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Strong solutions and attractor dimension for 2D NSE with dynamic
boundary conditions

DALIBOR PRAZAK AND MICHAEL ZELINA

Abstract. We consider incompressible Navier—Stokes equations in a bounded 2D domain, complete with
the so-called dynamic slip boundary conditions. Assuming that the data are regular, we show that weak
solutions are strong. As an application, we provide an explicit upper bound of the fractal dimension of the
global attractor in terms of the physical parameters. These estimates comply with analogous results in the
case of Dirichlet boundary condition.

1. Introduction

The 2D incompressible Navier—Stokes equations are an example of nonlinear PDE,
for which a rather satisfactory mathematical theory can be developed. The global
existence of a unique weak solution is available; the solution is smooth if the data
permit. Long-time dynamics can be described by a finite-dimensional global (or even
exponential) attractor. Its dimension can also be estimated in terms of the problem’s
parameters. From an extensive bibliography, let us mention the monographs Temam
[22], Constantin and Foias [6], Robinson [19]. In particular, the problem of the attractor
dimension is still an area of current research, see Ilyin et al. [12,13].

In the present paper, we aim to extend the analysis to the case of dynamic slip
boundary condition. Here the usual NS equations are coupled with an evolutionary
problem on the boundary 02:

Bou + au + [Sn]r = Bh

u-n=0

Here S = vDu is the Cauchy stress, v > 0 is the viscosity of the fluid. Parameter
a > Oisrelated to the boundary slip; for @ = 0, we have perfect slip, while @ — 4-00
reduces to no-slip (zero Dirichlet) condition. The key difference is that the boundary
conditions are not enforced immediately, but only after some relaxation time 8 > 0.
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For the sake of generality, we also include a boundary force term h, conveniently
multiplied by 8.

These problems were extensively studied in [16], see also [ 1], where the basic theory
of weak solutions was established, covering a rather general class of relations between
the stress tensor S and the shear rate Du both of the polynomial type (Ladyzhenskaya
fluid) and even implicit constitutive relations. Let us also note that existence of finite-
dimensional attractors was established both for 2D and 3D Ladyzhenskaya-type fluid
with dynamic slip boundary conditions in [17,18].

On the other hand, the problem with the stationary slip condition (i.e., for § = 0)
was studied in [2]; see also [10]. In particular, the L? theory for both weak and strong
solutions, as well as the existence of analytic semigroups, was established for the
linear (Stokes) problem.

Our paper is organized as follows: In Sect. 1, we formulate the problem and de-
scribe the details of analytical setting; in particular, the function spaces and the weak
formulation. Here we mostly follow [16]. Section 2 is devoted to the Stokes system.
Key results here consist of deriving the maximal W?? regularity, as well as W4
estimates. We crucially rely on the (stationary) regularity results, obtained in [2]. It
appears that the results for p # 2 are not sharp (maximal), which is perhaps related
to the fact that the problem is not known to generate an analytic semigroup in the L”
setting unless p = 2.

In Sect. 3, we proceed to a nonlinear system, including both the convective term in
the interior equations, and a nonlinear slip term on the boundary. We also cover certain
class of non-Newtonian fluids, where the viscosity is bounded, but otherwise depends
on time, space or even the shear rate |Du|. Section 4 is devoted to estimating the
attractor dimension. We use the standard method of Lyapunov exponents, focusing
on two key steps: differentiability of the solution semigroup (which relies on the
previously obtained strong regularity), and sharp trace estimates, employing among
others a suitable version of the Lieb—Thirring inequality. For the reader’s convenience,
several auxiliary results are collected in the Appendix.

Let us briefly mention some further possible research directions. While the current
paper focuses on the case of £2 bounded, it would certainly be interesting to also
study analogous results for unbounded domains, regarding both regularity and attractor
dimension; cf. [12] for the case of damped NSE in R?. Second, a more general class
of non-Newtonian fluids could be considered, in particular, the Ladyzhenskaya model
with growth exponents r # 2; cf. [15] for the case of Dirichlet boundary conditions.

Last, but not the least, recall that in case of the 2D Navier—Stokes equations with ho-
mogeneous Dirichlet boundary condition, the attractor dimension satisfies dimJL[2 A<
coG, where G is the non-dimensional Grashof number. Our estimates reduce to that
for « large and B small as expected. On the other hand, it is not clear if the estimate is
optimal. In case of free boundary, an improved estimate (up to a logarithmic factor)
dim{2 A < ¢9G?/3 was shown in [22,23]. It would be interesting to also recover this
as a special case, in the regime where o, B — 0 the estimate is optimal.
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1.1. Problem formulation

Let £2 be a bounded Lipschitz domain in RZ. We employ small boldfaced letters
to denote vectors and bold capitals for tensors. The symbols “-” and “:” stand for
the scalar product of vectors and tensors, respectively. Outward unit normal vector is
denoted by n and for any vector-valued function x : 32 — R?, the symbol x, stands
for the projection to the tangent plane, i.e., x; = x — (x - n)n.

Standard differential operators, like gradient (V), or divergence (div), are always
related to the spatial variables only. By Du we understand the symmetric gradient of
the velocity field, i.e., 2Du = Vu + (Vu)T.

We denote the trace of Sobolev functions as the original function, and if we want
to emphasize it, we use the symbol “tr”’. Generic constants, that depend just on data,
are denoted by ¢ or C and may vary from line to line.

Our problem is the following. Let f : (0, T)x 2 — R?and h : (0, T) x3§2 — R?
be given external forces and ug : £2 — RZ is the initial velocity. We will also use
F as a notation for the whole couple (f, k). We are looking for the velocity field
u: (0, 7T) x 2 — R? and the pressure 7w : (0,7) x £2 — R solutions to the
generalized Navier—Stokes system

oru —divS(Du)+ (u-Vu+Vr=f in(0,T) x $2, N
divu =0 in(0,7) x £2, 2)

completed by the boundary and initial conditions

Bou + [s(u) + S(Dwynl, = ph on (0, T) x 982, )
u-n=0 on(0,7T)x 32, 4)
u0) =uy in$2, &)

where 8 > 0 is a fixed number.
By S : R?*2 — R2*2, we understand the viscous part of the Cauchy stress. We
require there exists a non-negative potential U € C'(R*) such that U (0) = 0 and

S(D) = apU(ID*) = 2U'(ID]*)D. (6)

Moreover, there hold the coercivity and the growth condition with the power two, i.e.,
for all symmetrical 2 x 2 matrices D and E we have the inequalities

(S(D) — S(E)) : (D — E) > c1|D — E|?, (N
0pU (IDI*)| = IS(D)| < c2|D|. ®)

In Theorem 1, we also need higher derivatives of U. So, for example, by B%U (1D]?)
we understand

apU(D?) = dp@pU(ID*)) = dpS(D) = 2U’'(ID*)Id + 4U" (|DI*)DD.
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Concerning the boundary term s, we work with the similar, but a more general,
situation. We consider a differentiable function s : R2 — RZ such that s(0) = 0 and
for some s > 2 satisfy forall u, v € R2 the coercivity condition

(s(w) = s@)) - @ = v) = acs (14 [u" 2 + o] ) ju — o2, ©)
with certain « > 0, the growth condition
[s() = s@)] = e (14l + o] ) ju = o], (10)
and its first derivative is controlled
s'(w)v - v > acs|v|?, cs € (0, 1). (11)
Typical examples of S satisfying (6)—(8) are
S(D) = 2vD and S(D) = 2v(|D|*)D,

where v is either a positive constant or some reasonable shear-dependent function,
respectively. The corresponding potentials are
|DI*
2y _ 2 2y _
U(|D|") =v|D|* and U(|D|*) = / v(s)ds .
0

1.2. Main results

The two main theorems of our article are summarized here. See Sect. 1.3 for defi-
nitions of function spaces.

Theorem 1. (Strong solutions) Let us consider the system (1)—(11) with 2 € C!!
and the initial condition uy € H. Concerning the Cauchy stress, we further suppose
that

U e C}R")
and
33U(DPE : E = dpS(D)E : E > ¢(|E|, (12)
0pU (D) + [0pU(IDI*)] < C, (13)

hold for all symmetrical 2 x 2 matrices D, E. Concerning the boundary nonlinearity,
we require that

s € CX(R?) and s', s” are bounded.
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Let2 < p < 400 be given, we denote

2p
t = —_—
(p) b2

and suppose
F,0,F,3,F € L*(0,T; V*),
feL®0,T; LP(£2)), h € L0, T; Wl_Il”p(B.Q)),
8 f € L=, T; L'P(R)), 9,h € L®(0, T; W‘Tl)”’(am).
Then there is q > 2 such that the unique weak solution of (1)-(11) satisfies
ue L2 0,T; WH(R2)),
m e L0, T; Whi(2)).

Remark 1. The theorem also holds, after some minor modifications, for the case when
S(D) = A(t, x) D with symmetrical matrix A € C>([0, T']; L®(R?)) satisfying the
estimate

c1|DI> < A(t,.x)D: D < 2| DI,
for any symmetrical 2 x 2 matrix D.

Remark 2. In comparison with the same problem with the Dirichlet boundary condi-
tion, see [14], we really need stronger assumptions on the first-time derivative of our
data and, moreover, some mild assumption on its second-time derivatives.

Theorem 2. (Dimension estimate) Assume both S and s are linear:
S(D) =vD, s(u) = au,
and the right-hand side F = (f, h) € H is independent of time, where moreover
feLlP(2), he w1/rripe)

for some p > 2. Then, the fractal dimension of the global attractor to system (1)—(4)
satisfies an estimate

Mg | F|l,

- f
dlmHAfco-—3/2~ 2
My

where
¢ = diam §2, my = min{l, al/v}, Mg =max{1, 8/¢}

and cq is some non-dimensional constant.
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1.3. Function spaces

For a Banach space X over R, its dual is denoted by X™* and (x*, x) x is the duality
pairing. For p € [1, oo], we denote (L7 (£2), || - || (2)) and whr), |- lwir2))
the Lebesgue and Sobolev spaces with corresponding norms. We often write just
[l -1lpor|[-1l1,p- The space of functions u : [0, T] — X which are L? integrable or
(weakly) continuous with respect to time is denoted by L? (0, T'; X), C([0, T]; X) or
Cw ([0, T]; X), respectively.

Because of the presence of the time derivative on the boundary, we need to pay
close attention to the boundary terms. Thus, we need more refined function spaces.
We will follow the notation of [1]. We introduce the spaces

Vi={(u,g) eC(2)x " (32);divu =0in 2, u-n=0and u = g on 42},
V=cl(V, V), where ||(u, g)|lv := l1Dullp20) + allgll2p0)
H :=cl(V, H), where ||(u, @) = llull}2 o, + BlIglI72 0

Space V is both reflexive and separable. Observe that thanks to Korn’s inequality
(see Proposition 3 in Appendix), the norm in V is equivalent to the standard W2

norm. Next, H is Hilbert space identified with its own dual H*, endowed with the
inner product

(@@ @gn = [audc+p [ g gas
2 Y]
The duality pairing between V and V* is defined in a standard way as a continuous
extension of the inner product (-, -)y on H. Note that there is a Gelfand triplet

Ve H=H" < V*,

where both embeddings are continuous and dense.

It will be useful (and certainly is of independent interest) to have intrinsic description
of the above spaces. Let us denote
W,ij,f(.Q) ={u € Wl”’(.Q); divu =0in 2, u-n=0o0n 082},

Lg,n =cl(V, L?(£2 x 9£2)) with I (u, g)“Lp(_Qxa_Q) = ”u”LP(_Q) + ||g||Lp(3_Q),

Lg’,,(ﬂ) ={ueLP(2); divu =0in 2, u-n = 0on 352},
LP(02) ={g € LP(382); g -n =0}

Note that Lgy » = H and the normal trace in this space is well-defined, cf. [7, Section
10.3.]. Now, it is not difficult to see (by an argument similar to the lemma below) that

V={(tru);uec W)}
Furthermore, if p > 1 is such that tr : Wh2(2) — LP(852), then V — W;,’,’,’(Q) X

L?(3£2), and hence also (W;,’,f(.Q))* x LY (02) — V*. Finally, we claim that in
the class of L? functions, the interior and boundary values decouple as well.
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Lemma 1. Let 2 C RY be a bounded C"' domain. Then for any p € (1, +00) one
has

LYy =LE,(2) x LY (3R2).
Proof. First inclusion C is obvious. To prove the second one, we will establish that

L5 a(£2) x {0} C LG 4, (14)
{0} x LP(382) C LE ,,. (15)

Inclusion (14) is also clear since the space
D(£2) = {u € C3°(£2); divu =0}

is dense in Lg,,,(.Q), see, e.g., [8, Theorem III.2.3]. It remains to prove (15), i.e., for a
given g € LY (3£2) we need to find smooth extension u such that both |u — g/|| Lr(H2)
and |[ul| p ) are small.

Since 82 is regular, we can assume that g is C!. Let u(!) be its smooth extension
such that [|u"|| L) <& To ensure the solenoidality, we finally set

(€]

u=u"’— u(z), where u® = Bldiv u(l)],

B being the Bogovskii operator; see [7, Section 10.5] for details. In particular, since
uV.n=gWM.n=00n38, wehave [, divu" dx = 0.It follows from [7, Theorem
10.11] that u® € W,? (2) and

1P 52y < ClleV o) < Ce.

where C > 0 only depends on §2 and p. Hence u is the sought-for interior extension
to g. O

Remark 3. Ttis worth noting that we will not actually need a full strength of Lemma 1;
rather just a very special case. Let us consider a couple (u, g) such thatu € L(z,,n (£2)
and g is a trace of v € W;;,%(.Q). Then (v, g) € V, which we observed above,
and (u — v,0) € H by (14). Therefore (u,g) € H. It works similarly also for
u e (W;:,%(.Q))*, we would obtain (u, g) € V*. Let us also remark that the whole
argument needs £2 to be just a Lipschitz domain.

1.4. Weak formulation
Here, we formally derive the proper notion of a weak solution. We take a scalar

product of (1) with the smooth test function ¢ € V), integrate over the whole £2 and
use Gauss’s theorem to get

/8,u~(p+/(u~V)u-(p+fS(Du):V(p—/[S(Du)n],-(p

2 2 2 52
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02

0. Similarly, the tangential projection of
0 on 052; we follow this convention from

The pressure terms vanish due to div ¢

boundary terms can be dropped as ¢ - n
now on. Together with symmetricity of S(Du), we obtain

fB;u~¢+/S(Du):D(p—/[S(Du)n ff 0 — /(u Vu - ¢.

ko) 2 982

Next, we use (3) to finally get
Jou-orp [au-o+ [spw:Dos [sw-o
1) 2 )

2
=/f~¢+ﬂ/h-¢—/(u-v)u-¢,
2 082 2

which we rewrite as

(O, ¢>H+/S(Du) D<p+/s(u) 0 = (F, «p)H—/(u V- g.

2 082

Of course, rigorously, the scalar product must be replaced by the duality pairing
From this point, it is not difficult to realize that we are able to get the usual apriori
estimates for u and d,u. Hence, we introduce the following definition.

Definition 1. By a weak solution of (1)—(5), we understand the function
ueL*0,T;V)NC(0,T]; H) and
du e L*0,T; V¥

that for a.e. # € (0, T) and any ¢ € V satisfies the identity

(Oru, @) + /S(Du) D</>+/S(u) ¢ =(F,9) f(u Viu - ¢,
082

(16)

2
the initial condition #(0) = ug holds in H, and for all # € [0, T] it satisfies the energy

equality

—Ilu(f)IIH //S(Du) Du+//S(u) u——IIuOIIH /( u).

0 082
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1.5. Dynamical systems

We recall some basic notions from the theory of dynamical systems. Let X be (a
closed subset to) a normed space. Family of mappings {X;};>0 : X — X is called a
semigroup, provided that ¥y = [ and X, = X, X for all s, > 0. Requiring also
continuity of the map (¢, x) — X, x, the couple (X;, X) is referred to as a dynamical
system.

Set A C X is called a global attractor to the dynamical system (X, X) if

(i) A is compactin X,

(i) X, A= Aforallt > 0 and
(iii) for any bounded B C X there holds

dist(X;B, A) — 0ast — oo,

where dist(8, A) is the standard Hausdorff semi-distance of the set B from the
set A, defined as dist(B, A) = sup,¢ 4 infpes |6 — al| x.
Let us note that a dynamical system can have at most one global attractor. The condition
(ii) says that the global attractor is (fully) invariant with respect to X;.
Fractal dimension of a compact set IC C X is defined by:

log N¥ (K
dimgf K := lim sup log N (K)
e0, —loge

’

where N, EX () denotes the minimal number of ¢-balls needed to cover the set K. See,
e.g., [20] for further properties as well as related results.

2. Stokes system

Let us start with the basic properties of the Stokes operator, corresponding to the
dynamic boundary conditions. Here we mostly follow the results of [1,4] as well as
[2,10].

2.1. Eigenvalue problem—ON basis

Theorem 3. (Basis of V') There exists the sequence {@y }xeN wWhich is a basis in both V
and H, itis orthogonal in V and orthonormal in H. Further, there is a non-decreasing
sequence {{i }keN With limg_, | o g = +00. For every k € N, the function @y solves
the problem

—divDwy + Vr = o in 2, (17)
divwy =0 in £2, (18)
awi + [(Dog)n], = urfwr onds2, (19)

w,-n=0 ondf2 (20)
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in the weak sense. Equivalently, the equations can be written as
(0r, @)v = pr(@k, @), Vo € V. ey

Moreover, for PN, a projection of V to the linear hull of{wk}lﬁ;l defined by

N

N .
PNu =" "(u, o) nex,
k=1

it holds that for any u € V
1PN ully < lulln,
1PN ully < lullv,
PMu > uinVas N - +oo.
Proof. See [1] or [16]. O
2.2. Stokes problem—stationary

Let us consider the following system

—divDu +Vr = f in$2, (22)
divu =0 in £, (23)
ou+ [(Du)n], =h onas2, 24)
u-n=0 onads2. 25)

It was examined in [2,10] in the three-dimensional case. Here we formulate the ana-
logue two-dimensional results.

Theorem 4. (Existence in W2 2-stationary Stokes) Lera > 0, 2 € C1! and
feLl¥2), he W)

Then, the problem (22)—(25) has a unique solution (u, ) € W>2(£2) x Wh2(£2)
satisfying

1
lull22+ il 2 < C(82) (1 - M) (ILf112 + 11m11 ) -

Proof. See Corollary 2.4.5 in [10]. O
Theorem 5. (Existence in W]’l’—stationary Stokes) Leta > 0, p € (1,+00), 2 €
! and
t(p) —5P ~ 2p
fel'P(2), he W »P(0R2)witht(p) = ——.
p+2

Then, the unique solution of (22)—(25) belongs to (w, ) € WP (§2) x LP(£2) and
satisfies

lllsp + 1l < €20 pe) (I ey + 1ALy, ).
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Proof. See Corollary 2.5.6 in [10]. O

Theorem 6. (Existence in W2 -stationary Stokes) Ler « > 0, p € (1, 4+00), 2 €
¢ and

Fell(R), he W rP00).

Then, the unique solution of (22)—(25) belongs to (u, ) € Wz*p(.Q) x WP (82) and
satisfies

lll2,p + e lln.p < €2 poa) (1111 + 1A, ).

Proof. See Theorem 2.5.9 in [10]. O

Remark 4. Due to [10, Remark 2.6.16] previous three theorems also hold with the
leading elliptic term in the form

— div(A(x)V)u.

2.3. Stokes problem—evolutionary

The evolutionary version of the previous system looks like this

ou—divDu+Vr =f in(0,T)x 2, (26)
divu =0 in(0,T) x £2, 27

Bou+ au+ [(Du)n], = Bh on (0, T) x 952, (28)
u-n=0 on(0,T) x 952, 29)

u(0) =ug in £2. (30)

Here, we will assume that «, 8 > 0. The first result is then the following.

Theorem 7. Let 2 € C%! and

F e L*0,T; V"),
ug € H.

Then, the problem (26)—(30) has the unique weak solution (u, i) and the velocity u
satisfies

uel®0,T; HYNL*0,T:; V).
(i) Suppose further that
F € L*(0, T; V¥).
Then, there also holds

dqueLX0,T;HYNL: (0,T;V),
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uely0,T;V).

Moreover, if £(0) € L2(£2), h(0) € W22(382) and ug € V N W22(82), then
the previous result holds globally in time.
(ii) Alternatively, let

F € L*(0,T; H).
Then, the solution satisfies

uel0,T;V)NLE (0, T; W),
dquels (0,T; H).

Proof. The starting point is the Galerkin approximation, i.e., for a given n € N we
look for the solution in the form

n
u" = Z cp (N,
k=1

where ¢} are some functions of time satisfying, for all k = 1, ..., n, the system
(0,u", W) g +/Du” :Dwy + o / u" - wp = (F, wy) 31
2 EY)

together with the initial condition
u"(0) = ug,

where u; is the orthogonal projection of u( on the space spanned by {@y}}_,. This
can also be written as ¢/ (0) = (o, wx) . The existence of these functions ¢}’ follows
from the standard theory.

Existence of the solution is done in a standard way. We multiply (31) by ¢} () and
sum the result over k = 1, ..., n to obtain

d
___un2 un2=F’un'
5 g1 W+ w1y = (F.u”)
By Young’s inequality, we get the uniform estimate for " in the form
u" € L0, T; HYNL*O,T; V).
Next, using the duality argument we also obtain that the time derivative is bounded in

qu" € L>(0,T; V™).

Passing to the limit is straightforward and uniqueness is standard.
Proof of (i). Because of the linearity of our system, it is clear that the function
v := 0;u satisfies the same system as u, just with 9; f, d;h instead of f, h. Rigorously,
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we can take the time derivative of (31) and multiply the result by (CZ)/ (¢) and sum
over all indices. We will obtain the uniform estimate

du" € L0, T; HYNLL.(0,T; V).

Of course, the result will hold only locally in time, because we do not prescribe any
condition on (c}})’(0). It means that we need to verify that 9,u"(t9) € H for some
to € [0, T]. This can be done if we multiply (31) by (cZ)/ . Let us remark that if
ug, f(0), k(0) would be better we would obtain the global result. See also Theorem
II1.3.5 in [21] in the Dirichlet setting.

Finally, the fact that both u and o;u are in leoc
O, T; V).

Proof of (ii). First, we multiply (31) by (c}})'(t) and sum over k’s to obtain

(0, T; V) implies that u € L°

loc

1
I|8tu"||H+§ d—llu”||2 = (F,du").

Second, if we multiply (31) by wuicy (¢) and sum again, we get

% dinu”n2 +@", L")y =(F, L"),
where
n
= Zukcl’l (g
k=1

Let us note that we used the following identity

Z(az ke (D@ = ch (1) |;_7/3zu"ptkwk +5 / oru” @i

82

= ch (O @u", wp)y = @u" u")y
k=1

d

2
=5 a||u"||v.

Next, we add both equations to obtain
np2 d ny2 n n n n
[10;u” ||y + allu Iy + @", L")y = (F,du" + L").
Observe that L" € V, and so, by (21), we obtain
(L". L"u =||L"|[; = @", L")y,
and therefore

a1 + S 1w |3, + [IL"13, = (F, du" + L").
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Now, let us choose some small 7y € (0, T') for which u" (9) € V. We integrate the
relation over (fp, T) and use Holder’s and Young’s inequalities to obtain

t t t
/Hatu”n%,+2||u"(r>||zv+/||L"||%1 52||u"<ro>||%+/||F||%.
o 1o 10}

On the right-hand side, we can estimate all terms, and therefore, we get the following
uniform estimates

qu" e L3 (0, T; H),
u" € L(0,T; V),
L" € L}.(0,T; H).

It remains to show that the last property gives us the estimate of u" in leoc O, T;

W1’4(.Q)). Because any @y solves (17)—(20) we can apply Theorem 5 for p = 4,
a > 0and (f,h) = QO mkcior, )i Hicitrog). We obtain that ), cf i belongs
into W1’4(.Q), more specifically, there holds

I ol = i (ol + [ oo
k k k

< I3 meciax |
k

We used that L2(22) <> L’®(2) and L2(382) — W~ #*(32) in the two-dimensi-
onal setting. Thanks to the definition of u” we have

2 2
a1 4 < CIIL" (I

This completes the last part of the proof. Let us note that, if ug € V, then we would
obtain the result globally in time. g

Remark 5. In contrast to the Dirichlet boundary data situation, we are not able to
show that the velocity field belongs to u € L*(0, T'; W>2(£2)) using just the Galerkin
approximation.

Now, we will bootstrap the spatial regularity of solutions. We consider the time
derivative as a part of the right-hand side and use the stationary theory mentioned in
the previous section.

Lemma?2. Letl < p <400, 1 <g <400, 2 € ch1 uo € H and suppose that

F,0,F € L*(0, T; V*),

1

feLl©,T; '™ Q) he LP©O, T; W mmgaMnte4 5oy,
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Then, the unique weak solution of (26)—(29) satisfies

ue Ll (0,T; whminled(2)).

loc

In particular, for p = +00, g > 2, we obtain

ue L0, T; L®)).

loc

Moreover, if

fel? (0,T:LX2), hel? (0, T;: W22(3R)),

loc loc

then

uel? (0, T; W»()).

loc

Proof. We want to move time derivatives in both main equations to the right-hand
sides and apply Theorem 5. To do so, we need to verify

f—dme L 0,T; L™ (),

loc

1 .
Bh — Boyu € LY (0, T; W~ mmgarmintd-4 5 oy

loc

For our data f, h it holds due to assumptions. Concerning the time derivatives,

we use Theorem 7 to get d:;u € Li’ooC(O, T; H). It implies two facts. First, o;u €

L0, T; L2(£2)) < L2.(0, T; L'™inle:4) (), which is due to # (min{g, 4}) < 2.

loc
Second, for the boundary term, we obtain fd;u € L{; (0, T'; L2(382)) — Ly (0, T;
1 .
W iz M4 (5 ) because of Sobolev embedding. The case p = oo follows
due to the embedding of wha, q > 2,into L* in the two-dimensional case. The last

part uses the fact that o,u € L? (0, T; V) and Theorem 4. O

loc

Remark 6. If we would assume F € L2(O, T; H) instead of both F and 9, F to be ele-
mentsof L2(0, T'; V*), we could use Theorem 7(ii) to obtain u € Lﬁ)c 0, T; Whi1(2)),
q > 2, by interpolation.

Theorem 8. (L” — L regularity of evolutionary Stokes) Let2 < p < 400, 2 € C!!
and suppose that

FeL*0,T; V"),
FeLPO,T: LP(2)), he LP(O, T: W' 7P (3%2)).

Moreover, let us assume that either
(i) & F € L>(0, T; H), or
(ii) for some 2 < q < 4 there hold

&F,d,F € L>(0,T; V¥,

- 1 ~
& f € LPO,T: L'"D()), o,h € LP(0,T; W 11(382)).
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Then, the unique weak solution of (26)—(29) satisfies, for a certain q > 2,
ue Ly 0,T; W(R)),
uell (0,T; W(82)),

loc
mell (0, T; Whi(2)).

loc

Proof. All assumptions of the previous lemma are satisfied. Therefore, we can in-
terpolate between L2 (0, T; W22(£2)) and L (0, T; W2(£2)) to obtain that for a

loc loc

certain ¢ € (2, p) there holds

uell 0,T; Whi()).

loc

Let us recall that Theorem 7 gives us
du e LS (0,T; H)N LY (0, T; WH2(2)),
and again, by a similar interpolation, we obtain

p
ou € LlOC

(0, T; L9(£2)),
which gives us

f—odmuelLl

loc

(0, T; LY($2)).

Notice that we do not have enough regularity of the time derivative on the boundary
to apply Theorem 6. We have only d,;u € LIZOC(O, T; W%ﬁ(ag)) N L{;C(O, T; Wﬁé’q
(0£2)), which is enough just for Theorem 4 or Theorem 5.

To improve the time derivative, we recall (as was argued during the proof of Theo-
rem 7) that the function v = 9,u satisfies the same equation as u, just with 9, f, d;h
instead of f, h. If there holds (i), we apply Theorem 7(ii) to obtain

ve L0, T; W) N LY .0, T; Wh4(2)),

loc

which interpolates into

due Ll (0,T; Whi(2)).

loc

If there holds (ii), we use Lemma 2 for v and get

dqu=vell 0,T;WHiQ)).

loc

Both u and 9;u belong into LY O, T; Wl’q(.Q)), for some p, g > 2, therefore

loc

ue LX(0,T; Wh(2)).

1
In any case, we have W19 (2) — w!iad (0$2). This means that for some g > 2 we
have

Bh — Bau e LV (0, T: W'~ 19(302)).

loc

This fact enables as us to invoke Theorem 6 and get the final result. 0
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In the following theorem, we prove the maximal-in-time regularity. The case p = 2
is special, hence we formulate it separately.

Theorem 9. (Maximal-in-time regularity of evolutionary Stokes)
(i) Let 2 € CY! and assume

F,0,F € L*(0,T; V"),
feL®0,T; LX2)), h € L®0,T; W3232)).
Moreover, let there hold either
0 F € L*(0,T; V*)
or
&F e L*(0,T; H).
Then, the unique weak solution of (26)—(29) satisfies
ue LS.0,T; W»2(2)),
m e LS.(0, T; W2 (2)).
(ii) Let us now assume that 2 € C'! and for some 2 < q < 4 there hold

F,F,3,F € L*(0,T; V"),
feL®0,T; L1(£2)), 3, f € L™, T; L'V(R)),
1 1
heLl®0,T: W ™ a903Q)), d,h € L0, T; W 19(2)).
Then, we get
ue Ly (0, T: W(R2)),
m e L0, T; Whi(2)).

Proof. Because of Theorem 7, we have d;u € LIOOOC(O, T; H), so

f—ome L0, T; L*(2)).

Considering the boundary term we have only

du e L0, T; L*(32)) N LY .0, T; W22(382)),

loc

which is not enough for Theorem 4 to apply. To improve it, we apply either the first
or the last part of Theorem 7 to the function v = d;u. In any case, we obtain

v e LX(0,T; V),
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and therefore
B € L0, T; W22(312)).

Thanks to our assumption on k, we can use Theorem 4 and get the first part of our
statement.
It remains to show (ii). As before, we already have d;u € LS°

(0, T; V). Because
of Wh2(2) < L4(£2), for any g < 400, we achieve

f—0m e Lin(0,T; LY($2)).

To apply Theorem 6, we need to get d,u € L (0, T; W!4(£2)), since then

loc
1
Bh — Bou € L0, T; W' 19 (32))

will be satisfied. Here, it is enough to apply Lemma 2 to v = 9;u, as in the previous
theorem. O

3. Regularity for non-linear systems

At this point, we are prepared to focus on the more complicated systems, see (1)—(5).
First of all, we add the convective term to our equation in £2 and some nonlinearity in
u into the equation on 9£2. We will also cover the case of non-constant, yet bounded
viscosity. The whole procedure somehow mimics the method in [14].

3.1. Existence of the solution

As in the previous chapter, the starting point is again the Galerkin approximation,
i.e., we look for the solution in the form

n

u" = Z cp (Dwx,

k=1
S" = S(Du™),
s" =s@")
that satisfies, for any k = 1, ..., n, the system

Ou", w) g +/S" : Dwk+/s” - W
2 082 (32)
= (F, wx) —/(u”~V)u” o

2

together with the initial condition ¢} (0) = (uo, @) 4.
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Theorem 10. (Existence of the weak solution for NS) The problem (1)—(10) with
uoe H, 2 €C®, FelL?0,T; V"),

has a weak solution.

Proof. The proof is quite standard, see [1] or [16] for more details. We multiply (32)
by ¢} and sum over k = 1, ..., n to obtain

1 d
z-a||u”||%,+/S”:Du"—i—fs"-u":(F,u").
2 a0

Let us note that the convective term vanishes thanks to (2) and (4). Next, we use (9)
together with Korn’s and Young’s inequalities to get

d
Ellu”ll?q +cllu"||} < Cl|F| 3.

Of course, we can also get the control of [ |u|*. This identity gives rise to uniform
a0
estimates in the form

u" € L0, T; H)NL*0, T; V),
du" € L*(0, T; V*),
where the second one follows from the usual duality argument. Finally, we multiply

(32) by smooth function in time and proceed with the limitas n — +o00. Let us remark
that in the nonlinear terms we apply a standard monotonicity argument. 0

Theorem 11. (Continuous dependence) Let u, v be weak solutions of (1)-(10) with
the same right-hand sides, then w := v — u satisfies the inequality

d o o
EIIWII%+C|IDWII§+C/(1+Ivl‘ 24wl Hw < (1 + ull}) w3
082

Moreover, foranyt € (0, T),

w3 < CllwO)[%, (33)
t
/||Vw||% < Cllw(0)[3. (34)
0

In particular, there exists at most one weak solution.

Proof. We take the difference of our equations and test it by the difference of two
solutions; we use (59) in our estimates and obtain the desired inequality.

Finally, we use Gronwall’s inequality to show (33). By integration, and Korn’s
inequality, we can also control fot ||w||%,. This implies the estimate f(; ||w||%, <
C| |w(0)||%1. Inequality (34) then instantly follows and uniqueness is trivial. ]
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Remark 7. The previous two theorems, together with the existence of the attractor,
hold true also for § with more general growth and coercivity conditions. Additionally,
no potential of S is actually needed. Moreover, we are able to do that also in the
situation, where s is connected with u via a so-called maximal monotone graph. For
details, including the 3D setting, see [18].

We note, however, that in the case of constitutive graphs, we are not able to obtain
additional (time) regularity as in Theorem 12. The problem of the attractor dimension
is also largely open for this important class of problems.

3.2. Regularity for NS system

Let us now focus on the situation where S(Du) = v Du, where v > 0 is a constant;
without loss of generality we will temporarily set v = 1. In other words, we want to
learn how to deal with the nonlinearity given by the presence of the convective term
in £2 and the function s on its boundary.

Theorem 12. (Regularity via Galerkin of NS) Let us assume
2ec uge vnwri(),
F,3,F € L*(0,T; V"),
F0) € L2(£2), h(0) € W22(30).

Then, the unique weak solution of (1)—(11) has an additional regularity, namely

due L0, T; HYNL*0,T; V),
uclL™®0,T;V).

Finally, the function v := 0;u satisfies, for a.e. t € (0, T) and any ¢ € V, the
equation

(0, 9) + (v, @)y = (F, 9),

where
F=(f.h,
f=0f—@ Vu— (- V),
h=0h+ %(a — s (w)v.

Proof. We proceed similarly as in Theorem 7(i), i.e., we want to differentiate (32)
with respect to time. Let us note that it is basically the same procedure as in Theorem
II1.3.5 in [21].

Since ug € V N W>2(£2), we can choose ug as the orthogonal projection in V N
W22(£2) of ug onto the space spanned by {@y};_,. Therefore, uj — ug in W22(£2)
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and [|ug|l2,2 < |luoll2,2. Next, we multiply (32) by (c})(t), sumoverk = 1,...,n
and set t = 0 to obtain that d,u" (0) is bounded in H.
Now, we take the time derivative of (32) to get

O u", wp) g + / 9;Du" : Dwy + / s’ (W) o;u" -y
——
2 92 3 (s

= (& F, o) — / [@u" - V)u" + @" - V) (B,u")] - .
2

Further, let us multiply this equation by (c}!)’(f) and sum over &’s to obtain

1
= _||3zu ||%,+f|a,Du"|2+/s’(u")|atu"|2

2 dr
2 082
= (0, F, o,u") — /(atu" Va4 W - V)(Qu) - du
2

Thanks to
divou” =0, ou" -n=0,

we can simplify the equation to achieve

_||a,u ||H+2/|81Du 12 +2/s(u”)|8 u'?

=2(0,F, o;u") /(a, -Vu" - d,u”

Because of our assumptions, we can estimate the two last terms on the left-hand side
in the following way

/|8 Du"|? +2/s(u")|81u > > 2cs||0,u” ||V
EY)

Concerning the convective term, we proceed just as in the standard Dirichlet setting.
More specifically, we use Holder’s inequality, interpolation (59) and Young’s inequal-
ity to estimate

2
/(8tu” V' - | < {10 |[G11Vu|l2 < clldpu”| 2110 u” 1211”1y
2

2 2 2
< ello;u"lly + Cllou” |5 lu"(ly.

Together, we get the following inequality

d
aua,u"nﬁ, + cl|d |y < ClBF|[3 + Cllu"[13118:u" 3.



20 Page 22 of 44 D. PRAZAK AND M. ZELINA J. Evol. Equ.

Finally, we integrate over (0, ¢) to obtain

t
||atu"<t)||%,+cs/ |8 |[3
0
t t
< ||a,u"(0)||%,+c/ 118, F| |3 +c/ [a" 13118, ||3
0 0

and apply Gronwall’s inequality to get

t t
||a,u"(r>||%,5[||azu"(0>||%,+c/0 ||8,F||2*]exp<c/0 ||u"||2v>.

As we already pointed out, everything on the right-hand side is bounded, and so the
control of d,;u in L*°(0, T; H)N L2(0, T; V) follows. Because both u and 9,u belong
into L2(0, T; V) we obtain that u € L*°(0, T; V), which completes the first part of
the proof.

To show the rest of the theorem we consider an arbitrary ¢ € C3°(0, T'), multiply
the weak formulation (16) by its derivative, and integrate over the whole time interval

to achieve
T T
/(atu,watw/(ﬁ/Du:Dw/s(u)-co by
0
T
/Ffp Y — //(u Viu - @ 0.

0

Observe that 0,u € L2(0, T; V*), as follows from multiplicating the differentiated
equation by (c}})”. It means that we can use integration per parts in the first integral,
in the other ones it is for free. Because ¢ does not depend on time and v is compactly
supported we get

T T

/(8,v,<p)1ﬁ+/ /Dv:D<p+/s’(u)v~go ¥

0 0 2

(O F. ) — //[(v V) + (- V)0l - @ ¥

o\ﬂ

This identity is satisfied for any smooth function, i.e., for a.e. r € (0, T') there holds

1
(0, 90) + (v, @)y = <<atf —@-Vu—(u-Vyv,oh+ E(a - S'(u))v> ,<ﬂ>~

O
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Remark 8. Let us remark that we also can assume just #g € H. The proof then works
in the same way and we would obtain the same regularity as before, but locally in
time.

We will now state and prove the analogue to the last part of Theorem 7. Nevertheless,
we will not need it. The reason is that we can get a slightly better regularity with weaker
assumptions on F using the stationary Stokes results.

Lemma 3. Let all the assumptions of the previous theorem hold and suppose that
F e L*0,T; H).
Then, the weak solution also satisfies
ue L?0,T; Wh ().

Proof. We multiply (32) by (cZ)’(t) and sum over k = 1, ..., n to achieve

|13 + 3 dt/'Du 2 +/ =(F, ou" /(u -Vu" - du"
(35)

Simultaneously, we multiply (32) by ¢} (¢) and sum over k’s again

1 d

§-a|lu"||%/+/Du":DL”+/s"~L"=(F, L”)—/(u"-V)u”~L",
2 982

(36)

where L" = Y7}, picy () @y as in Theorem 7. By adding (35) and (36), we obtain
1 d
|[8,u™||3; + 3T "3 + / |Du"? | + / Du" : DL"

= (F, a,u"+L")—/(u"-V)u"-(a,u"+L”)— /s"-L"—l—/s”-a,u”
2 2 982

As before, we know that

@ L = IV = @'y = [ Dat L e [ L
2 082

fDu”:DL”: ||L”||§,—afu"-L”.

2 082

and therefore
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We rewrite the identity above in the following form

1 d
||atu"||%,+55 ||u"||zv+f|Du"|2 +IL"1%
22

=4Fﬁm"+yﬁ—/mﬁvm”«wﬂ+L%

— /s”oL”—i—/s”ﬂtu” —i—oz/u”.L".

9 2 2 082

Next, we integrate this equation over (0, ¢), and thanks to Holder’s and Young’s
inequalities we get

t t
/||a,u"||%1+ ||u"||zv+f|1)u"|2 <r)+f||L"||%1
0 2 0
t
< ||u”||2v+/|l)u”|2 <0>+c//|u"|2|w"|2
2 0 £

1
e [ e+ [ [0,
0 082 2 (7
As we already saw in the proof of Theorem 7, there holds

2 2
1174 < CIL" (I

It gives us a way to deal with the convective term. Recall that because of Theorem 12

we have {u"},, uniformly in L>°(0, T; V) and we know that W12(£2) — L4(£2) for

any g > 2. Let us now consider any o € (0, 1) and choose é = ITT“. For % + % = %,

we get p € (2,4), and therefore,

t t t
//|u"|2|w"|2sfnu"n;nw”n?, sC/IIVu”IIf,
0 2 0

<C/||Vu 3 Va3 <C/||Vu T

/1+e/ﬂVuH4<CT+s/HUWQ
0

0

We used Holder’s inequality and the uniform estimate for u”, then the classical in-
terpolation and the uniform estimate for Vu", lastly, Young’s inequality (because
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2(1 — @) < 2) together with the estimate ||u”||%’4 < C||L”||2H. Thus, from (37), we
finally obtain

t t
2 2 2
/||atu”||H+||u”<r>||v+f||u"||1,4
0 0
t

s||u"<0)||2V+c/ 1+||F||%,+/|u"|2+f|s”|2
0 082 982

Thanks to the boundedness of the right-hand side we have the desired uniform control
of u" in LZ(O, T; W1’4(.Q)), which completes the proof. O

Remark 9. In contrast to the Stokes problem, we really need information about the
time derivatives of our data (to control the convective term). Therefore, the previous
lemma is not useful. As we will see, we are able to achieve u € L%(0, T; Wh*(£2))
by use of the previous stationary theory with even weaker assumptions.

Here, we will replicate Lemma 2 for our nonlinear setting.

Lemma 4. Let all the assumptions of Theorem 12 hold. Let us further assume that
2 € CV! and for some 1 < p < +o0 and g € (1, 4] there hold

feLPO,T: L'D(2)), he LP(O, T: W9 (312)).
Then the unique weak solution of (1)—(11) satisfies
ueLP0,T; Whi(2)).
If the previous holds with p = 2 and, moreover,
f e LX0,T; LX), h € L*0, T; W2(392)),
then there also holds
ueL*0,T; W»2(22)).
Proof. We wish to apply Theorem 5, i.e., we need to check that
f—du— - -VyuelLPOT;L'P%R)),
Bh — Bou+ au —s(u) € LP(0,T; Wﬁé’q(a.{?)).

For f and h, it holds due to our assumptions and inclusions for d;,u can be verified
in the same way as in Lemma 2. Just to recall, it follows from the fact that d;u €
L®°(0, T; H), which is true because of Theorem 12. Next, because s is Lipschitz and
u e L>0, T; WH2(£2)), we even have that cu — s(u) € L>(0, T; W%’Z(a.Q)). Fi-
nally, because u € L>(0, T; L7(£2)) for any ¢ < +o00 and Vu € L>(0, T'; L*(£2))
we also get (u - V)u € L*°(0, T; L@ (£2)), which finishes the first part of the proof.
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To show the special case with p = 2 we want to use Theorem 4, which means to
verify

f—du— - -ViuelL*0,T; L*(2)),
Bh — Boyu + au — s(u) € L20, T; W22(32)).

Up to the convective term is all clear, because of u, d,u € L*(0, T; W'-?(£2)). To
show that (u - V)u € L%(0, T; L2(£2)) we recall that at this point we have u €
LP0, T; Wh4(§2)) — LP(0, T; L*®(£2)) and Vu € L°°(0, T; L%(£2)), from which
the conclusion follows by Holder’s inequality. O

In correspondence with the previous section, we now develop L? — L9 regularity
for finite p and then also maximal time regularity, i.e., for p = 4o0.

Theorem 13. (L? — L9 regularity of NS) Let all the assumptions of Theorem 12 hold.
Let us further assume that s’ is bounded and for some 2 < o < 4 there holds

FeL®0,T; L'(2)), h e L0, T: W=7 (382)).
Let2 < p < +o00 and
O F € L*(0,T; H),
feLPO,T;LP($2)), he L?(0,T; W1_117’p(8!2)),
Then, the unique weak solution of (1)—(11) satisfies, for some q > 2, that

ue Ly (0,T; WH(R2)),
0, T; WH9(£2)),
0, T; Whi ().

b4
ue LIOC

mell
Proof. Due to Lemma 4, we immediately get

ue L0, T; W ()
and thus

(w-Vyue Ly (0,T; L°(£2)).

From Theorem 12, we have o,u € L°°(0,T; H) N L2(O, T; V), and it interpolates
into

du e LP(0,T; LI(£2)),
where g > 2. Therefore,

f—du—(u-Vyuell (0,T;LI(R2)),
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which means that this (interior) term has the desired regularity to apply Theorem 6. It
remains to show

Bh — Bou+au —s) € LP.(0, T: W' ™ 19(382)).

loc

The only problematic term is the time derivative, which needs to be improved.
To do so, we recall that thanks to Theorem 12 there holds

(00, 9) + (v, @)y = ((f, 1), 9),

where

f=0f—-0 Vyu—(u-Vu,

h=09:h+ %(a —s'(w)v.

Let us verify that (f, h) € LIOC(O T; H).In view of Lemma 1, it is enough to show
thatf € LIOC(O T; L%(£2)) andh € LIOC(O T; L%(32)). For terms with time deriva-
tives, it follows from the assumptions. Because of the fact that 0 > 2 we have u €

L (0, T; L°°(£2)) and from Theorem 12 follows Vv € L2(0, T; L?(£2)). This infor-
mationimplies (u-V)v € LIOC(O T; L%(£2)). Next, because Vu € L (0,T; L°(£2)),
o >2,andv € L0, T; L1(£2)), for any g < +09, the Holder’s inequality gives
(v-V)u € L*(0, T; L>(£2)). Therefore, f € L2, (0, T; L?(52)). The integrability of
boundary terms is now clear. Let us note that we implicitly used s(u) - n = 0.

Because the right-hand side (} h) of the evolutionary Stokes system belongs to

loc (0, T; H), we can invoke Theorem 7(ii) to achieve

du=1veLX(0,T; V)NLE(0,T; W),
which gives us for certain ¢ > 2 that

due Ll (0,T; Whi()),

loc

by interpolation. This implies the desired regularity and Theorem 6 gives us the last two
inclusions in the assertion of the theorem. The first inclusion is a simple corollary of
the fact that both u and 9;u belong to LlOC(O, T; WH4(2)) and p > 2. Let us remark
that the use of Theorem 7 above gives us also information about the second-time
derivative, more specifically

duu € L .(0,T; H).

O

Theorem 14. (Maximal regularity of NS) Let all the assumptions of Theorem 12 hold
and let us further assume that 2 € C'' and s’ is bounded.
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(i) Suppose that there hold
&F e L*(0,T; H),
f e L®0,T: LA(2)), h € L0, T; W22(3R2)).
Then the unique weak solution of (1)—(11) satisfies
ue LS2.0,T; W»2(82)),
m e L0, T; Wh2(82).
(ii) Suppose that s € C*(R?), s” is bounded and for some 2 < p < 400 there hold
&F e L*(0,T; H), 8;,F € L*(0,T; V*),
feL™0,T: LP(2)), h € L¥0, T: W' 7P 32)),
o f € L0, T; L'"P(£2)), 3,h € L0, T; W*%’P(ag)).
Then we have for some q > 2 that
ue LS.(0,T; W1(2)),
m e LS2(0, T; Whi(2)).

Proof. Concerning the first part of the theorem, we use Theorem 12 and then Lemma
4 to get

f—ou—-ViueLX,T; L*(2)).
However, on the boundary, we have just
du e L0, T: L2(32)) N L0, T; W22(312)),

which is not enough. In the same fashion as in the previous theorem, we obtain d,u €
L (0,T; V), which gives us —o,u € L{5 (0, T; W%’Z(B.Q)). Therefore,

loc
Bh — Bou + au — s(u) € L0, T W22(382))

and we can use Theorem 4 to finish the proof of (i).
To show (ii), we proceed as in Theorem 13 to obtain

ue L0, T; Whi()),
ve L0, T; V)N LY. (0, T; Wh(2)),

dvell.(0,T;H),
for some g > 2. Together with L°.(0, T; V) < L(0, T; L1(£2)) we see that

loc loc

f—du—(u-VyueLE0,T; LY(R))
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holds. This is exactly the regularity, of the “interior” term, which is needed to apply
Theorem 6. Hence, to use it, we need to achieve

du e L0, T; Whi(2)).
Then,
1
Bh — Bou +au —s(u) € L0, T; W' ™ 17(082))

will follow and Theorem 6 gives the result.
To improve the time derivative, we move d,v in

(30, 0) + (v, @)y = (f, 1), 9),

where
f=0f-@ - Vou—(u- Vv,

h=0h+ %((x — 5 (w)v,

to the right-hand side and use Theorem 5; it is actually nothing else than use of
Lemma 4 for v instead of u. Therefore, we need to check

Wf—dv— (- -Vyu—(u-VyveLX2(0,T; L'DER)),
Boh — Bov + av —s'(wyv € L0, T; W9 (992)).

For most terms it is straightforward. Our data (9; f, 9;h) are improved in the as-
sumptions of the theorem, the boundary term av — s’(u)v is clear thanks to trv €
Lﬁfc(O, T; W%’Q(E)SZ)) and boundedness of s”. The nonlinear term (v - V)u + (u - V)v
belongs to L*°(0, T'; L@ (£2)) because of the fact that both u and v belong to
Lﬁf’c(o, T; WI'Z(Q)). The only problem can occur in the time derivative d;v; we need
to improve it.

Let us again take a look at the equation

(0v, ) + (v, @)y = ((f, h), 9)

and notice that, if we show (8,;’, 8tiz) € L2(O, T; V*), then Theorem 7(i) can be used
and gives us

dveLX(0,T; H).

Of course, as we already saw in Lemma 2, this regularity is enough to establish that
1
both 8,v € L®.(0, T; L' (£2)) and d;v € LX(0, T; W~ 4'9(3£2)) are satisfied.

loc loc

To finish the proof, it remains to show (8,}, Btiz) € L*(0, T; V*). First, we verify
that

Wf =0 f—20 VIv— (@ V)3v)— @v- VIue L0, T; (Wa2(2)"),
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ah = d,h + %((x — 5 (w)dv — %s”(u)v v e L*0,T; L>(02)).

The worst terms are (u - V)(9;v) and (o« — s'(u))d,v. Nevertheless, our regularity
of u and v is just enough to establish the required inclusions (together with the
prescribed assumptions on 9, f, d;sh and boundedness of s’, s”). Second, we need
the compatibility of the right-hand sides. As we already explained above Lemma 1,
(Wh2(2))* x L2(02) <> V*, and therefore (3, f,0;h) € L%(0,T; V*) indeed
holds.

O

3.3. Regularity for systems with quadratic growth

Here, we show the final regularity result, i.e., Theorem 1. Of course, its simple case
S = vDu, with v > 0 constant, was treated in detail in Theorem 14. Thus, from now
on, we focus on the general case of the Cauchy stress S with a potential U, U (0) = 0,
which is a C3(RT) function satisfying the estimates

(S(D) = S(E)) : (D — E) = 1| D — E%,
0pU(ID*)| = |S(D)| < c2| D,
2U(DPE : E =3pS(D)E : E > ¢1|E|,
8pU (D) + [0pU(IDP)| < C,

for all symmetrical 2 x 2 matrices D, E.

Proof. (Proof of Theorem 1) We will not provide all the details; we only sketch how
to modify previously developed methods, i.e., how to deal with the new non-linear
term.

Step 1: Galerkin We start with repeating the proof Theorem 12. When differentiating
the equation with respect to time we get the following expression coming from the
elliptic term

fat (S(Du™)) : D(3,u") =/aD(S(Du"))D(a,u") : D(3u")
2 2

=/a§)U(|Du"|2)D(a,u") - D(0,u™)
2
zc1/|D<atu">|2,
2

where we used our assumption 8%,U(|D|2)E : E > ¢1|E|*. We are thus able to
control L?-norm of D(d;u™) just as in the linear case. The rest of the proof is the same
and we obtain

dueLZ(0,T; HYNLL.(0,T; V),
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uelLy(0,T;V).

The corresponding problem for v = 9;u will have the form

<a,v,<p>+2/U’<|Du|2>Dv:D«p+a/v~¢=<ﬁ,<p>,
2 082
where
F=(f 8,

f=08f—4U"(Dul>) DuDuDv — (v-V)u — (u - V)v,

h=0h+ %(a — 5 (w)v.

Let us note that due to |93, U (| D|?)| < C we have the estimate
4|U"(|Du|?) DuDuDv| < C|Dv|.

It means that all terms are sufficiently integrable.
Step 2: Auxiliary result u € L (0, T; W14(£2)). Here, we repeat the proof of

loc
Lemma 4. Recall that the leading elliptic term is given by S(Du) = 2U’(|Du|?) Du.
Therefore, there is no problem, because we can denote

A(t, x) := 2U'(|Dul?)
and use Theorem 5, together with the final remark in Sect. 2.2, to obtain
ueLX0,T; Whi(2))

for some g > 2.
Step 3: First improvement of v. Now, we replicate the method used in Theorem 13,
i.e., we use Theorem 7(ii) for the system

<a,v,¢>+/Dv : D(p+a/v~(p= (f =2U'(|Du*)Du + Dv, h), ¢).
2 082

The worst term in the first component is Dv, but from the first step we already have

v e LIZOC(O, T; V), therefore, we achieve

(f —ADv+ Dv,h) € L (0, T; H).

loc

Theorem 7 then gives us

ve L0, T; V)N LY. (0, T; Wh(2)),

loc

dvell.(0,T;H).
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At this point, we have L{° (0, T; L9(§2)) regularity of the interior term

loc
f—ou—(u-Vu
and we need to improve d;u by one space derivative to control also the boundary term
Bh — Bou + au — s(u)

1
in the space L (0, T; W'~ 47(352)).

loc
Step 4: Improvement of d;v. Here, just like in the proof of Theorem 14, we show

0 f — (2U’(|Du|2)Du> + D(3,v), 8,h) € L2 (0, T; V*).

loc

We see that we have just enough information to guarantee it; let us just note that in o, f
is contained the third derivative of U. Therefore, we use the second part of Theorem

7 and obtain
dveLpn(0,T; H).

Step 5: Second improvement of v. At this point, we move the time derivative of v,
in the equation

(8,v,<p)+/ADv:Dgo—i—a/v-go:(i?',(o),
2 802

to the right-hand side. Recall that A(z, x) = 2U’ (|Du|?). As we already saw several
1
(0, T; L"D(£2)) and ;v € L0, T; W~ 4'9(3£2)) now hold. As

3 o0
times, 0,v € L Toe

loc
above,
4U"(|Du*) DuDuDv| < C |Dv| € L0, T; L' ().
Therefore, we can apply Theorem 5 to this problem and get
v e L% (0, T; Wh(2)).

Step 6: Final conclusion. Because Theorem 6 holds also with the matrix A in the
leading elliptic term, we can apply it to the system

/ADu:D<p+a/u~(p=(F,¢)—(8,u,<p).
2 EY)

Thanks to d,u € L,(0, T; W9(£2)) we get the desired regularity and the proof is

loc
complete. 0
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4. Dimension of the attractor

We will now derive explicit estimates of the (fractal) dimension of A C H, the
global attractor to the system

oju —divvDu+ (u-Vu+Vr =f in(0,T) x £2, (38)
divu=0 in(0,7) x £2, 39)

Bou + au + [(vDu)n], = Bh on (0,T) x 052, 40)
u-n=0 on(0,7T)x0ds2, 41

u0)=uy in$2 (42)

in terms of the data of the problem, that is to say, the external forces f and h, the
constants v, «, B and the characteristic length £ = diam £2.

We will now focus on the autonomous problem, i.e., the right-hand side F = (f, h)
is independent of time. Because of its uniqueness, the solution semigroup S(¢) : H —
H, fort > 0, is well defined and continuous, cf. Theorem 11. Existence of the global
attractor is also straightforward, see e.g. [17, Theorem 1.2].

We will apply the method of Lyapunov exponents, see Proposition 5. There are
two main ingredients here. First, we need to verify the differentiability of the solution
operator. This crucially relies on the regularity u € L*(0, T; W>4(£2)), for some
q > 2, which is provided by Theorem 1. Note that as F' does not depend on time, its
assumptions reduce to f € LP($2), h € Wl=1/p.r(382) for a certain p > 2. Second,
we want to estimate the trace of the linearized operator.

For the sake of simplicity, we only work with linear constitutive relations, but the
whole procedure also works if S, s are nonlinear functions with bounded derivatives.

4.1. Differentiability of the solution operator

Before we start, we need to make some notation and preparation. Two explicit a
priori estimates are crucial here, namely

By = sup [uoll z,
upe A

By = sup limsup — /IIDulle(Q)

upe A 1—>0o0

The last integral is taken along solutions starting from uo. We work with F € H (and
even better). Testing the equation by u in (16) and using (7), (9), we obtain

1

=" ||u||H+c1/|Du| vacs [ (WP + ) = (P,
a0

The following simple estimates will be used repeatedly:

lall = mellullfyzgg) M :=min{l, &}, 43)
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lull < Mgllull?, Mp = max{l, B},

(2x392)°
where L2(2 x 8§2) = L?(£2) x L*(9£2) has the standard norm.
We can estimate
d
3 Il + 201 / |Dul* + 2ac3 f ul> < 2/|F||xllully
Q Yo,

d 2
g 1l + 2mlully < 2[1Flalulla

J. Evol. Equ.

(44)

—1 I ||2 <2||ull WF|lg —m—]|ul|
u 2||lu F m u ,
P H = H H M H

where
m := min{cy, c3}.
It follows that
1 Mﬁ
By < — - —|Fly,
m  mg
By 1 M
Bi < —|Flly < — —L|F|3,.
c1 mcy Mg
Moreover,

B:= U S(t)B(0, By)

>t

(45)

is uniformly absorbing, positively invariant, and closed set for any fixed r > 0.

Now, we consider a formal linearization of our system (1)—(5), i.e.

o,U —div[oapS(Du)DU]+ (U -VYu + (u - VYU + Vo =0,
divU =0

in (0, T) x $£2 together with

Bo.U +s'w)U + [(dpS(Du)DU)nl, =0 on (0,T) x 382,
U-n=0 on(0,T) x 052,
UO0) =vg—up inS2.

(46)
47)

(48)
(49)
(50)

Due to (11), (12), it clearly has a unique weak solution. We can prove the following.

Theorem 15. The solution operator L; of (46)—(50) is a uniform quasidifferential to

S; on B, i.e., for any fixed t > 0 there holds

[lo@) —u@) —UOIlg = o(llvo —uollu), |lvo —uolly — 0, (619

where v, u solve (1)—(12) with vy, uy € B respectively and U solves (46)—(50).
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Proof. We start with subtracting the equations for w := v — u and U to obtain that

or(w —U) —div [S(Dv) — S(Du) — dpS(Du)DU]
+@ - VYv—@-VYu— U -Vyu—(u-V)U
+ Vx — Vo =0.

Next, we test it by w — U, which leads to

1 d
§~5I|w—UII%1+Ig+Im=J, (52)

where

Ig = / [S(Dv) — S(Du) — 0pS(Du)DU] : D(w — U),
2

Iyo = / [s() —s@) —s'@U]: (w—0),
02
J::—/[(v~V)v—(u~V)u—(U-V)u—(u-V)U]-(w—U).
2

Now, we need to estimate these three integrals. Thanks to the differentiability of
both S and s we can use the mean value theorem to find ', 82 € [0, 1] such that

Io = / [aDS(Du +6'Dw)Dw — aDS(Du)DU] . D(w —U)
2
=1} + 15,

lyo = / [s/(u +60%w)w —s/(u)U] (w—U)
082
= Ijo + Lo

where

15 = f dpS(Du)D(w —U) : D(w — U),

2
1% = / |00S(Du +6' Dw)Dw — 9pS(Dw)Dw | : D(w - V),
2
Lo = /s’(u)(w -U): (w-U),
082

1329 = / [S’(u + 6% w)w — s’(u)w] s(w—U).
082
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Because of (12) and (11), we can estimate both 1}2 and 131_(2 as follows

15+ 1, zc/|D(w—U)|2+c/ w—UP?=cllw-Ul3,.
2 982

where we also used Korn’s inequality. Recall that derivatives of S, s are actually
Lipschitz, we can thus estimate the remaining two integrals in the following way

15gjwumﬂum—wmSc/HMM+s/uxw—UW,

2 2 (94
@gs/mﬂw—MSc/mﬁ+g/m_Uﬁ
082 902 92

Let us now rewrite the integral coming from the convective terms

J=/[(u-V)u—(v-V)v+(U~V)u+(u~V)U]~(w—U)
=/[—(u~V)w+(u~V)U—(w-V)v+(U—V)u]-(w—U)
:/[—(u-V)(w—U)—(w-V)v+(U-V)u]-(w—U)

=/[—(w-V)v+(U-V)u]-(w—U):i:/(w~V)u~(w—U)

Q
=/[—(w-V)w—(w~V)u+(U'V)u]~(w—U)
=—f(W-V)W-(w—U)—[[(w—U)-V]W(w—U),

Q Q
where from the first to second line we added + f uVv - (w — U), from the third to

Q
fourth line the first term vanishes due to div (w — U) = 0. Now, in the first integral,
we use per partes and then Young’s inequality gives us that

Js/mﬂvm—un+fm—vﬁwn

2 Q
5s/|V(w—U)I2+c/|w|4+c/|w—U|2.
2 Q Q

Let us remark that here we have also used Vu € L®(0, T; W!2(2)).
Now, (52), together with the previous estimates, gives us the inequality
1 d

S g llw = Ul +cllw - VIR,
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<C (”wi"b(m +11Dwll}4 ) + ||w||24(m)) + Cf lw—U|?
2

and due to Gronwall’s inequality we obtain

t

llw — U)YD)|[ < Ce”f (I1wll}s ) +11DWIEs o) + [1Wl[}40,)
0

In order to show (51), we need to get

1 t t
4 4 4 248
[ 1, + [ 1DwliEg, + [ 1010, < Cllwoli
0 0 0
for some § > 0. Let us estimate integrals one by one. For the first one we have
1 1 t
4 2 2 2 2 4
[t = [ iR, < Cliwolf [ 1w, < Cllwol,
0 0 0

where we used interpolation (59) and estimates (33), (34). The next one is estimated
as follows:

t t t
4 4 2+ 2—
[ 1puliieg, = [ 19wl < [ivulinvu
0 0 0

t
2— 2
< sup [[Vwl||{ - sup IIVWII%~/|IVWI|2
te(0,T) te(0,T) s
2 240 /2
< Cllwollz - sup [[Vw]l3 < Cllwolly ",

te(0,T)

where we used (60), the fact w € L%°(0, T; W>4(£2)), estimates (34) and the last
inequality is due to the following estimate

2 2
sup [[Vaoll§ = sup (cllwll3? - Ilwli5)
1€(0,T) 1€(0,7)
2 2
<C- sup |lwll3 < Cllwol 3,
te(0,7T)

where (61), w € L0, T; W22(£2)) and (33) were needed. Concerning the last term
we have
t

t t
4 4 4 4
/llwllm(m) Sc/||w||1,4scf(||Dv||4+||trw||Lz(m))
0 0

0
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t
2 2 2 2
< Cliwo| [ +C/||w||4 < Cllwol 5 + Cllwoll%,

2+a/2
< Cllwoll ™",
where we used trace and Korn’s inequalities, the previous estimate of the symmetrical
gradient, and (33). By the choice § = «//2, we proved the desired estimate and the
proof is complete.
O

4.2. Trace estimates

In view of suitable scaling (see Remark by the end of Appendix), we can assume
that v = £ = 1. In this setting, we have m from (45) equal to 1, and therefore,

Mg
By = sup |luolly = —IIFlly, (53)
upe A My
By = sup limsup — /||Du||L2(_Q) ||F||H 54)
upe A 1—>oo

We now need to estimate the N-trace of the linearized equation, uniformly along the
solutions on the attractor. More formally, writing the linearized equations (46)—(50)
as

o,U = L(t,up)U, (55)
where L(z, up) depends on a solution u = u(t) with u(0) = uy € A, we need to
estimate

qg(N) =limsup sup sup / Z(L(r uo)(pj,(pj)dr (56)

t—+00 upe A {q,j}j_\’

The last supremum is taken over all families of functions {¢ J} _; C V, which are
orthonormal in H. The quantity g (N) provides an effective way to estimate the global
Lyapunov exponents, and a fortiori, of the attractor dimension, see [22]. In particular,
if g(N) < 0, then dim{, A < N, cf. Proposition 5 in the Appendix.

It follows that

—(L(. u0)p;.9;) = ||D«>,-||iz(9)+a||¢j||iz(m)—fwj-wu-go,»—(u-ij«pj
2
and thus

Z(L( 40)Q ;. 9;) < —mg an,nwl 22y F 10wl 2 1120
Jj=1 Jj=1
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where p(x) = Zf;’zl |(pj (x)|2. Invoking now Proposition 6 below - recall that §2 has
unit diameter, and {¢ j}jv | are orthonormal in H, hence suborthonormal in L%(£2) -

we can estimate the second term as

DUl 5o 101200 < =2 110122, 0, + —— [ Du2
@)Wl = 50 L22) " 2 L2(£2)

IA

N

My Z 2 K 2

2 ‘ 1”¢]”W12(Q) + 2ma ”Du||L2(_Q)~
j:

This eventually yields

N N
Y LG u09; 9) < —ma ) 11015120, +mg DUl g
j=1 j=1

Also, by the min-max principle

N N

-1
Doleilag, = D i = Mg N2,
j=1 j=1

Here pu; are eigenvalues of the corresponding Stokes operator, see Theorem 3. The
last inequality follows by the asymptotic estimate 11 ; ~ j, see Proposition 7 below.
Combining all the above with (54), we see that

My > -1 My o0 M/g 2
N)Y<——N"+m, B <——N"+ —||F
q(N) = M; « Br=—yp mgll 7
and consequently, by Proposition 5, we obtain the desired estimate
. f M
dimf, A < co—05 | Fll (57)
My
where cq is some scale-invariant constant that only depends on the shape of £2.

4.3. Final evaluation of attractor dimension

Recall that (57) was actually obtained in terms of the rescaled variables (64), i.e., it
should be written as

dim’ A < ¢ M I Fl -
gor==°0 mg 32 q

But the rescaling does not affect attractor dimension. Observing also that | F ”Fl =

2v72 F||y;, we eventually come to

My EIFl,

L f g
dimy; A < ¢ 3 =
m

o

(58)
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where (see (43), (44) above)
my = min{l, af/v}, Mg = max{l, B/¢}.

Note these quantities are non-dimensional, as is the last term, which corresponds
to the so-called Grashof number G = |.Q|v_2||F l ;. Hence, assuming that £ >
max{f, v/a}, we recover the well-known estimate dim{2 A < ¢oG for the Dirichlet
boundary condition as a special (limiting) case.
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5. Appendix

Here, for the reader’s convenience, we collect some more or less well-known results.
We start with a standard Sobolev embedding, a certain version of Korn’s inequality,
and some interpolations.

Proposition 1. (Sobolev embedding) Let M be either Lipschitz 2 C R? or its bound-
ary 382. The space W* P (M) is then continuously embedded into W™ 49 (M), provided

d
k>m, k——>m——,
q

where eitherd =2 if M = 2 ord =1if M = 052.

Proposition 2. (Sobolev traces) Let §2 be a bounded Lipschitz domain. Then, the
range of the trace operator is characterized by the equality
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tr(WhP(§2)) = WI=VP-P(382), where Wi=VP-P(32) is the Sobolev-Slobodecki
space, defined via the norm

lu(x) — u(y)|? lp
ull? +/ — " dxdy )
< Lroo aexoe |x —y|ptn=2

Proposition 3. (Korn’s inequality) Let §2 be a bounded Lipschitz domain and r €
(1, 00). Then, there exists a constant C > 0, depending only on 2 and r, such that
forallu € WV (2) that has tru € L*>(382), the following inequalities hold

C(||Dullr + |trull1252))
el < ’ Lo
C1Dull, + llll2g)
Proof. See Lemma 1.11 in [4]. O

Proposition 4. (Interpolations) Let 2 be a bounded Lipschitz domain in R* and q >
2. Then there hold the following inequalities

luel[3 < cllull3]ull7 5, (59)
2 2=y . 4(1 —s) 2

Hmﬁsmmwﬂwm/wmy=—i7—»e ) (60)

Va5 < cllulla|lu]l2,2- (61)

Proof. The first one is nothing else than the well-known Ladyzhenskaya’s inequality,
the other two can be found, e.g., in [15]. They are based on the interpolation between
L* and L™ and the estimates |[u|lcc < Cllu|lsq. [lullsg < cllull)™||u] 15, for

s € (0,1). 0

Next, to establish an estimate of the dimension of the attractor we use the following
result.

Proposition 5. Let A be a compact set in a Hilbert space H, such that A = S(t) A for
some evolution operators S(t). Let there exist uniform quasidifferentials DS(t, ugp),
which obey the equation of variations (55), and let the corresponding global Lyapunov
exponents q(N) be defined as in (56).

Suppose further that g(N) < f(N), where f(N) is a concave function, and f (d) =
0 for some d > 0. Then dime A <d.

Proof. See Theorem 2.1 and Corollary 2.2 in [5]. 0

Further, we recall a generalized version of the celebrated Lieb—Thirring inequality,
following [9]. A family of functions {¢ j}?’: | is called suborthonormal in L2(£2), if

for all {5/'}1;/:1 C R one has

N N
D EE (@0 S Y & (62)
i=1

i j=1
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A typical example are functions orthonormal in some larger space, for example V' or
H. Indeed, assuming that
(@i 0122+ (@i, 9))12000) = 8ij

we readily obtain

N N
Z Siéj((oi,?,‘)ﬂ(g) = Z 5;'1'5]‘(31']’ — (9, (Pj)LZ(aQ))
ij=1 i,j=1
N

N
:Zéj —||Z€1(Pl||L2(39 SZ

i=1 i=1
The following version of the Lieb—Thirring inequality is used above.

Proposition 6. Letr 2 C R? be a bounded domain. Let {¢ j};\’:1 c W) be

suborthonormal in L*(2) and set
N
px) = lo;(x). (63)

Then
N

1
/p2 <Ky (nw,-niz(m + mnw,-niz(m) :
2

where the constant k is independent of N.
Proof. Follows directly from [9, Theorem 2.1], withm = landn =k =p =2. O

Finally, we need to know something about the behavior of eigenvalues of our Stokes
problem.

Proposition 7. Let i1 be the sequence of eigenvalues of the Stokes problem (21) with
diam 2 = 1. Then puy ~ k as k — oo.

Proof. By the min—max principle, we can write
[ IVul? + juf?
2
[lul2 48 [ ul?
2
JIVul® + uf?

e
[ lul>+ fag |ul?
2

(j = max min

—1 . —1
EMﬂ max min ZM/s gj.

Here o are the eigenvalues corresponding to the Steklov problem, which behave as
o;j ~ j (recall that we are in a bounded 2D domain, see [3]). O
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Remark 10. By a suitable scaling, one can always assume:

1. v=1and diam 2 = 1, if £2 is bounded.
2. v=o« = 1, if £2 is unbounded.

Proof. Let (38-40) be given. Replacing u(x,t) by au(x/¢,t/t) and m(x,t) by
a271(x/E, t/1), where £ = diam £2, one obtains

2 2

a va .. a a . .
—ou ——divDu+ — @ -Vu+ —Vr = f,divu =0 in(0,7T) x £2,
T 02 14 14
P ou+ut Cipuwnl, =L 0 on(0.7) x 382
—ou+ —u+ —[(Du)n]l; = —h,u-n=0 on(0,7T) x .
w2 T
We now impose the relations
a_az_av
T 2

This implies that © = ¢?/v, @ = v/¢, in terms of given £, v > 0. Dividing both
equations by a/t = v?/£3, we come to

du—divDu+ (u-Vu+Ve=f, divu=0 in(0,7T)x £,
Ba,u + au + [(Du)n], = Biz, u-n=0 on(0,T)x 082,

where 3 3
al -~ B~ ! ~ /L
0 = —_—, = -, = —=J, h = —Fn. 64
&= o =7 2 (64)
In the case of £2 unbounded, we are also free to choose £ = v/« so that @ = 1 and
- aﬂ ~ v -
ﬁ = f = _';fv h = _3h
v a- o
O
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