfy (1.5) and (1.13). Assume that vy € C>+*(Q)? is spatially periodic. Then
there exists the unique couple (v, p) satisfying v € C2T1+5(Qr)2, Vp € C*% (Qr)
that represents the classical solution of the Ladyzhenskaya system

v+ diviv ® v) — divS(D(v)) + Vp =0,
(2.7) dive =0,
v(0) = vg, v is spatially periodic.

Moreover, this solution is unique in the class of all strong solutions to the system
(2.7).

Proposition 2.6 (Leray-Schauder, see [16]). Let X be a Banach space, Br =
{u € X : |lullx < R}, and assume

d,:BrC X — X, T €1[0,1]
is a family of non-linear operators such that

(1) for any 7 € [0,1] the map ®.(-) is continuous on Bg,
) sup ||®-(u) — P (u)[[x =0 as T — 10,

u€BR

) for any T € [0,
)

0,1] the set ®,(Bg) is precompact in X,
for any T € [0,

1
1] and for any u € Br such that u = ®.(u) we have

(2.8 lullx <R

(2
(3
(4
)
(5) there is a unique ug € Br such that ug = ®g(ug).
Then there is at least one w € B such that u = ®1(u).

2Note that it is possible to built the solution via the Galerkin approximations and uniform
apriori estimates established below. These estimates, at an appropriate point, allow one to take
the limit and obtained the strong solution for which one can proved the C1:®-regularity results
similarly as it is performed here
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Finally, to verify the validity of all conditions of Proposition 2.6 for the solu-
tion operator corresponding to the problem (1.7), we need the following result on
the continuous dependence of solutions to the generalized Stokes system on the
coefficients.

Proposition 2.7 (Continuous dependence on the coefficients, see [22]). Let for
any m € N, w™ denotes solutions to the following problem

U’T 7Amv2wm +vqm — f’m,
(2.9) divw™ =0

m

w™(0) = vy, w is spatially periodic,

with the tensor A™ := A}y (x,t) satisfying (2.1). Assume [|A™|co.0q ggyze < 00
for some ag > 0, and A™(x,t) — A(z,t) a.e. in Qr as m — co. Assume also that
™ — f in Ly(Qr) for some s > 1. Then

(2.10) w™ = w strongly in - W2(Qr).
In particular, if s > 4, then for some o > 0
(2.11) w" s w in CTTE “(@Qr).

3. A PRIORI ESTIMATES

In this section we derive formally (under assumption that the solution is smooth)
some a priori estimates. These estimates can be however justified by using the semi-
Galerkin procedure (see [5] for details) since in the periodic setting it is allowed to
use —/AAw as a test function in balance of linear momentum. Therefore in principle
we establish the existence of weak solution to (1.7)—(1.9) and we show which kind
of regularity such constructed solution has.

In the rest of this section we will always assume that S is given by (1.5) and
satisfies (1.12)—(1.13) with some fixed r € (1,00). Moreover we will always assume
that the initial data satisfies (1.19). To simplify the notation we will usually omit
writing of dependence on (z,t) whenever it is clear from the context.

We begin with the first a priori estimates.

Lemma 3.1 (First a priori estimate). Let (v, p,0) be smooth solution to (1.7)—(1.9).
Then 0 > 0pin a.e. in Qr and the following estimates hold

(3'1) H,UHQLz,OQ(QT)2 + ||,U||7" L0Qr)2 < CHUOHS < C'Uo,eo’

(3.2) 101z, o @) +/

for all A > 0.

Proof. The proof of (3.1)—(3.2) is standard. To obtain (3.1) it is enough to mul-
tiply balance of linear momentum (1.7); by v and integrate over Qr. Since v is
divergence free field, the convective term and the pressure term vanish after inte-
gration by parts. Finally, it is enough to use the structural assumption (1.5) and
the growth assumption (1.12) together with the Korn inequality. Since the right
hand side of the heat equation (1.7)3 is non-negative (which follows from (1.5) and
(1.13), see e.g. [5]) it is easy to deduce that 0(t,x) > 0y(x) > Opin a.e. in Qp. Then
integration over Q of the heat equation, and use (3.1) leads to the first estimate in

| 2

sy dz dt < C(A™1)([lvol3 + [160ll1) < Cog 60
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(3.2). The second estimate in (3.2) can be obtained by using §~* as a test function
for the heat equation. We refer to [1] or [5] for details. O

Next, we derive the estimates for the second spatial derivatives.
Lemma 3.2 (Estimate of the second spatial derivatives). Let (v,p,0) be a smooth

solution to (1.7)~(1.9). Then the following estimates hold

r—2
VoI, . ryoes + [ (1 D@ (V20 di di < C T
(3.3) s
S O’Uo,eo'

In particular, we have

(3.4) D@ 1200, < Cootor

Proof. Multiplying the momentum equation (i.e., equation (1.7)2) by —Aw, inte-
grating the result over Q) and using integration by parts, we obtain (note that the
pressure term again vanishes)

sivelz+ [ BESO) v @ D(ve)) dr
Q

:_Q/<(‘3S(95|03(v))®v9) :D(V'u)dx—ﬂ/div(v®v)-Avdx

=: 11 + IQ.

Next, using (1.13) we obtain that the second term on the left hand side can be
estimated as

/% . (D(Vv) © D(Vw)) dr
(35) o

> [ (14 D) F (Vo) do = (0.

For the term I we get

3vi (91}' 8’Uk
I == 7‘7 d =
2 /8xj Oz, Oz; z=0,
Q

where for the first identity we used integration by parts formula, and in the second
inequality we used the fact that we study the two-dimensional problem and therefore
the integrand is identically zero (see [17] for details).

To estimate I; we use the assumption (1.13) and the Young inequality to get

|V r—2 1 |Vo|?
I, < Vg/ pEe (1+ ID(v)|?) = |D(Vv)| dz < ij(t) 21/ 92/\“ dx.
Q
Therefore, combining all together we end up with the estimate
Vo

39 SIvelz 4w [0+ D@ET DT dr < 0 / i ¢

Q
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Owing to the point-wise relation |V2v| < C|D(Vwv)| we can easily replace D(Vv)
n (3.6). Moreover, having a priori estimate (3.2) we see that the right hand side is
integrable w.r.t. time ¢ and therefore we can deduce the relation (3.3).

To complete the proof we need to show (3.4). It however suffices to combine
(3.3) with the following point-wise estimate

V(1 +[D(@)]") > < C(1+ [D(v)*) =" ID(Vo)[.
Thus the proof of Lemma 3.2 is complete. (]

The next step is focused on improving the regularity of the time derivative of
the solution.

Lemma 3.3 (Estimates on time derivative). Let (v,p,0) be a smooth solution to
(1.7)~(1.9). Then the following estimates hold

T / (1+ ID(@)[?) T D(v,,)|? ddt
(3.7) s

< C(llvollwz, (

2. ()25 ||00||W21(Q)) < Cvoﬁo'

Proof. Step 1: Derivation of the estimates that follow from (3.3)—(3.4) by stan-
dard interpolation techniques. First, for r > 2, we get by using the embedding
Wy (Q) < Lae+2 () and the standard interpolation inequality that

(r+2) 2(r+2)
ID@)[572, ez = ID(v >\2||L2(T+2)(m P 7

W, (@)

r rod
< ClP@)I1Z, @) IIP@)I2 [y 0

< CIID(@)[}, 2= D)
and consequently we observe that

(3-8) ID@)I72, (0)2x2 < CUD@)I, )22 D@1 15y -

4

o 4
L e POIE o

L 2(r+2)

2
Next, for r < 2 we use the embedding W;" " (Q) — L™= (Q), the standard
interpolation inequality and the embedding W3 (Q) < Wf (©) to deduce

2(r+2)

(r+2)
ID() 572, o = D) F 0 o <CID@IE 7

< C|[D(v)|2 17, @ llD(v)]? H?/W @)’

which again leads to (3.8).
Hence, integrating (3.8) with respect to time and using the a priori estimates
(3.3) and the Korn inequality we conclude that

(39) ||V’U||LT+2 (Qr)?x2 < 01)0790'
Step 2: We show that
(310) || diV(’U (24 v)||L2(QT)2 < Cvo»eo'
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Indeed, in the case r > 2 thanks to the energy estimate (3.1) we have v €
L0, T;WHQ)?) = L.(0,T; Lo (2)?) and hence after using (3.9) we obtain
T

(3.11) Idiv(v @ v)[1Z,(q. < IVOIL, (g2 / 19[17.. ()2 dt < Cug 6,
0

For 1 < r < 2 we use the following inequality (see also [17] for details)

V2v|?
Vio|? < <1+ D(v)||2 " x ) /4| — ddt.
| ”Lz(O,T;L%(Q)?“) ID( )”Lm(O,T,Lz(Q))? 2 5 (1+|D(v)|2)22
T

and obtain
(3.12) ||”||L2(0,T;Wl ©)2) < Cug,0,-
4—r
Consequently, using the imbedding W2, () — W, (Q) — L, () and also
4—r 2—r
(3.12) we conclude that

(3.13) 101 250,750 (2)2) < Cug,00)

and we see that integral in (3.11) is finite, and (3.10) holds.

Step 3: Improvement of regularity for 8 following from (3.3). First, thanks to (3.9)
and the growth assumption on S (1.13), wee see that the right-hand side of the heat
equation (1.7)3 is bounded in Lr+2 (Qr). Due to the first part of the estimate (3.3)
we also have that ||U||LOO(O,T;LQ(S;)2) < Cyy.0, for any g € (1,00). Next, we easily
deduce from (3.2) (see e.g. [5] for details) that [|0]|.,0,7;w3(0)) < Cugp, for all
q € (1, %) Consequently, using the fact that divw = 0 we obtain that

. 4
|4v(©0)l 2, @) = 10+ VOl 2 @r) < Cogo forall g€ (1,5).

Hence, moving the convective term onto the right hand side of (1.7)5 and referring
to L? maximal regularity of the heat equation (see [16, Chapter IV, Theorem 9.1]),
we deduce that

(3.14) HQHW(?l(QT) < Cog b6

r+2
r

(3'15) ||9||W2;+12 (Qr) < Cop b,

for all ¢ < % and ¢ < ’“;F—Q Hence, in case < % we directly obtain

r

On the other hand, in case that # > % we can bootstrap our estimate to still
conclude (3.15). Indeed, it follows from the standard parabolic interpolation (see
for example [8]) and (3.14) that

19610, 13, , | < Cuoso:

Using (3.3) and the fact that § € [1, 3) is arbitrary, we conclude that
[ div(v0)llL, ) = v - VOlL,(@r) < Cro.o for all ¢ € (1,2).

If # < 2 we move the convective term onto the right hand side and conclude
(3.15). Otherwise, we repeat the bootstrap argument again. It is evident that after
finite number of steps we always deduce (3.15).
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Step 4: Derivation of

(3.16) [lv,ellzo@ryz + 10tllLa@r) + IVOIL, (@22 + IVO Ly o (@r)2 < Coo -

We start with multiplying the momentum equation (1.7); by v, integrating over
Q2 and using the integration by parts (the term with pressure vanishes due to the
divergence free constraint). It leads to the identity

[0l + [ $(6.D0)) D, do =~ [0, div(wv) o
Q Q
Applying the Young inequality to the term on the right hand side and absorbing
the term with time derivative into the first term on the left-hand side, we observe
that

1 1, .
(3.17) slvelio@ + /5(9’D(v)) :D(v,) do < S| div(v ® )7, -
Q

Taking further (1.5) and the definition of m (see (1.16)) into account, we can rewrite
the second term on the left-hand side of (3.17) as

[86.0(0):D(w,) dx = 5 [ w16, D@ PID()L do
Q

Q
14 1 [ m(6,D)
Q Q

Thus, inserting this relation into (3.17) and using the Young inequality together
with (1.18) we obtain

d . 1
ol + 5 [ m(0.D(0) do < [ aiv(o © )20 + 3 1l
(3.18) t 2
: Q
+ C(ID@)I, gyeve +1).

Next, multiplying (1.7)3 by 6, and integrating the result over €2, one can easily
observe, after using (1.12) and the Young inequality, that

d r
(3.19) 10,6720 + 7 IVO L2 < CO+ D@, ) + v VOI3).

In order to be able to control the right hand side of (3.19) by means of the Gronwall
lemma, we proceed as follows. First, for sufficiently small € > 0, we get by the
Holder inequality and the interpolation inequality that

v - V0|7, < C||U||%/v;(9)2 V613, . o>
< Ololfy )2 L+ IVOI1Z, 2 1G]l w2

r+

T

(3.20) ).

Similarly, using the Ladyzhenskaya inequality (see [15]) and the estimate (1.17) we
get

”D(U)H%ZT(Q)“? = |||D(U)|g||%4(g) < CH|D(U)\%||2L2(Q)|||D(U)|%H%V2}(Q)

3.21 r
520 < ClID@)[ s 0 /Q m(6,D(v)) de.
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Finally, summing (3.18) and (3.19) and using (3.1), (3.4), (3.11), (3.15), (3.20)
and (3.21), we obtain

d
o4 .+ 181 + 55 (1981000 + [ m(6.D(0)) d )

(3.22)
< Co)(IVOI e + | m(6.D(o)) do+1),

where g := C(|| D(0)[* 31 ) + [0l3y5 ) + ||6’Hw3+2 @) + [[div(v ® v)|[1,(Qqr)2)
fulfills

T
/ g(t) < C'Uo,ao'
0

Consequently, using (1.17) and the Gronwall inequality, we arrive at (3.16).
Step 5: Consequences following from (3.16). First, referring to (3.21), we observe
that (3.16) implies that

(3.23) IVl 2o (@r)2 < Couglby-

Next, using the properties of the heat equation solution operator, it is not difficult
to see that

(324) ||0||W221(Q < Cvo,

Step 6: Proof of the estimate (3.7). In fact, we use the procedure similar to the
one that led to the estimate (3.3). Indeed, applying the time derivative to the the
momentum equation (1.7), multiplying the result by v, and integrating over (2,
we obtain (after integration by parts and using divv = 0)

5 ) / W (D(v) © D(v,1)) de

25(6, D
/et ) b, dm+/(v®v),t:D(v7t) da.
Q

First, using the fact that dive = 0 and integration by parts, we get

/(v ®@v);:D(v,) de=— /('v¢ ®@wvy): D) de.

Q Q

Then, applying (1.12)—(1.13) to the corresponding terms above we get

1d r—2
55104l ee + 0 [ (L4 D) D) de
Q

(3.25) 2
<C [ 1011+ D)) TP da + € [ o,PID()] do
Q Q

The first integral at the right-hand side can be handled by using the Young inequal-
ity:

c / 6.41(1+ D)) T |D(v,0)| dz < = [ (1+D(@)[*)*F* ID(v.0)* dz + C6.4]3.
Q Q
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Next, we estimate the second term on the right-hand side of (3.25). First, for r > 2
we have after using the Holder and Ladyzhenskaya inequalities

/I%IZID(U)I dr < [[v4]7, (02 D) L (@)2x2
Q

Vo
< ZIID('U,t)IIiQ(Q)m + w6l 7,02 ID(@)I[7, (q)2x

For r € (1,2) we proceed as follows. By means of the Holder inequality and (3.3)
we have

1
2

1Dl e < (141D 2t/mvt 21+ D)2)7 da

2

< Cuay | [ 1D+ D@ dr

Having this estimate we then get for r € (1,2) that (after using also (3.3))

[ 104 ID@)] do < .1, 0 ID(©) 22002

Q

<Cvo,9o||vt||L2(Q)2||D(v t)HL A (Q)2%2

14
O/Dm (1+ D(0)2)F di + Co |01, 0

Thus, combining above estimates with (3.25) we obtain
d -
! /uﬂmw%¥MmWw
(3.26) Q
< Cvoﬁo(”v,tH%Q ))

Finally using (3.24) and the Gronwall 1nequahty we deduce® the relation (3.7). O

Lemma 3.4 (Further estimates for v). Let (v, p,0) be a smooth solution to (1.7)-
(1.9). Then the following estimate holds

(3.27) Ivllzc@r)2 < Cuo.to-

Moreover, for r > 2 we have

(3.28) sup /(1 + D) 2) = V202 da < Ciy 0,
te(0,T) 5

and consequently

(3:29) V20| L (0,1 La(2)2x2x2) < Cug.05-
Forr € (1,2) there holds

(3.30) IVl 0,1:1,41(2)2x2) < Cug 0,

3For using the Gronwall lemma we need that lv,6(0)ll £, ()2 is finite. However, this can be
deduce directly from equation (1.7)2 provided that vg € W22_‘_E(Q)2 and 6y € W3 ().
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In addition, we have
4 2<r,
B30 il <Cone w={ Ly 4 .i5%

Proof. For r > 2, the relation (3.27) is a direct consequence of (3.16). For r € (1,2],
we have

% (PO e = /(1 + |D(v)[2) = D(w) : D(v) dx
? Q
1/2 »
<C /(1 + |D(”)|2)?\D(v,t)|2 du /(1 . |D(v)|2)% N
. Q

<C [(14 D)) TP o+ C (L4 DO, gyere) -
Q

Upon the integration by parts and use of (3.9) and (3.7), we obtain (3.30). Conse-
quently, the embedding theorem W}, | () < Lo (€2) implies (3.27).

To observe (3.28), we use (3.6) but move the time derivative on the right hand
side. Since

d Yo
— = VoIl e = / v, 8 da < ZID(VO)[E, qyeerns + Clloell, e
we obtain (note that here we need r > 2)

r—2
/(1 +D(w)P) = [VP0l* dz < C(IVOI1Z, ()2 + [v.ellZ,()2)-
Q

Finally the estimates (3.7) and (3.16) imply (3.28).
The relation (3.31) can be deduced from (3.7) and (3.9) by using standard in-
terpolation (see e.g. [14] for details). O

Lemma 3.5 (Further estimates for 0). Let (v, p,0) be a smooth solution to (1.7)-
(1.9). Then the following estimate holds

forall s < 400, 2<r
(332) 101l 21 (@ry2 < Cuotos { s=3, 1<r<?2

In particular, we obtain

forall s < 400, 2<r

(3:33)  [IVOllLw.1iL.(2)?) < Cuo o { s =3, 1<r<?

Proof. In the case of 2 < r the estimate (3.32) follows from (3.29) and the standard
properties of the heat operator. In the case of 1 < r < 2 we use the the embedding
W, (Qr) — L(Qr) and obtain the estimate

HVUHLgr(QT) < Cvo,eo'
Using estimates of the heat equation we get the inequality
||9||W321(QT) < Clug b,
Lemma 3.32 is proved. [



16 M. BULICEK, J. MALEK, AND T. SHILKIN

Let us mention that the above estimates suffice to establish the existence of
strong solution. The rest of this section is devoted to a priori estimate for a classical
solution. We note that this is the part where the restriction to the case r > %
appears.

Lemma 3.6. Letr > % and S satisfy (1.5) and (1.12)~(1.13). Then for any initial
data (vo,8y) satisfying (1.19) there is a positive constant Cy, g, such that for any
smooth solution (v,p,0) of the problem (1.7) the following estimate holds

(334) ||’IJ||CQ+@,1+%(Q7T)2 + ||0||C2+a,1+%(Q7T) S C’Uoﬁo'
Proof. We define
(3.35) V := sup (1 + |D(v)[?)?

Qr

and denote by u = v 4, ¥ = p . Next, we differentiate (1.7)2 w.r.t. time and obtain
u ¢ — div (AD(u)) + V7 = divF,

(3.36) divu =0,
where we set
_ 05(0,D(v))
A= oD ’
0S(6,D
F = %eﬂg — ('U [ 'U)7t.

Using (1.12) we get that

FI < C (14 1D@)P) T 10.4] + [v]|v.l)
and owing to (3.27), (3.31) and (3.32), we obtain
(3.37) IFllz,, (@122 < Cug.t0

for some gg > 2.
Now we split the proof in two parts: the case 2 < r and the case % <r <2

(i) The case 2 <.
In this case, it follows from (1.13) and (3.35) that the tensor A satisfies

w|D|? <A:(D®D) <1V 2D)?, for all D € Ri;ﬁl
Hence by Proposition 2.1 we get for any ¢ € (2, qo) satisfying
2
(3.38) 1- 2 <Ry
q V1
that

Hvu||Lq(QT)2X2 < Cvoﬁo’
llullz0.1:0,)2) < Cug.b0 (1 + V%) .
Recalling (3.29) we have

(3.39)

llwll L 0,7:02(9)2) < Cuvo,00-
Interpolating this estimate with the second inequality in (3.39) we obtain for any
ac0,1]

1—
HuHLoc(O,T;qu(QP) < C‘Uoﬁo||u||Looa(07T;L2(Q)2)”u”%w(O,T;Lq(Q)z)?
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where ¢; is given by

3.40 — = + —.
(3.40) .
Consequently, we have

r—2
(3.41) ||u||LW(0’T;Lq1 @2 < Cuo,00 (1 + V% )
and we conclude that

r—2
(3.42) 0.6l 0,752, (02) < Coo (1 Lyt )

Next, we focus on the spatial derivatives, and we set w := v j, = 6871;’ Ti=pg = aank

for this purpose. Thus, applying % to (1.7)2 we obtain the identities
—div (AD(w)) + Vr =divG — w4,

(3.43) divw =0,

where

(3.44) G:= MO r— (v®v) .
o7} ’ ’

Since

6] < C ((1+ D)) V6] + [v] Vo))
we get by using (3.29), (3.27) and (3.33) that for some g > 2 we have the estimate
(3.45) ||G||LOO(O7T;LqO(Q)2><2) < Chy,00-

Thus, applying Proposition 2.2 for ¢; > 2 that certainly satisfies (3.38) as ¢1 < ¢
we obtain the estimate

||vw||Loo(0,T;Lq1(Q)2X2) < C’”0»90(1 + H’U,t||Loo(0,T;Lq1(Q)2))'

Using (3.42) and the definition of w we finally end up with

(3.46) 10/l 07w (2)2) < Coo.06 (1 + Va%) :
Then for any b € [0,1] we define ¢ as
1 1-b n b
g 2 T
and by using Proposition 2.3 and standard interpolation we obtain
r C r
vz < mIIID(v)P Lo 0.1:wE, (2)2)
(3.47) qc
- (1-2)"% ”'D(”)'E||2;b(0,T;W§<Q)2)|HD(”) §||bLoo<o,T;W;1 ()?)
q2
Thus, using (3.28), the definition of V' and ¢z, and (3.46) we observe
v C r=2 | 4r-
(3.48) VE < Cyppp——5 1 (1+V et 22)

B V(1 - 2)z
Next, let g; be such that (3.38) holds with equality sign, i.e. 1 — q% = COZ—;’V2’T.
Then using (3.40) we conclude from (3.48) that

(3.49) V5 < Cyy0oCla,b)V 7 (14 VT

r—2

=)

0,00
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Finally, we chose a, b such

-2 -2 1
r —|—bT

ab 5 < >
and deduce from (3.49) that

V < Coyy 0,
From (3.46) we obtain Vv € Lo (0,T;C%(£2)2%2) and consequently using (3.39) and
applying Proposition 2.4 we obtain

”vv”ca«% (Qr)2x2 < C’110,90

which implies the first part of (3.34). The second part then follows from Schauder-
type estimates in Holder spaces for the heat equation and for the generalized Stokes
problem, see [22]. The case 2 < r is complete.

(ii) The case § <1 < 2.
Although r € (%, 2), we still use the same notation introduced in the previous
part (r > 2). Hence, starting with (3.36) we have for the tensor A that

(3.50) vV 2D <A:(D®D) <1 |D)? for all D € R2”.
Then by Proposition 2.1 we see that for any ¢ > 2 such that

2
(3.51) 1- 2 <R yr—2

q V1

the following estimates holds:
(3.52) IVl L, @ry2xz < CVET, ullpwomi,@2) < C (1+V2T).
Interpolating the second inequality in (3.52) with the estimate (3.16), i.e, with the
estimate

lullz.07:02(2)2) < Cug,00
for small a € [0,1] and ¢; > 2 such that qil = 15—“ + % we obtain the inequality

(3.53) Ul Loe (0,714, (0)2) < Clg,00 (1 + V“@*r)) }
So, we conclude that
(3.54) 10,41 Lo (0,7:L4, (2)2) < C (1 + V“(Q””)) .

Next, we focus on the problem (3.43) and for G given in (3.44) we conclude from
(3.33), (3.27) and (3.30) that for some gy > 2 (3.45) holds. By Proposition 2.2 we
thus derive the estimate

IVwllL_0,1:L,, (%2 <OV (L4 vl 0,152, @)
and using (3.54) we get
(3.55) [0l Lo 0,72 (©2)2) < Cuo0, V2" (1 + Va(Q_”) :

Similarly as in preceding part, we apply Proposition 2.3 and setting ¢; such that
(3.38) holds with equality sign, we obtain

_ _ 1
V < C(a)Clug 0,V 00 0|0 w2, (02)
(3.56) (2-r)(2—24) 2—
< C(a)Cuy0,V ar (1 + vl ’“)) .
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Finally, it is evident that for any % <r <2 wecan find a € (0,1) and ¢; > 2 such

that
1
(2—-1) (2+a> <1
q1

and we finally obtain the estimate

V S C’Uo,eo'
Then the arguments similar to the case r > 2 leads to the estimate (3.34) for the
case % < r < 2. Thus, Lemma 3.6 is proved. ([l

4. PROOF OF THEOREM 1.1

To prove Theorem 1.1 we use known results on the solvability of Ladyzhenskaya’s
system (2.7) (see Proposition 2.5) and a version of the Leray-Schauder fixed point
theorem (see Proposition 2.6). Thus, for any 7 € [0, 1] we define a tensorial function
S7(6,D) by the formula

S7(6,D) :=S(76,D).
Note that S™ also satisfies (1.12)—(1.13) with constants independent of 7. We con-
sider the system
vy — AT(0,D(v)) Vv + Vp = f7(0,v,D(v)),
(4.1) dive =0
9,t - AG = gT(G,'U, D('U)),

where
. o 0S7(6,D)
f7(0,u,D) := MVG—div(u@u),

9" (0,u,D) :=S7(6,D) : D — div(ub).
Note that for smooth v and 6 the system (4.1) is equivalent to the system (1.7)
where we replace S by S7.

Next, for any 7 € [0,1] and any w € C1+" 2% (Q7)2, ¢ € C1+* "% (Q7) we define
the functions w™ € C*+1* % (Qr)?, V¢~ € C*%(Q7) and 07 € C*1*3(Qr) as
a solution to the following linear system

w,t - AT(¢) D(u))VQwT + vqT = fT(qua u, D(’LL)),
divw = 0,
(4.2) 0%, — A0 = g" (¢, u,D(u)),
w'(0) =vo,  07(0) = bo,

w” and 07 are spatially periodic.

The existence of the solution to (4.2) as well as the following estimate

||wT||Cg+a,1+%(Q7T)2 + ||97—||Cg+a,1+%(Q7T) + quTHCQ%(m)z

< F (Il o5 gy Il 255 g

that holds for some nondecreasing continuous function F, follow from the results
in [22].

(4.3)
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Next, we denote X := CH‘“HTQ(@)2 X C1+0‘71+TQ(QT) and define the family of
nonlinear operators depending on the parameter 7 € [0,1] as

DX > X, O (u, ) = (w",67),

where (w7,07) are solutions of (4.2) with data (u,1)). We also denote Br the ball
of radius R in the space X centered at origin. Let us verify that the operators
&, satisfy all conditions of Proposition 2.6. Indeed, for any given 7 € [0, 1] the
continuity of the operator @, : X — X follows directly from Proposition 2.7. To
prove convergence

(4.4) sup |®,, (u,v) — @r (uw,v)||x — 0, as Ty — 70,
(u,)EBR

we derive from (4.2) the identities
(w™ —w™) ¢ — A™ (¢, D(u))V*(w™ —w™) + V(g™ — ¢")
= .me (wv u, D(U)) - fTO (wv u, D(U))
+[A™ (1, D(u)) — A™ (1, D(w))| VW™,
div(w™ —w™) =0

(07 —07) s = A(O™ = 07) = g™ (¢, u,D(u)) — g™ (¥, u, D(uw)).

Applying Solonnikov’s coercive estimate to the above system (see Proposition 2.7),
we obtain convergence w™ — w™ in W2!(Qr) with any s > 1, from which the
convergence (4.4) follows. Furthermore, the set ®(Bg) is precompact in X due to
(4.3). Moreover, the condition (4) of Proposition 2.6 is satisfied if we set R > Cly, g,
where the constant Cy, g, is fixed in Lemma 3.6. Finally, the condition (5) of
Proposition 2.6 holds thanks to Proposition 2.5. Hence, by Proposition 2.6 there
exists at least one classical solution to the problem (1.7)—(1.9). So, the existence
result in Theorem 1.1 is proved.

The uniqueness of the classical solution in the class (1.20) follows from the general
theory of nonlinear evolutionary equations, see e.g. [16]. The proof of Theorem 1.1
is complete.
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